Mimae et al

General Thoracic Surgery

TABLE 3. Multivariate Cox regression analysis of recurrence-free survival according te various factors

All Node negative Node positive
Pathologic variables HR P value HR P value HR P value

LC ratio 0.44 010 0.39 .008 1.7 62
>30 vs <30 0.23-0.82 0.20-0.78 0.44-6.3

Lymphatic invasion 25 .001 1.9 .045 6.1 037
Positive vs negative 1.4-43 1.0-3.5 1.3-28.7

Blood vessel invasion 1.8 .037 2.0 031 0.87 .61
Positive vs negative 1.0-3.1 1.1-3.8 0.31-2.4

Pleural invasion 1.6 11 2.1 024 0.47 19
Positive vs negative 0.91-2.7 1.1-3.9 0.14-1.5

Lymph node metastasis 19 .032 e —F — —
Positive vs negative 1.1-34

LC, Lepidic component; HR, hazard ratio. *Not calculated.

micrometastatic disease to the lymph nodes have been
demonstrated to have a worse prognosis than patients with
lymph nodes completely replaced by tumors.'> This sug-
gests that the continuum from LI to lymph node micrometa-
stasis to lymph node replacement might be more complex
than previously believed.

As in previous reports, in all patients, multivariate anal-
ysis of RFS revealed a lower LC ratio, positive status of
lymph nodes, LI, blood vessel invasion, pleural invasion
and were poor prognostic factors as well as N+ status in
this study.'®'” In contrast, all evaluated pathologic
variables, except for LI status, did not show potential as
predictive factors for patients with lymph node
involvement. Although lymphatic metastasis status was a
strong prognostic factor, LI status was also a significant
predictive factor of prognosis in patients with clinical
stage IA lung adenocarcinoma. In pN+ patients, LI status
had no association with either the clinical or pathologic
findings. Thus, the above findings strongly support the
significance of LI status as a predictive factor, particularly
in patients whose lymph node status is clinically negative
and pathologically positive. That is, poor prognosis
should be defined according to not only lymph node
status but also LI status. Other unknown factors may
more precisely determine the true patient population with
a poor prognosis. Although pN+ patients typically
receive adjuvant chemotherapy, such patients may be
classified into no-adjuvant, mild-adjuvant, and severe-
adjuvant groups using several predictive factors, including
LI status.

Two previous reports have demonstrated that LI status is
a poor prognostic factor in surgically resected non-small
cell lung cancer'®' and a similar result was shown in
pathologic stage 1 or adenocarcinoma patients.
Additionally, LI status has been demonstrated to be a
prognostic factor regardless of lymph node status.''”
However, these previous studies had some limitations; 1
was the quality of LI status evaluation. LI status was
evaluated using D2-40 immunostaining in this study,

whereas only some tumors were assessed for LI status using
D2-40 in the report'® and the other did not distinguish LI
from blood vessel invasion.'® Thus, the quality of LI evalu-
ation was higher in our study. Another limitation is hetero-
geneity of the cohort. The analysis was performed only in
pathologic stage I patients in the previous studies to mini-
mize heterogeneity.'>'” However, that analysis of
pathologic stage I patients could not assess LI status in
pN+ patients. In our study, we evaluated LI status with
little heterogeneity in pN+ patients because we included
only clinical stage IA adenocarcinoma patients having
little heterogeneity.

The rate of lymph node involvement was 6.7% of clinical
stage IA lung adenocarcinoma patients in our study (41 out
of 609 cases). PET/CT examination has been shown to pro-
vide the most accurate preoperative diagnosis'* and results
in appropriate treatment. However, a new diagnostic
method is necessary to evaluate more accurately the
preoperative status of patients with clinical stage IA
adenocarcinoma and pathologic lymph node involvement
whose preoperative diagnostic modality included a PET
scan.

Few patients had lymph node metastasis in clinical stage
JA Iung adenocarcinoma, which represents one of the main
limitations of this study; only a very small number of pa-
tients with lymph node involvement had a negative LI sta-
tus. This makes it difficult to conclude that the prognosis
of pN(+)LI(-) patients is equivalent to that of pN(-)
LI(+) patients; however, it cannot be denied that LI status
plays an important role in assessing patients with lymph

" node metastasis. The lack of data about pathologic tumor

size or morbidity are also limitations of our study. Another
is that detailed numbers on patients who received postoper-
ative chemotherapy were not available. Postoperative
chemotherapy was performed when pathologic upstaging
or recurrence was detected. Additionally, although the
follow-up time was too short to assess OS in this study,
the OS curves showed similar tendencies to RFS. Because
a previous study reported that RFS could be a surrogate
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TABLE 4. Clinicopathologic findings in patients with clinical stage 1A
but pathologic lymph node positive lung adenocarcinoma, according to
lymphatic invasion status

