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Abstract

Effective molecular target drugs that improve therapeutic
efficacy with fewer adverse effects for esophageal cancer are
highly anticipated. Poly(ADP-ribose) polymerase (PARP)
inhibitors have been proposed as low-toxicity agents to treat
double strand break (DSB)-repair defective tumors. Several
findings imply the potential relevance of DSB repair defects in
the tumorigenesis of esophageal squamous cell carcinoma
(ESCC). We evaluated the effect of a PARP Inhibitor (AZD2281)
on the TE-series ESCC cell lines. Of these eight cell lines, the
clonogenic survival of one (TE-6) was reduced by AZD2281 to
the level of DSB repair-defective Capan-1 and HCC1937 cells.
AZD2281-induced DNA damage was implied by increases in
y-H2AX and cell cycle arrest at G2/M phase. The impairment of
DSB repair in TE-6 cells was suggested by a sustained increase
in y-H2AX levels and the tail moment calculated from a neutral
comet assay after X-ray irradiation. Because the formation of
nuclear DSB repair protein foci was impaired in TE-6 cells,
whole-exome sequencing of these cells was performed to
explore the gene mutations that might be responsible. A novel
mutation in RNF8, an E3 ligase targeting y-H2AX was identified.
Consistent with this, polyubiquitination of y-H2AX after
irradiation was impaired in TE-6 cells. Thus, AZD2281 induced
growth retardation of the DSB repair-impaired TE-6 cells.
Interestingly, a strong correlation between basal expression
levels of y-H2AX and sensitivity to AZD2281 was observed in
the TE-series cells (R* = 0.5345). Because the assessment of
basal DSB status could serve as a biomarker for selecting
PARP inhibitor-tractable tumors, further investigation is
warranted.
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Introduction

Esophageal carcinoma is the sixth most common cause of
cancer-related deaths worldwide and is associated with a poor
prognosis. Surgical therapies of resectable esophageal cancer
exhibit a 5-year survival rate ranging from 20% to 27%.%* Less
invasive therapies that preserve the esophagus have also been
introduced. Endoscopic therapies, such as endoscopic mucosal
resection (EMR) and endoscopic submucosal dissection (ESD),
have been adopted for early esophageal cancer and have
achieved favorable outcomes, but postoperative esophageal
stricture frequently occurs after these treatments. Furthermore,
intensive follow-up is necessary to manage new heterochronous
lesions.®”  Chemoradiotherapy (CRT), which combines
radiation, 5-fluorouracil (5-FU) and cisplatin (CDDP), is a
promising therapeutic alternative to esophagectomy with a
survival rate equivalent to that of surgical therapies.®® However,
the acute and late adverse effects of chemoradiotherapy,
including pancytopenia and pneumonitis, still require
consideration. There is a demand for effective molecular target
drugs for esophageal cancer that combine an improved
therapeutic efficacy with fewer adverse effects.
Poly(ADP-ribose) polymerase (PARP) inhibitors induce the
accumulation of DNA single-strand breaks (SSB), which cause
the formation of DNA double-strand breaks (DSB) after the
stalling and collapse of progressing DNA replication folks.!'?
Though DSBs are repaired by the error-free homologous
recombination repair (HRR) pathway in non-tumor cells, they
remain unrepaired and induce lethality in HRR-defective tumor
cells.""'? Based on this mechanism, PARP inhibitors have
been proposed as low toxicity agents for HRR-defective tumors.
BRCA1 and BRCA2 are key components of the HRR machinery,
and the abnormality of these genes is known to cause sporadic
and hereditary breast and ovarian cancers.""® Consistent with
this, PARP inhibitors have been developed for breast and
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ovarian cancers. In addition, an increasing number of biomarker
candidates that predict the sensitivity of a tumor to PARP
inhibitors have been reported.*"®

Esophageal carcinoma is histologically classified into
squamous cell carcinoma (ESCC) and adenocarcinoma,; the
former is common in East Asia. Although the direct relevance
has not been well investigated, several findings suggest that a
defect in the HRR pathway contributes to the tumorigenesis of
ESCC. The risk of esophageal and head and neck squamous
carcinoma is increased among Fanconi anemia (FA) patients
whose HRR pathway was disturbed due to FA-predisposing
gene alterations."'®?® In  addition, recently reported
whole-exome sequencing data from 74 head and neck SCCs
revealed that more than half of SCC cases harbored mutations
in genes involved in DNA repair.*V Therefore, we assume that
some fraction of ESCCs harbor DSB repair defects and might be
favorable targets of PARP inhibitors. The aim of this study was
to examine the efficacy of a potent PARP-1 inhibitor in a series
of ESCC cell lines established from Japanese patients.

2. Materials and Methods

Complete materials and methods were described in the
supplementary information (Data S1).
2-1. Purchased materials.

A PARP inhibitor, AZD2281 (Olaparib) and BSI-201 (Iniparib)
were purchased from Selleck Chemicals (Houston, TX, USA).
The TE-1, TE-4, TE-6, TE-8, TE-9, TE-10, TE-11 and TE-14 cell
lines were purchased from the Riken BioResource Center
(Tsukuba, Japan). The Capan-1, HCC1937, MDA-MB-436 and
MCF-7 cell lines were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA).

2-2. Clonogenic assays.
A total of 500-2000 cells were cultured with AZD2281- or
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vehicle-containing media. After 10-16 days, cells were fixed and
stained with crystal violet. Colonies consisting of more than 64
cells were subsequently counted.

2-3. Immunoblotting analysis.

The treated cell lysates were separated by 15% SDS-PAGE
and the blot was hybridized with the phospho-Histone H2A.X
(Ser139) (20E3) rabbit monoclonal antibody (1:1000; Cell
Signaling Technology, Danvers, MA, USA) and then with a
HRP-conjugated secondary antibody (1:50000; Santa Cruz
Biotechnology, Dallas, TX, USA). Densitometric analysis was
performed with Image-J software (http://imagej.nih.gov/ij/).

2-4. Immunofluorescence analysis.

To evaluate the formation of DSBs, cells grown on 96-well
plates were treated with an anti-y-H2AX rabbit monoclonal
antibody (Cell Signaling Technology) followed by a goat
anti-Mouse 1gG (H + L) DyLight 549-conjugated secondary
antibody (Thermo Scientific, Waltham, MA, USA). y-H2AX was
observed under an ArrayScan HCS System (Thermo Scientific).
To evaluate the formation of 53BP1 and RAD51 nuclear foci,
cells grown on p-Dish®® ™ % (ibidi) were treated with an
anti-53BP1 rabbit polyclonal antibody (Abcam, Cambridge, UK)
or an anti-RAD51 rabbit polyclonal antibody (Santa Cruz
Biotechnology) followed by an Alexa Flour 488 donkey
anti-rabbit IgG (H + L) (Invitrogen, Carlsbad, CA, USA). These
foci were observed under a BIOREVO BZ-9000 microscope
(Keyence, Osaka, Japan).

2-5. Neutral comet assays.

Neutral comet assays were performed using the CometAssay
kit (Trevigen, Gaithersburg, MD, USA) according to the
manufacturer’s instructions.




2-6. Cell cycle analysis.

The cells were fixed with 70% ethanol and stained with
propidium iodide. The DNA content of the cells was evaluated
using a FACS Cantoll flow cytometer and FACS Diva software
(BD, Franklin Lakes, NJ, USA).

2-7. Whole-exome sequencing.

Targeted enrichment was performed using the SureSelect
Human All Exon 50 Mb Kit (Agilent Technologies, Santa Clara,
CA, USA) and sequenced using lllumina Genome Analyzer lIx
(llumina, San Diego, CA, USA).

2-8. Statistical analysis.

Individual experiments were performed at least in triplicate.
The statistical significance of observed differences was
analyzed using Student’s t-test. One asterisk () indicates a
P-value smaller than 0.05. Two asterisks () indicate a P-value
smaller than 0.01.

3. Results
3-1 Sensitivity of TE series cell lines to AZD2281.

We tested the sensitivity of the TE series of ESCC cell lines to
AZD2281 using clonogenic assays. All of the cell lines were
cultured with various concentrations of AZD2281 for at least
seven doubling times (10-16 days), and the number of colonies
with more than 64 cells was counted. The concentrations of
AZD2281 that caused a 50% reduction in clonogenic survival
(ICsp) in the TE-6, TE-8, TE-10, TE-4, TE-11, TE-14, TE-9, and
TE-1 cells were 0.4, 1.5, 2.2, 2.5, 3.0, 3.5, 5.5 and 6.5 uyM,
respectively (Figs 1a-c, S1). The IC50 values for HCC1937 and
Capan-1 cells, which have deletions or mutations in the BRCA
genes and are reported to be sensitive to PARP inhibitors,#*%)
were 0.2 and 0.6 uM, respectively. The I1Csy values for MCF7
cells, which have wild-type BRCA genes and are known to be
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resistant to PARP inhibitors, was 8.0 pM. We further tested
another PARP inhibitor, BSI-201. The ICsy values for TE-6 and
TE- 1 cells were 9.6 and 22.0 uM, respectively (Fig. S2).
Because AZD2281 and BSI-201 suppressed the growth of the
TE-6 cells as efficiently as it suppressed the growth of the
BRCA-deficient, PARP-inhibitor-sensitive cell lines and failed to
suppress the growth of the TE-1 cells; we designated TE-6 as a
PARP inhibitor-sensitive ESCC cell line and TE-1 as a PARP
inhibitor-resistant cell line. We selected these cells for further
analyses.