Lymph node metastasis positive

Lymphatic Lymphatic
invasion invasion
negative positive P
Finding m=13) (n = 28) value
Age
Median 64 66 96
Interquartile range 56-72 55.25-73.25
Sex
Female 4 15 20
Male 9 13
CEA
Median 3.7 34 81
Interquartile range 2.5-4.075 2.65-4.25
Size*
Median 2 22 62
Interquartile range 1.6-2.6 1.775-2.5
GGOf ratio
Median 0 0 75
Interquartile range 0-10 0-2.5
SUV max
Median 34 3.7 87
Interquartile range 2.7-40 2.175-4925
LC ratio
Median 10 10 .16
Interquartile range 10-20 0-12.5
Blood vessel invasion
Negative 7 10 32
Positive 6 18
Pleural invasion
Negative 11 18 28
Positive 2 10
Lymph node metastasis
N1 9 11 .18
Single station N2 or single 2 11
station N2 + N1
Multistation N2 2 6

CEA, Carcinoembryonic antigen; GGO, ground-glass opacity; SUV, standardized
uptake value; LC, lepidic component. *Tumor size on the high-resolution computed
tomography scan. fGGO ratio on the high-resolution computed tomography scan.

for 08, to evaluate RFS may effectively be equivalent to
assessing OS in identifying prognostic factors.

CONCLUSIONS

LI was not always present in pN+ adenocarcinoma pa-
tients. In addition, pN(+)LI(-) patients had a better prog-
nosis than pN(+)LI(+) patients, whereas there was no
significant difference in RES between pN(+)LI(-) and
pN(—)LI(+) patients with clinical stage IA lung adenocarci-
noma. LI status was indicated to classify clinical T1 NO MO
lung adenocarcinoma patients with and without lymph node
involvement into good and poor prognosis groups, the pre-
operative staging of which conducted using high-resolution

1826

CT and FDG-PET/CT. LI status may affect the selection of
patients who have to receive adjuvant therapy.
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Poly (ADP-ribose) polymerase (PARP) plays a critical role in
responding to DNA damage, by activating DNA repair pathways
responsible for cellular survival. Inhibition of PARP is used to
treat certain solid cancers, such as breast and ovarian cancers.
However, its effectiveness with other solid cancers, such as
esophageal squamous cell carcinoma (ESCC), has not been clari-
fied. We evaluated the effects of PARP inhibition on the survival
of human esophageal cancer cells, with a special focus on the
induction and repair of DNA double-strand breaks. The effects
were monitored by colony formation assays and DNA damage
responses, with immunofluorescence staining of yH2AX and
RAD51. We found that PARP inhibition synergized with cisplatin,
and the cells were highly sensitive, in a similar manner to the
combination of cisplatin and 5-fluorouracil (5-FU). Comparable
increases in RAD51 foci formation were observed after each
combined treatment with cisplatin and either 3-aminobenzamide
(3-AB) or 5-FU in three human esophageal cancer cell lines, TE11,
TE14, and TE15. In addition, decreasing the amount of RAD51 by
RNA interference rendered the TE11 cells even more hypersensi-
tive to these treatments. Our findings suggested that the homol-
ogous recombinational repair pathway may be involved in the
synergism between cisplatin and either 3-AB or 5-FU, and that
3-AB and 5-FU may similarly modify the cisplatin-induced DNA
damage to types requiring the recruitment of RAD51 proteins for
their repair. Understanding these mechanisms could be useful for
improving the clinical outcome of ESCC patients who suffer from
aggressive disease that presently lacks effective treatment
options. (Cancer Sci 2013; 104: 1593-1599)

G enomic integrity is maintained by the close cooperation
of several DNA repair pathways. Any failure in these
pathways can lead to unrepaired DNA Ilesions, which cause
cell-cycle arrest and cell death, either directly or followin%
DNA replication during the S phase of the cell cycle."”
Therefore, the therapeutic effects of DNA-damaging agents
may be enhanced by the inhibition of DNA repair. This feature
makes DNA repair mechanisms a promising target for novel
cancer treatment regimens.

In recent years, poly (ADP-ribose) polymerase (PARP)
inhibitors have emerged as a novel class of chemotherapeutic
agents. An abundant nuclear protein that catalyzes the forma-
tion of PAR polymers from NAD", PARP is attached primarily
to glutamic acid residues on acceptor proteins,(3) It participates
in maintaining genomic integrity, as it is a DNA damage-sens-
ing protein that binds to DNA single-strand breaks (SSBs)."*”
In addition, PARP plays a role in restartin% stalled replication
forks, by attracting Mrell to these sites.'®”) Therefore, the
inhibition of PARP generates DNA damage, and the obstructed
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replication forks can be converted to replication-associated
DNA double-strand breaks (DSBs), which lead to cell cycle
arrest and cell death unless they are repaired by the homolo-
gous recombinational repair pathway (HR).®® Recently, the
PARP inhibitors in clinical use have been shown to trap
the PARP1 and PARP2 enzymes at damaged DNA.Y9 The
trapped PARP-DNA complexes are more cytotoxic than the
unrepaired SSBs caused by PARP inactivation, as the com-
plexes require other genetic repair pathways, such as postrepli-
cation repair and the Fanconi anemia pathway, in addition to
HR, for their repair.“o)