3-2. AZD2281-induced G2/M arrest in TE-6 cells. |

To further study the mechanism of growth retardation of TE-6
cells by AZD2281, the status of the cell cycle in these cells was
assessed by analyzing the DNA ploidy pattern (Figs 2a,b, S3).
Treatment with 1 and 5 pM of AZD2281 for 12 h increased the
population with 4n DNA content from 36.7% to 40.7% and
40.6%, respectively. Treatment for 24 h further increased the
population with 4n DNA content from 31.6% to 37.9% and
46.3%, respectively. This suggested an increase in the G2/M or
M arrested population after AZD2281 treatment. On the other
hand, no significant increase of tetraploid cells was observed in
the TE-1 cells.

3-3. Increase of DSBs in TE-6 cells treated with AZD2281.

To determine whether DSBs are formed after treatment with
AZD2281 for 24 h, we assessed the amount of y-H2AX as a
marker of DSBs. Western blotting revealed that the level of
y-H2AX staining in TE-6 cells increased in a dose-dependent
manner. However, no such increase was observed in TE-1 cells
(Fig. 3a). The same trend was observed by
immunofluorescence. Both the percentage of y-H2AX positive
cells determined by visual inspection and the average
fluorescence intensity of y-H2AX staining per cell increased
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significantly in a dose-dependent manner in TE-6 cells, but not
in TE-1 cells, suggesting that AZD2281 induced an
accumulation of DNA damage in TE-6 cells (Fig. 3b-d).

3-4. A strong correlation between base-level y-H2AX and
sensitivity to AZD2281 of TE cells.

The Western blotting and immunofluorescence data also
suggested that the baseline y-H2AX level was higher in the
AZD2281-sensitive TE-6 cells than in the resistant TE-1 cells
(Fig. 3a). Because the increased amount of y-H2AX may
suggest the accumulation of DSBs, we evaluated the correlation
between the basal expression levels of y-H2AX and sensitivity to
AZD2281 among the eight TE cell lines. A significant correlation
between the basal levels of y-H2AX and the ICs, of AZD2281
was observed (R* = 0.5345) (Fig. 4a,b).

3-5. Sustained X-ray irradiation-induced DSBs in TE-6 cells.

To assess whether the impairment of DSB repair is relevant to
the sensitivity of TE-series cells to AZD2281, we evaluated
X-ray irradiation-induced DNA DSBs in these cells. First, the
amount of y-H2AX was assessed by immunofluorescence. As
mentioned above, the y-H2AX level of TE-6 cells was high at
baseline and increased 15 min after irradiation and sustained for
6 h. In TE-1 cells, increase of y-H2AX level was observed 2 h
after irradiation, but declined after 6 h (Fig. 5a,b). Next, a neutral
comet assay was performed to assess DNA damage. This
assay detects a wide range of DNA lesions, including DSBs; the
tail moment parameter is used as an index of DNA damage. We
found a sustained increase in the tail moment of TE-6 cells
(irradiation [-]; 2.43 £ 3.19, 15 min; 5.27 £+ 4.352 h; 9.78 + 6.27,
6 h; 13.71 = 8.20), while in TE-1 cells, the tail moment
transiently increased at 2 h after 5 Gy X-ray irradiation and then
returned to the basal level at 6 h (irradiation [-]; 3.69 + 4.14, 15
min; 5.56 + 3.97 2 h; 520 + 4.22, 6 h; 3.20 + 4.71) (Fig. 5¢,d,
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Table 1). These results suggested that the X-ray
irradiation-induced DNA damage was properly repaired in the
TE-1 cells but was sustained in the TE-6 cells.

3-6. Impairment of DSB repair protein nuclear foci formation in
X-ray irradiated TE-6 cells.