Double-strand breaks are potentially lethal, and are %enerally
considered to be the most toxic DNA lesions.""'® Direct
DSBs are mainly repaired by the non-homologous end joining
pathway,"® whereas replication-associated DSBs are repaired
by the HR and related replication repair pathways.”> The HR
and PARP are intricately linked, because the loss of PARP
results in an increase in the recombinogenic lesions normally
repaired by HR. (417 Therefore, tumor cells defective in HR
show extremely high sensitivity to PARP inhibitors.'®> In
addition, it was recently reported that PARP inhibition sensi-
tizes even HR-proficient tumor cells to ionizing radiation or
alkylating agents, such as methyl methanesulfonate, when
treated in combination for a short time.*>

Esophageal squamous cell carcinoma (ESCC) is one of the
most lethal malignant diseases, especially in the USA and
Europe.(%’m Based on biochemical modulation studies,®®*%
combined therapy with cisplatin and S5-fluorouracil (5-FU) has
recently shown encouraging results, by exerting a synergistic
cytotoxic effect. However, the clinical outcomes_and the overall
survival rates of ESCC patients remain poor.”™’ The present
study was carried out to evaluate the effects of PARP inhibition
on the cellular survival and the DNA damage response in human
esophageal cancer cells, with a special focus on DSB induction
and repair. We found that PARP inhibition synergized with
cisplatin, and strongly increased the percentage of cells bearing
nuclear foci of RADSI, a key protein in the HR pathway. This
combined therapy was as efficient as the combined treatment
with cisplatin and 5-FU, as compared to that with each drug
alone. Importantly, RAD51 depletion significantly sensitized the
cells to these combined treatments. Our data suggested that HR
may be involved in the synergism between cisplatin and either a
PARP inhibitor or 5-FU in human esophageal cancer cells. In
addition, the PARP inhibitor and 5-FU may similarly modify
the cisplatin-induced DNA damage to types requiring the
recruitment of RADS1 proteins for their repair.

4To whom correspondence should be addressed.
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Materials and Methods

Cells and chemicals. Three human esophageal cancer cell
lines, TE11, TE14, and TEI15, were obtained from the Cell
Resource Center for the Biomedical Research Imstitute of
Development, Aging, and Cancer (Tohoku University, Sendai,
Japan). Both TE1l and TEI4 are moderately differentiated
squamous cell carcinomas, and TEI5 is a well-differentiated
squamous cell carcinoma. These cell lines were routinely
grown in RPMI-1640 (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% FBS, and incubated at 37°C in a humidified
atmosphere of 5% CO; in air. The PARP inhibitor 3-aminoben-
zamide (3-AB) was obtained from Sigma-Aldrich (#A0788; St.
Louis, MO, USA). Cisplatin (Nippon Kayaku, Tokyo, Japan)
and 5-FU (Kyowa Hakko Kogyo, Tokyo, Japan) were dissolved
in PBS at 1 mM.

Detailed experimental procedures are also provided in the
supplementary experimental procedures (Data S1).

Results

Inhibition of PARP in ESCC cell lines. To examine whether
PARP inhibition could be efficacious in the treatment of
ESCC, we first tested three ESCC cell lines, TE11, TE14, and
TE1S5, for their sensitivity to PARP inhibition. We confirmed
the inactivation of PARP by a PARP inhibitor, 3-AB, and the
depletion of PARP1 by siRNAs, using immunoblotting analy-
ses (Figs S1,52A), and then measured the cell viability by a
colony formation assay. This assay showed that 3-AB did not
decrease the viability of these ESCC cells, as compared to the
untreated controls (Fig. 1a).

As PARP inhibition increases the collapse of unresolved
SSBs into DSBs at replication forks,®13? we investigated the
induction of DSBs by PARP inhibition in these ESCC cells.
Thus, we carried out immunofluorescence staining for YH2AX,
as a marker of DSBs, after the treatment of the ESCC cell
lines with 3-AB. As a result, mild increases in the percentages
of yH2AX foci-positive cells were observed in all of these
cells after the 3-AB treatment (Figs 1b—d,S3A). As the inhibi-
tion of PARP by 3-AB treatment did not impair the colony

forming activity, most of the DSBs generated by the PARP
inhibition might be exactly repaired, and thus not induce cell
cycle arrest or cell death. This notion was supported by similar
findings obtained by experiments using PARP1-depleted cells
in place of 3-AB treatment (Fig. S2A,B).

Combination of PARP inhibition with cisplatin or 5-FU in ESCC
cell lines. Cisplatin and 5-FU are_effective chemotherapeutic
agents used with ESCC patients.®** We wished to examine
whether PARP inhibition acts synergistically with either
cisplatin or 5-FU against esophageal cancer cells. Thus, we
treated TE11, TE14, and TE15 cells with either cisplatin or
5-FU, with or without the inhibition of PARP, and then carried
out a colony formation assay to assess the cellular survival
after these treatments (Fig. S4). The colony assay revealed that
3-AB sensitized all of these cell lines to cisplatin (Fig. 2a).
The synergistic inhibition of cell growth was observed by the
combined treatment of TE11 cells with 5 pM cisplatin and
5 mM 3-AB (Fig. S5, Combination Index = 0.471). In stark
contrast, no synergism between 3-AB and 5-FU was observed
(Fig. 2a).

To explore the reason for this distinct sensitization of cells
to cisplatin and 5-FU by 3-AB, we next studied the levels
of yH2AX focus formation generated by each treatment. The
combined treatment with cisplatin and 3-AB induced signifi-
cantly higher percentages of yH2AX focus formation com-
pared to the single treatment with cisplatin (Figs 2b,c,S3A).
The YH2AX focus formation of TE1l cells peaked at 24 h,
and 60% of cells remained foci-positive even at 48 h after
treatment (Fig. 2d). Combined treatment with 5-FU and 3-
AB induced YH2AX focus formation with similar increases
and kinetics as the single treatment with 5-FU, and it
peaked at 24 h after treatment (Figs 2b,c.e,S3A). Although
the TEIS cells treated with 5-FU and 3-AB showed a lower
percentage of YH2AX foci-positive cells, as compared to the
5-FU single treatment, the average numbers of YH2AX foci
per cell generated by these treatments were similar to those
of the other cell lines (Figs 2b,S3A). Similar findings were
obtained by the depletion of PARP1 using siRNA, instead
of 3-AB treatment (Fig. S2C). Therefore, the significantly
increased induction of DSBs by PARP inhibition could

Fig. 1. Poly (ADP-ribose) polymerase (PARP)
inhibition by 3-aminobenzamide (3-AB) in human
esophageal cancer cell lines. (a) Survival of TE11,
TE14, and TE15 cells after treatment with 3-AB.
(b) Induction of double-strand breaks, indicating
yH2AX focus formation, at 24 h after PARP
inhibition by 3-AB in TE11, TE14, and TE15 cells.
(c) DNA (blue) and yH2AX foci (red) were visualized
at 24 h after treatment of TE11 cells. Scale

bar = 10 um. (d) Kinetics of yH2AX fodi formation
at the indicated periods up to 48 h, after 3-AB
pretreatment for 48 h. Cells with 10 or more foci

were counted as positive. At least 200 nuclei were
counted for each experiment. The average and SD
from at least three experiments are shown.
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enhance the cytotoxic effects of cisplatin treatment of these
ESCC cells.

Modulation of ESCC cell sensitivity to combined treatment with
cisplatin and 5-FU by PARP inhibition. Having established that
the PARP inhibitor could sensitize ESCC cells to cisplatin, we
next compared the anticancer effects between the combined
treatments with cisplatin/3-AB and cisplatin/5-FU, the most
standard chemotherapy for ESCC. We treated the ESCC cells
with cisplatin and 5-FU in concurrent combinations, and then
measured the cell viability by a colony formation assay. As a
result, all of the ESCC cell lines treated with cisplatin plus
5-FU showed similar high degrees of sensitivity to the
cisplatin plus PARP inhibition (Figs 2a,3a,S2B).

To clarify the reason for the high sensitivity of the ESCC
cells to the combined treatment with cisplatin and 5-FU, we
next carried out an immunofluorescence assay for YH2AX pro-
teins in these cell lines. This assay revealed that the YH2AX
focus formation following the cisplatin plus 5-FU treatment
was quite consistent with that following the cisplatin plus
3-AB treatment (Figs 2b,d,3b,d,S3A). Thus, we hypothesized
that 3-AB and 5-FU might play analogous roles in the
increased numbers of DSBs formed in combination with
cisplatin, resulting in the similar sensitivities of the cells to
combined treatments with cisplatin and either 3-AB or 5-FU.

To confirm our hypothesis, we next investigated the cyto-
toxic effect of the triple combination of 3-AB, cisplatin, and
5-FU against ESCC cells. First, we inhibited PARP by
3-AB or depleted it by siRNAs, and then treated the cells
concurrently with cisplatin and 5-FU. The cellular survival
was confirmed by a colony formation assay. This assay

Sakogawa et al.
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showed that the triple treatment did not cause a further
decrease in the survival of the cells, as compared to the
combined treatment with cisplatin and either 3-AB or 5-FU
(Figs 2a,3a).