Because the TE-6 cells were found to be defective in DSB
repair, we assessed the amount of BRCA1/2 expression in
TE-series cells by Western blotting (Fig. S4a,b). However, no
significant difference in the expression of BRCA1/2 in TE-6 and
TE-1 cells was observed. To confirm the impairment of DNA
repair machinery of TE-6 cells, we evaluated the nuclear focus
formation of 53BP1, which is recruited to the y-H2AX sites at an
early stage in DSB repair, and RAD51, which is recruited at a
late stage in DSB repair.***® The baseline expression levels of
53BP1 and RAD51 were higher in the TE-6 cells (Fig. S5).
However, increase of the number of 53BP1 nuclear foci per cell
was much less in the TE-6 cells (irradiation [-]; 0.55 + 1.44, 15
min; 0.94 £ 1.12 2 h; 1.48 £ 1.20), whereas 53BP1 foci were
increased in the TE-1 cells (irradiation [-]; 1.09 £ 1.58, 15 min;
248 £ 244 2 h; 4.86 £ 3.23) (Fig. 6a,b, Table 2). Similarly, 6 h
after 10 Gy X-ray irradiation, the number of RAD51 foci per cell
was significantly increased in the TE-1 cells (irradiation [-]; 1.11
+ 1.50, 6 h; 3.65 £ 3.59), whereas the increase in RAD51 foci
was not significant in the TE-6 cells (irradiation [-]; 0.67 £ 2.20, 2
h; 2.25 + 3.20) (Fig. 6¢,d, Table 2). These results suggested that
the interaction between y-H2AX and 53BP1 and the subsequent
recruitment of RAD51 were impaired in TE-6 cells.

3-7. A novel mutation in the RNF8 gene, and the reduced ability
of TE-6 cells to polyubiquitinate y-H2AX.

To identify the molecular mechanism underlying the impaired
DNA repair in TE-6 cells, we performed whole-exome
sequencing of TE-6 and TE-1 cells and selected the DNA
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repair-related genes that were mutated in the genomic DNA of
TE-6 cells but not TE-1 cells. In total, 16 722 and 16 543 single
nucleotide variants (SNV) were identified from the exomes of
TE-1 and TE-6 cells, respectively (data not shown). Another 260
and 240 indels were identified from TE-1 and TE-6 cells,
respectively. To reduce the probable germline variants, the
single nucleotide polymorphisms (SNPs) that were registered in
the dbSNP and in-house Japanese SNP databases were
eliminated. Finaly, 606 SNVs and 118 indels were exclusively
identified in the TE-6 cells. Among these mutations were hits in
six genes (listed in Table 3) that are related to DNA repair. We
further evaluated the impact of amino acid substitutions using
the Polyphen2 prediction program; we focused in particular on
the T448M missense mutation of RNF8, which is an E3-ligase
polyubiquitylating y-H2AX. The T448M mutation was close to
the RING domain (Fig. 7a). To assess the ubiquitylation status
of y-H2AX, we examined X-ray-irradiated TE-6 and TE-1 cells
by Western blotting (Fig. 7b). In the TE-1 cells, the levels of
mono- and di-ubiquitinated y-H2AX were increased at 2 h after
irradiation and decreased at 6 h after irradiation. Meanwhile, no
significant increase in ubiquitination was observed in the TE-6
cells (Fig. 7b-d).

4. Discussion

To date, the anti-tumor effects of PARP inhibitors to ESCC
have not been evaluated both in vitro and in vivo. In this study,
we identified TE-6 cells as AZD2281-sensitive cell line for the
first time. The following findings support the idea that the PARP
inhibitor induced growth retardation in the DSB repair-impaired
background of TE-6 cells: (i) AZD2281 induced the
accumulation of DNA damage, as evaluated by y-H2AX
expression levels. (i) AZD2281 induced the accumulation of a
tetraploid cell population in a time-dependent manner,
consistent with previous reports that cells with accumulated
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unrepaired DSBs caused in every S-phase are arrested at G2/M
boundary.*”) (iii) Sustained damage to DNA, the attenuated
ubiquitination of y-H2AX and a defect in DSB repair nuclear foci
formation under X-ray irradiation suggest that TE-6 cells have
an impaired DNA repair ability.

Several genomic biomarkers that predict the efficacy of PARP
inhibitors have been identified. Though the presence or absence
of BRCA1 and BRCAZ alterations most strikingly distinguishes
the PARP inhibitor-sensitive cells and patients, no pathogenetic
mutations in either gene were identified in the TE-6 cells (Table
S1). Consistent with this, expression of BRCA1 and BRCA 2
proteins were not reduced in TE-6 cells (Fig. S3a,b). The
alteration of other genes, such as 53BP1, RAD51, PTEN and
USP11, also reportedly affects the sensitivity to PARP
inhibitors.(®2%%2) To identify the genomic events corresponding
to the AZD2281 sensitivity of TE-6 cells, we performed
whole-exome sequencing. Because a paired non-tumor genome
is not available for the TE-series cells, we subtracted previously
identified germline variants from our set of total SNVs and indels
to enrich for potential somatic mutations. Among the remaining
mutations, we focused on those located in the genes encoding
DNA repair-related proteins and identified a novel mutation of
RNF8. RNF8 is an E3-ligase targeting y-H2AX that accumulates
at DNA DSBs and recruits repair proteins, including 53BP1 and
RAD51.%%%) |t was reported that RNF8" p53" mice had
increased levels of genomic instability and a remarkably
elevated tumor incidence compared to p53" mice,®® that the
knockdown of RNF8 sensitized cells to ionizing radiation, and
that disruption of the RING domains of RNF8 impaired
DSB-associated ubiquitylation and inhibited retention of 53BP1
and BRCA1 at the DSBs sites.®® The PolyPhen-2 program
predicts a probable deleterious impact of the T448M substitution
on the structure and function of RNF8. Although the effect of the
T448M mutation on the polyubiquitination ability of RNF8 has
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not yet been confirmed, the observation that the increase in
ubiquitination after X-ray irradiation in the TE-6 cells was less
than that of the TE-1 cells suggests that RNF8 is impaired in the
TE-6 cells. We hypothesized that this mutation might affect the
polyubiquitination ability of RNF8 and, as a result, contribute to
the DSB repair defect to some extent. The impact of the
mutation or loss of RNF8 to PARP inhibitor sensitivity has to be
further evaluated.

Whether RNF8 is the only factor contributing to TE-6 sensitivity
should be carefully considered. The anti-tumor effect of PARP
inhibitors is obviously determined by the BRCA1 or BRCA2
status in ovarian and breast cancers.®” Meanwhile, the
sensitivity of the TE-series cells to AZD2281 is altered by
gradation and most cells exhibited intermediate sensitivity. It
may suggest that the AZD2281 sensitivity was regulated by
multiple molecular mechanisms in each cell line rather than a
single molecule. This multiplicity might make it difficult to identify
the distinctive genomic biomarkers of PARP inhibitor sensitivity
in ESCC.

We noticed a strong correlation between AZD2281 sensitivity
and y-H2AXx levels in the cells without treatment; this effect might
represent the extent of baseline DNA damage. Double strand
breaks regularly occur in proliferating cells because
topoisomerases bind to DNA and cut the phosphate backbone
of the DNA during DNA replication. Though these DSBs are
properly repaired in non-tumor cells, it is plausible that
unrepaired DNA remains in tumor cells with impaired DSB repair,
such as the TE-6 cells. Once a correlation between the baseline
level of y-H2Ax expression and DSB repair defect is further
confirmed, the amount of y-H2Ax in a tumor tissue sample could
be a reasonable biomarker for selecting preferable patients for
PARP inhibitor therapy. Further clinical and biological studies of
this effect are warranted.
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Fig 1. Sensitivity of TE - series cell lines to a poly(ADP - ribose)
polymerase (PARP) inhibitor, AZD2281. (a) TE -1, TE -6,
Capan - 1 (BRCAZ2 - deficient) and MCF7 (wild - type BRCA)
cells were treated with or without AZD2281 at the indicated
concentrations for at least seven doubling times. Cells were
fixed and stained with crystal violet and the number of colonies
was counted. (b) Sensitivity to AZD2281 was evaluated by
clonogenic assay. Colonies consisting of more than 64 cells
were counted and the survival fraction was estimated. Three
independent experiments were carried out. The data represent
the average and standard deviations. (c) IC., (uM) value of
AZD2281 in eight TE series, MCF7, HCC1937 and Capan - 1
cells measured by the clonogenic assays.
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Fig. 2. AZD2281 - induced G2/M arrest in TE - 6 cells. (a) TE -

6 and TE - 1 cells were cultured with or without AZD2281 for

24 h. DNA ploidy was assessed by propidium iodide (PI)
staining and flow cytometry. (b) The proportion of estimated

cell - cycle phases in TE - 6 and TE - 1 cells treated with or

without AZD2281. The data represent the average of three
independent experiments.
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Fig. 3. Increase in double strand breaks (DSBs) in TE - 6 cells
treated with AZD2281. (a) TE - 6 and TE - 1 cells were treated
with AZD2281 for 24 h and with 5 Gy X - ray irradiation, and y -
H2AX was assessed using Western blotting. The anti - y -
H2AX antibody detected both unubiquitinated (15 kD) and
mono - ubiquitinated (23.6 kD) y - H2AX. (b) TE - 6 and TE - 1
cells were treated with AZD2281 for 24 h and y - H2AX was
assessed by immunofluorescence. DAPI (blue) and y - H2AX
(red) images were superimposed. (c) Number of the y - H2AX -
positive TE - 6 and TE - 1 cells treated with or without AZD2281
at the indicated concentrations for 24 h. (d) Scatter diagrams
show the fluorescence intensity of individual TE - 6 and TE - 1

cells treated with or without AZD2281 at the indicated
concentrations for 24 h. The lines shown indicated the averages
of the data plotted. The data were obtained from at least 500

cells for each condition. P < 0.01 (Student's t - test).
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Fig. 4. A strong correlation between base - level y - H2AX and
sensitivity to AZD2281 of TE cells. (a) Eight non - treated TE -
series cell lines were subjected to Western blot analysis with
antibodies against y - H2ZAX and actin. (b) The correlation
between basal y - H2AX expression levels and IC5¢ of AZD2281.
The average intensity of y - H2AX was standardized with actin.