Next, we examined the YH2AX focus formation, to assess
the induction of DSBs by the triple treatment of the ESCC
cells. Immunofluorescence staining analysis of YH2AX
revealed that the level of YH2AX focus formation induced by
the triple treatment was not significantly different from that
induced by the combined treatment with cisplatin and either
3-AB or 5-FU in these cells (Figs 2b—d,3b—d,S3A). Similar
findings were obtained by PARP1 depletion instead of 3-AB
treatment (Fig. S2B,C). Therefore, these findings indirectly
supported our hypothesis that PARP inhibition and 5-FU
increase the sensitivity of ESCC cells to cisplatin, by disturb-
ing the same pathway involving the induction or repair of
DNA damage.

Validation of HR, indicating RAD51 foci formation in ESCC cells.
Poly (ADP-ribose) polymerage inhibition induces DSBs, which
require HR for their repair.®*"* Thus, we next examined the
involvement of HR after the induction of DSBs by PARP inhi-
bition, to understand the mechanisms underlying the synergism
between cisplatin and either 3-AB or 5-FU in ESCC cells. We
assessed RADS! focus formation, as a hallmark of ongoing
HR, after treatments with 3-AB, cisplatin, and 5-FU alone and
in combination.

Immunofluorescence staining of RADS51 revealed that the 3-
AB treatment significantly increased the percentage of cells
with RADS5! foci, as compared to the untreated controls
(Figs 4a—¢,S3B). As 3-AB did not disturb the colony formation
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Fig. 3. Comparison of standard combined trea-
tments for esophageal squamous cell carcinoma
using cisplatin and S5-fluorouracit (5-FU) with or
without poly (ADP-ribose) polymerase (PARP)
inhibition . (a) Survival of TE11, TE14, and TE15 cells
after concurrent combined treatments with
cisplatin and 5-FU, with or without pretreatment
with 3-aminobenzamide (3-AB). (b) Evaluation of
the yH2AX focus formation at 24 h after combined
treatment of TE11, TE14, and TE15 cells with
dsplatin and 5-FU, with or without a pretreatment
with 3-AB. (¢) DNA (blue) and yH2AX foci (red)
were visualized at 24 h after treatment of TE11
cells. Scale bar = 10 pm. (d) TE11 cells were treated
with dsplatin and 5-FU in concurrent combination,
after pretreatment with 3-AB. Cells with 10 or more
foci were counted as positive. At least 200 nuclei
were counted for each experiment. The average
and SD from at least three experiments are shown.

Fig. 4. Validation of the homologous reco-
mbinational repair pathway in esophageal
squamous cell carcinoma cells, indicating RAD51
focus formation. (a) Evaluation of the RAD51 focus
formation 24 h after treatment of TE11, TE14, and
TE15 cells with cisplatin or 5-fluorouracil (5-FU)
alone and in combination, with or without a
pretreatment with 3-aminobenzamide (3-AB). (b)
Representative images of DNA (blue) and RADS51
foci (green) 24 h after the treatment of TE11 cells.
Scale bar = 10 um. (¢) TE11 cells were treated with
or without 3-AB. (d,e) TE11 cells were treated with
either dsplatin or 5-FU, with or without
pretreatment with 3-AB. (f) TE11 cells were treated
concurrently with cisplatin  and 5-FU, after
pretreatment with 5 mM 3-AB for 48 h. Cells with
five or more fodl were counted as positive. At least
200 nuclei were counted for each experiment. The
average and SD from three experiments are shown.
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Fig. 5. Knockdown of RAD51 protein renders esophageal squamous
cell carcinoma TE11 cells hypersensitive to combinations of cisplatin
and either 3-aminobenzamide (3-AB) or S5-fluorouracil (5-FU). (a)
Immunoblotting analysis of RAD51 (top) and a-tubulin (bottom) in
TET1 cells, after RAD51 siRNA or non-targeting (NT) siRNA depletion
for 24 h. (b) Relative survival of TE11 cells treated with 3-AB, cisplatin,
and 5-FU alone and in combination, under the same experimental
conditions after RAD51 siRNA or NT siRNA depletion for 24 h, con-
firmed by colony formation assay. The average and SD from at least
three experiments are shown. Values marked with asterisks are statis-
tically significant, as compared with each control (*P < 0.05).

activity of the ESCC cells (Fig. 1a), this finding suggested that
the 3-AB-induced DNA damage might be exactly repaired by
HR.

The treatment of cells with cisplatin or 5-FU alone caused
only a slight increase in the percentage of RAD51 foci-positive
cells up to 48 h after treatment. However, the combined
treatment of these cells with cisplatin and either 3-AB or 5-FU
markedly increased the percentage of cells with RAD51 foci,
which reached a maximum at 24 h after each treatment
(Figs 4,S3B). When used in combination with cisplatin, both
3-AB and 5-FU vigorously promoted the production of DSBs,
which require the recruitment of RADS51 proteins for their
repair in these ESCC cells.