The data represent the averages and standard deviations of
three independent experiments.

_19-




(@) NolR 15 min

TE-6

(b

£
Lo

o
o

o
o

y-H2ZAX positive cells (%)
N
Lo

“No fBmin Zh Bh Mo 16min Zh &h
IR IR

.20.




{©) No IR 15 min

TE-6

TE-1

@
3G 3 ?
— %
a0 1
S 20
£ .
g‘if
10 -
.

‘NolR15min 2h 6h NolR15min 2h 6h
TE-6 TE-1

Fig. 5. Sustained X - ray irradiation - induced double strand
breaks (DSBs) in TE - 6 cells. (a) TE - 6 and TE - 1 cells were
irradiated with 2 Gy X - ray. Cells were stained with anti - y -
H2AX antibody 15 min, 2 and 6 h after irradiation. (b)
Percentages of y - H2AX - positive cells. The data represent the
average and standard deviations of three independent
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experiments. P < 0.05, P < 0.01 (Student's t - test). (c)
Representative neutral comet assay results of TE - 6 and TE - 1
cells treated with or without 5 Gy of X - ray irradiation. (d)
Scatter diagrams show the tail moment of individual TE - 6 and

TE - 1 cells treated with or without 5 Gy of X - ray irradiation.

The lines shown indicate the averages of the data plotted. The
data were obtained from at least 100 cells for each condition. P
< 0.01 (Student's t - test).
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Fig. 6. Impairment of 53BP1 and RAD51 nuclear focus
formation in X - ray irradiated TE - 6 cells. (a) TE - 6 and TE - 1

cells were irradiated with 2 Gy of X - rays and fixed 15 min and

2 h after irradiation. The formation of 53BP1 nuclear foci was
evaluated by immunofluorescence. (b) Scatter diagrams
showing the number of 53BP1 foci in individual cells. The lines
shown indicate the mean of the data plotted. The data were
obtained from at least 100 cells for each condition. 'P < 0.05, "P
< 0.01 (Student's t - test). (c) TE - 6 and TE - 1 cells were
irradiated with 10 Gy of X - rays and fixed 6 h after irradiation.
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The formation of RAD51 nuclear foci was evaluated by
immunofluorescence. (d) Scatter diagrams showing the number
of RAD51 foci in individual cells. The lines shown indicate the
mean of the data plotted. The data were obtained from at least
100 cells for each condition. P < 0.01 (Student's ¢ - test).
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Fig. 7. A novel mutation in the RNF8 gene and the reduced
ability of TE - 6 cells to polyubiquitinate y - H2AX. (a) The
structure of RNF8 protein and a newly identified T448M amino
acid - substitution mutation. (b) Western blot analysis of y -
H2Ax in TE - 6 and TE - 1 cells treated with 2 Gy of X - rays. (c)
The proportion of diubiquitinated y - H2Ax standardized to
non - ubiquitinated y - H2Ax. The data represent the averages
and standard deviations of three independent experiments. (d)
The proportion of monoubiquitinated y - H2Ax standardized to
non - ubiquitinated y - H2Ax. The data represent the averages
and standard deviations of three independent experiments.
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Table 1. Tail moment of the X-ray-irradiated TE-6 and TE-1
cells

Time after irradiation

Oh 15 min 2h 6h
TE-6 243 +3.19 527 £4.35 9.78 £6.27 13.7 £ 8.20
TE-1 3.69+4.14 5.6 £ 3.97 5.20+£4.22 3.20+4.71
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Table 2. The number of nuclear foci of the DNA repair

proteins
53BP1 Rad51
X-Ray(Gy) °
2 0 10
Time - 15 min 2h - 2h
TE-6 0.55%+1.44 0.94+1.12 1.4841.20 0.67+2.20 2.25%3.20
TE-1 1.09+1.58 2.48+2.44 4.86+3.23 1.11£1.50 3.65+3.59
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Table 3. Mutations in the DNA repair-related genes uniquely
identified in the exome of TE-6 cells