The PARP-inhibited ESCC cells treated with or without
5-FU showed similar levels of RADS1 focus formation after
each treatment (Figs 4a—c,e,S3B). Moreover, the addition of 5-
FU did not change the kinetics of RAD51 focus formation by
the combined treatment with cisplatin and 3-AB (Figs 4a,b,d.f,
S3B). These data suggested that 5-FU might not affect the
RADS51 focus formation induced by 3-AB, with or without
cisplatin, in these ESCC cells. Similar results were obtained
by the depletion of PARPI in place of 3-AB treatment (Fig.
S2D). Thus, the validation of HR additionally supported our
hypothesis that the enhancement of the anticancer effect of
cisplatin, by either PARP inhibition or 5-FU, might be attrib-
uted to similar mechanisms involving HR repair in ESCC
cells.

Sakogawa et al.

Depletion of RAD51 enhances 3-AB- or 5-FU-mediated sensitiza-
tion of ESCC cells to cxsplatm As RADS1 plays crucial and
well-established roles in HR,”*"* we hypothesized that the
critical role of HR would be the underlying reason for the syn-
ergistic effect of cisplatin and either 3-AB or 5-FU in ESCC
cells. Thus, we examined how RADSI -depletion affected the
sensitivity of TE11 cells to these combined treatments. The
depletion of RADSI by siRNAs was confirmed by an immuno-
blotting analysis, using anti-RAD51 antibodies (Figs 5a,S6A).

We treated RADS51-knockdown cells with either 3-AB, cis-
platin, and 3-FU alone or in combination, under the same
experimental conditions as described above, and then the cellu-
lIar survival was measured by a colony formation assay
(Figs 5b,S6B). As expected, RAD51 depletion caused a drastic
increase in the cellular sensitivity to 3-AB. In contrast, RAD51
knockdown showed neither a synergistic nor an additive effect
on the sensitivity to cisplatin or 5-FU alone (Figs 5b,S6B).
These findings suggested that HR might play a major role in
the repair of DNA damage induced by treatment with 3-AB,
but not with cisplatin or 5-FU alone. In contrast to the
treatment with cisplatin or 5-FU alone, RADS5] repression sig-
nificantly sensitized the TE11 cells to cisplatin in combination
with either 3-AB or 5-FU. Considering our finding that the
addition of 3-AB to treatment with 5-FU or cisplatin/3-FU did
not enhance the YH2AX focus formation (Figs 2b,e,3b,d,S3A),
these data supported our hypothesis that the conversion of
cisplatin-induced DNA damage to the types requiring HR for
their repair could play an important role in TEIl cells
sensitization to cisplatin by both 3-AB and 5-FU.

Discussion

Our data showed that the inhibition of PARP exerts a synergis-
tic tumor-cell killing effect in combination with cisplatin, but
not 5-FU, against three ESCC cell lines, TE1l, TEl4, and
TEI1S5, by the increased induction of DNA damage requiring
HR for repair. Moreover, in the sensitization of cells to
cisplatin, PARP inhibition by 3-AB and 5-FU may function by
similar mechanisms involving HR.

Poly (ADP-ribose) polymerase inhibitors were originally
developed to selectively target HR-defective cells, and have
been tested as a monotherapy and in combination with an
alky]atmc a%ent and cisplatin in patients with certain solid
(umors In this study, 3-AB, as a single agent, had mini-
mal cytotoxic efficacy (Fig. 1a), and only modest increases of
YH2AX and RADS1 focus formation in response to 3-AB were
observed in the ESCC cells, as compared to the untreated con-
trols (Figs 1b,4a). These data indicated that the DSBs induced
by 3-AB may be exactly repaired by HR, and therefore, these
cells are predicted to be pmﬁment in HR repair.“” Thus, con-
sistent with a preV1ous study, > PARP inhibitors, in combina-
tion with certain DNA damaging agents, could be useful in the
treatment of even HR-proficient cancer cells.

Poly (ADP-ribose) polymerase and RAD31 Aate required to
reactivate replication at stalled DNA forks.'*”*"* Therefore,
the synergism between cisplatin and either 3-AB or 5-FU may
be similarly attributed to the failure of replication reactivation
at stalled replication forks, due to the inhibition of PARP
activity or the incorporation of 5-FU into replicating DNA in
the cisplatin-induced DNA lesions. This failure may lead to
increased RADS5!1 focus formation, for the efficient restarting
of stalled replication forks by HR. The addition of 3-AB to
either the 5-FU or cisplatin/5-FU (treatment neither facilitated
nor repressed the cellular survival and YH2AX/RADS1 focus
formation (Figs 2a,b,3a,b,4a), therefore, 3-AB and 5-FU may
function in an epistatic pathway for the cisplatin-induced DNA
lesion repair in ESCC cells. Our results suggested that a novel
regimen, combining cisplatin with a PARP inhibitor, may have
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similar efficacy to the standard combined chemotherapy of
cisplatin and 5-FU in the treatment of ESCC patients.

In conclusion, we have shown that HR may be involved in
the synergism between cisplatin and either PARP inhibition or
5-FU treatment, in human esophageal cancer cell lines. Our
findings provide a platform for extending the potential use of
PARP inhibitors to ESCC patients. Poly (ADP-ribose)
polymerase inhibitors could be novel combinational counter-
parts of cisplatin in the treatment of ESCC. Moreover, cancer
cells with decreased RADS]1 activity, due to mutations or dys-
regulation, would be more sensitive to PARP inhibitors than
the surrounding HR-proficient tissue.“*>*" Therefore, consider-
ing the therapeutic potential of PARP inhibitors in the
treatment of ESCC, such cases would be ideal candidates for
PARP inhibitor therapy, and the side-effects usually seen with
classical cytotoxic anticancer drugs could be minimized.
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Although it may be premature to extrapolate our results from
only three cultured cell lines, further investigations of the
mechanisms responsible for the increases of RADS1 foci, in
combination with cisplatin and either PARP inhibition or 5-FU
treatment, in human cancer cells will provide novel insights
into cancer therapies.
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Fig. S1. Immunoblotting analysis of poly (ADP-ribose) PAR and poly (ADP-ribose) polymerase 1 (PARP1) in esophageal squamous cell carci-
noma TEI1 cells after exposure to 3-aminobenzamide (3-AB).

Fig. S2. Treatment of poly (ADP-ribose) polymerase 1 (PARP1)-depleted esophageal squamous cell carcinoma TEI1 cells with anticancer drugs.

Fig. 83. Numbers of YH2AX and RADS5I foci per nucleus after treatment with anticancer drugs.

Fig. S4. Time schedule of treatments with anticancer drugs.

Fig. S5. Dose-response analysis of the survival of esophageal squamous cell carcinoma TE11 cells treated with cisplatin and 3-aminobenzamide
(3-AB) in combination.

Fig. S6. Knockdown of RADS1 protein using RADS1 siRNA (#2) also renders TE1] cells hypersensitive to combinations of cisplatin and either
3-aminobenzamide (3-AB) or 5-fluorouracil (5-FU).

Data S1. Supplementary experimental procedures and discussion.
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Oncologic outcomes of segmentectomy compared with lobectomy for
clinical stage IA lung adenocarcinoma: Propensity score—-matched
analysis in a multicenter study

Yasuhiro Tsutani, MD, PhD,? Yoshihiro Miyata, MD, PhD,? Haruhiko Nakayama, MD, PhD,?
Sakae Okumura, MD, PhD,° Shuji Adachi, MD, PhD,% Masahiro Yoshimura, MD, PhD,® and
Morihito Okada, MD, PhD?

Objective: Our objective was to compare the oncologic outcomes of lobectomy and segmentectomy for clinical
stage TA lung adenocarcinoma.

Methods: We examined 481 of 618 consecutive patients with clinical stage JA lung adenocarcinoma who
underwent lobectomy or segmentectomy after preoperative high-resolution computed tomography and
F-18-flnorodeoxyglucose positron emission tomography/computed tomography. Patients (n = 137) who under-
went wedge resection were excluded. Lobectomy (n = 383) and segmentectomy (n = 98) as well as surgical
results were analyzed for all patients and their propensity score—matched pairs.

Results: Recurrence-free survival (RFS) and overall survival (OS) were not significantly different between pa-
tients undergoing lobectomy (3-year RFS, 87.3%; 3-year OS, 94.1%) and segmentectomy (3-year RFS, 91.4%;
hazard ratio [HR], 0.57; 95% confidence interval [CI], 0.27-1.20; P = .14; 3-year OS, 96.9%; HR, 0.49; 95%
CL 0.17-1.38; P = .18). Significant differences in clinical factors such as solid tumor size (P <.001), maximum
standardized uptake valne (SUVmax) (P < .001), and tumor location (side, P = .005; lobe, P = .001) were
observed between both treatment groups. In 81 propensity score-matched pairs including variables such as
age, gender, solid tumor size, SUVmax, side, and lobe, RFS and OS were similar between patients undergoing
lobectomy (3-year RFS, 92.9%, 3-year OS, 93.2%) and segmentectomy (3-year RFS, 90.9%; 3-year OS,
95.7%).

Conclusions: Segmentectomy is suitable for clinical stage 1A lung adenocarcinoma, with survivals equivalent to

those of standard lobectomy. (J Thorac Cardiovasc Surg 2013;146:358-64)

Segmentectomy for treating small lung cancer has been
a topic of debate for a long time. In 1995, the Lung Cancer
Study Group conducted a prospective randomized con-
trolled trial comparing limited resection (including segmen-
tectomy and wedge resection) with lobectomy for clinical
T1 NG MO non—small cell lung cancer (NSCLC). The study
concluded that limited resection resulted in higher local re-
currence and lower survival.' A recent study from the Sur-
veillance Epidemiology and End Results database showed
that lobectomy conferred a significant advantage compared
with segmentectomy in stage I NSCLC.” In contrast, several
studies reported that the survivals after segmentectomy and
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those after lobectomy were similar. 37 However, few reports
compare between segmentectomy and lobectomy with
matched patient variables affecting survival.