Novel mutations of DNA repair involved genes of TE-6

Variant Amino
Base PolyPhen2
Gene Chr. Position frequency acid
change prediction
(%) alteration
Probably
RNF8 6 37349032 C>T 100 T448M
damaging
Probably
CHAF1A 19 4429530 G>A 87 R567Q
damaging
Probably
CEP164 11 A>G 88.9 D120G
117222670 damaging
CLSPN 1 36217027 C>T 19.4 AB18T Benign
POLK 5 74865291 A>G 55 1128V Benign:
ATRX X 76952184 G>A 100 S84L Benign
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Supporting Information

Supplementary materials and methods

Compound. A PARP inhibitor, AZD2281 (Olaparib) and
Iniparib(BSI1-201) were purchased from Selleck Chemicals
(Houston, TX). The compound was dissolved in DMSO at 2 mM
as a stock.

Cell Culture. The TE-1, TE-4, TE-6, TE-8, TE-9, TE-10, TE-11
and TE-14 cell lines were purchased from the Riken
BioResource Center (Tsukuba, Japan). The Capan-1, HCC1937,
and MCF-7 cell lines were purchased from the American Type
Culture Collection (ATCC, Manassas, VA). TE-1, TE-4, TE-6,
TE-8, TE-9, TE-10, TE-11, TE-14, HCC1937, and MCF-7 cells
were grown in RPMI-1640 containing 10% FCS. Capan-1 cells
were grown in DMEM containing 10% FCS. All cells were
cultured at 37 °C in 5% CO..

Clonogenic Assays. A total of 500 — 2,000 cells were plated in
triplicate into 6-well plates and incubated overnight. To test the
PARP inhibitor, cells were cultured with AZD2281- or
vehicle-containing media, and the media were replaced every
72 h. After 10-16 days, cells were fixed and stained with crystal
violet. Colonies consisting of more than 64 cells were
subsequently counted.

Immunoblotting Analysis. Cells were incubated with the
indicated duration and doses of AZD2281 or X-ray. The treated
cells were collected, washed with ice-cold PBS, and lysed with
cell lysis buffer (100 mM Tris-HCI at pH 7.4, 10% SDS, 10 mM
Naz;VO,). Equal amounts of protein were loaded into each well,
separated by 15% SDS-PAGE and transferred onto PVDF
membranes. Membranes were blocked with 5% skim milk in
TBS-T for 1 h at room temperature. The blot was hybridized with
the phospho-Histone H2A.X (Ser139) (20E3) rabbit monoclonal
antibody (1:1,000; Cell Signaling Technology, Danvers, MA)
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overnight at 4 °C and then with a HRP-conjugated secondary
antibody (1:50,000; Santa Cruz Biotechnology, Dallas, TX).
Proteins were detected by using Amersham ECL Western
Blotting Reagent (GE Healthcare Life Sciences, Piscataway, NJ)
and exposed to Amersham Hyperfilm ECL (GE Healthcare Life
Sciences). Densitometric analysis was performed with Image-J
software (http://imagej.nih.gov/ij/).

Immunofluorescence Analysis. To evaluate the formation of
DSBs after treatment with AZD2281, cells grown on 96-well
plates were incubated with the indicated concentrations of this
drug. After 24 h, the cells were fixed with 4% paraformaldehyde
in PBS for 15 min, permeabilized with 0.5% Triton X-100 in PBS
for 15 min, and blocked with 10% goat serum for 15 min to
eliminate non-specific reactions. Cells were then treated with an
anti-y-H2AX rabbit monoclonal antibody (Cell Signaling
Technology) at a dilution of 1:1,000 in blocking buffer for 1 h at
37 °C. The cells were washed twice in PBS and incubated with a
goat anti-Mouse IgG (H + L) DyLight 549-conjugated secondary
antibody (Thermo Scientific, Waltham, MA) at a dilution of 1:500.
y-H2AX was observed under an ArrayScan™ HCS System
(Thermo Scientific, Waltham, MA). The average y-H2AX
fluorescence intensity of individual cells was evaluated using the
Thermo Scientific Cellomics® Target activation V3 kit (Thermo
Scientific, Waltham, MA).

To evaluate the formation of 53BP1 and RAD51 nuclear foci,
cells grown on p-Dish®™™™" (ibidi) were irradiated with X-rays (2
Gy). After the indicated time had elapsed, cells were fixed and
blocked as above. For 53BP1 staining, cells were treated with
an anti-53BP1 rabbit polyclonal antibody (abcam, Cambridge,
UK) at a dilution of 1:1,000 in blocking buffer for 1 h at 37 °C.
For RAD51 staining, cells were treated with an anti-RAD51
rabbit polyclonal antibody (Santa Cruz Biotechnology) at a
dilution of 1:1,000 in blocking buffer for overnight at 4 °C. These
cells were then washed twice in PBS and incubated with Alexa
Flour® 488 donkey anti-rabbit IgG (H + L) (Invitrogen) at a
dilution of 1:1000. These foci were observed under a BIOREVO
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BZ-9000 microscope (Keyence, Osaka, Japan). The number of
53BP1 and RADS51 foci was counted manually.

Neutral Comet Assays. Neutral comet assays were
performed using the CometAssay kit (Trevigen, Gaithersburg,
MD) according to the manufacturer’s instructions. Briefly, cells
were irradiated with 2 Gy of X-rays and then collected and
resuspended in cold PBS with concentration of 1 x 10° cells/mL.
An aliquot was combined with low-melting agarose (at a 1:10
ratio) and pipetted onto Trevigen CometSlides. After the
cell/agar mixture had been fixed to the slide, the cells were lysed
at 4 °C in lysis solution for 60 min. The slides were then
equilibrated with TBE buffer over the course of 15 min. The
slides underwent electrophoresis for 20 min at 1 V/cm in the
TBE buffer. The slides were then fixed with 70% ethanol and
stained with SYBR green. Fluorescence-labeled DNA was
visualized using a KEYENCE BZ-9000 fluorescence microscope,
and 500 cells were captured for each treatment using a digital
imaging system. All comet images were analyzed to calculate
the tail moment parameter using the CASP (http://casplab.com/)
program.

Cell Cycle Analysis. Cells were plated in triplicate into 6-well
plates at a density of 50,000 cells per well one day before the
treatment. The cells were then treated with the indicated
concentrations of AZD2281 for 24 h and harvested by
trypsinization and washed with PBS. The cells were then fixed
with 70% ethanol overnight and stained with propidium iodide
before flow cytometry. The DNA content of the cells was
evaluated using a FACS Cantoll flow cytometer and FACS Diva
software (BD, Franklin Lakes, NJ).

Whole-Exome Sequencing. Targeted enrichment was
performed using the SureSelect Human All Exon 50 Mb Kit
(Agilent Technologies, Santa Clara, CA) with 3 ug of genomic
DNA isolated from TE-1 and TE-6 cells. The exon-enriched DNA
libraries were sequenced individually on a single lane of the
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lllumina Genome Analyzer lIx (lllumina, San Diego, CA), which
produced 76-bp paired-end reads, in accordance with the
manufacturer's instructions. Sequence reads were aligned to
reference genomic sequences using Burrows-Wheeler Aligner
(BWA, http://bio-bwa.sourceforge.net/), and single nucleotide
variants (SNV) and insertion-deletions (indels) were called and
annotated using the Genotype Analysis Toolkit software
package (GATK, http://www.broadinstitute.org/gatk/). The
impact of amino acid substitutions was estimated using the
Polyphen2 prediction program
(http://genetics.bwh.harvard.edu/pph?2/).

Statistical Analysis. Individual experiments were performed at
least in ftriplicate. The statistical significance of observed
differences was analyzed using Student’s t-test. One asterisk ()

indicates a p-value smaller than 0.05. Two asterisks ( ) indicate
a p-value smaller than 0.01
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S1. The sensitivity of TE-8, 10, 4, 11, 14, 9 and HCC1937 cells
to AZD2281 as determined by a clonogenic assay. Colonies
consisting of more than 64 cells were counted as viable.
Survival was determined from ftriplicate measurements from
three independent experiments and normalized to untreated
controls. Data are expressed as means #* standard deviation.
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S2. Effect of BSI-201 on the colony formation of TE-1 and
TE-6 cells. Colonies consisting of more than 64 cells were
counted as viable. Survival was determined from triplicate
measurements from three independent experiments and
normalized to untreated controls. Data are expressed as means
+ standard deviation.
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S3. DNA ploidy of TE-1 andTE-6 cells treated with AZD2281 for
12 hours. (a) TE-6 and TE-1 cells were cultured with or without
AZD2281 for 12 h. DNA ploidy was assessed by propidium
iodide (P1) staining and flow cytometry. (b) The proportion of
estimated cell-cycle phases in TE-6 and TE-1 cells treated with
or without AZD2281. The data represent the average of three

independent experiments.
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S4. (a) Western blot analysis of BRCA1/2 expression in
TE-series cells using antibodies against BRCA1/2 and B-actin.
B-actin was employed as an internal control. (b) The expression
level of BRCA1/2 was normalized to control. These data were
obtained from the analysis of one experiment.
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S5. Western blot analysis of the expression of 53BP1 and
Rad51 in TE-1 and TE-6 cells using antibodies against 53BP1,
Radb51 and B-actin. B-actin was employed as an internal control.
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