Recently, we> reported that solid tumor size, defined as
the maximum dimension of the solid component excluding
the ground-glass opacity (GGO) component on high-
resolution computed tomography (HRCT), and maximum
standardized uptake value (SUVmax) on [18F]-fluoro-2-
deoxy-p-glicose positron emission tomography/computed
tomography (FDG-PET/CT), are useful for predicting the
pathologic invasiveness or prognosis in clinical stage IA
lung adenocarcinoma. These preoperative radiologic find-
ings are important when choosing treatment strategies for
NSCLC, particularly for lung adenocarcinoma.®?

The purpose of this retrospective study was to compare
the oncologic outcomes between lobectomy and segmen-
tectomy in patients with clinical stage TA lung adenocarci-
noma, adjusted for preoperative factors including HRCT
and FDG-PET/CT findings, to minimize the effect of pa-
tient selection bias. Segmentectomy and wedge resection
are considerably different procedures for lung cancer; the
former can be used to approach hilar lymph nodes and to
get sufficient margin, whereas the latter cannot. Therefore,
we excluded wedge resection from this study.
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Abbreviations and Acronyms
Cl = confidence interval
FDG-PET/CT = [18F]-flucro-2-deoxy-p-glucose
positron emission tomography/
computed tomography
GGO = ground-glass opacity
HRCT = high-resolution computed
tomography
NSCLC = non-small cell lung cancer
(O = overall survival
RFS = recurrence-free survival
SUVmax = maximum standardized uptake
value
PATIENTS AND METHODS
Patients

‘We enrolled 618 patients with clinical T1 NO MO stage JA lung adeno-
carcinoma from 4 institutions (Hiroshima University, Kanagawa Cancer
Center, Cancer Institute Hospital, and Hyogo Cancer Centet, Japan) be-
tween Aungust 1, 2005 and June 30, 2010, to evalnate the significance of
FDG-PET/CT. Patients with incompletely resected tumors (R1 or R2)
and those with multiple tumors or previeus lung operations were not in-
cluded in the database. The database has been maintained prospectively.
The patient data obtained from this multicenter database were refrospec-
tively analyzed in the present study. HRCT and FDG-PET/CT followed
by curative RO resection were performed for all patients staged according
to the TNM Classification of Malignant Tumors, seventh edition.1® Media-
stinoscopy or endobronchial ultrasonography was not reutinely performed
because all patiemis received preoperative HRCT and FDG-PET/CT;
HRCT revealed no swelling of mediastinal or hilar Iymph podes and
FDG-PET showed no accumulation in these lymph nodes. Sublobar resec-
tion was allowed in cases of complete removal of the disease, using the op-
tional procedure instead of lobectomy for a peripheral T1 NO MO tumor.
The other patients underwent standard lobectomy. All patients who under-
went segmentectomy were suitable for lobectomy and all patients who un-
derwent lobectomy were technically suitable for segmentectomy. Patients
who had lymph node metastasis pathologically received platinum-based
chemotherapy after operation.

The inclusion criteria were preoperative staging determined by HRCT
and FDG-PET/CT, curative surgery without neoadjuvant chemotherapy
or radiotherapy, and a definitive histopathologic diagnosis of lung adeno-
carcinoma. The study was approved by the institutional review boards of
the participating institutions; the requirement for informed consent from
individual patients was waived because the study was a retrospective re-
view of the patient database. Of the 618 patients, 137 who underwent
wedge resection were excluded; the remaining 481 were included in this
analysis.

HRCT

Sixteen-row multidetector CT was used to obtain chest images indepen-
dent of subsequent FDG-PET/CT examinations. For high-resolution im-
ages of the tumors, the following parameters were used: 120 kVp, 200
mA, 1- to 2-mm section thickness, 512 X 512-pixel resolution, 0.5- to
1.0-second scanning time, a high-spatial reconstruction algorithm with
a 20-cm field of view, and mediastinal (level, 40 HU; width, 400 HU)
and lung (level, —600 HU; width, 1600 HU) window settings. GGO was
defined as a misty increase in lung aftenuation without obscuring the

underlying vascular markings. We defined solid tumor size as the maxi-
mum dimension of the solid component measured on lung window settings,
exclnding GGO.® CT scans were reviewed and tumor sizes were deter-
mined by radiologists from each institution.

FDG-PET/CT

Patients were instructed to fast for at least 4 hours before intravenous
injection of 74 to 370 MBq FDG and were then advised to rest for at least
1 hour before FDG-PET/CT scanning. Blood glucose levels were calcu-
lated before the tracer injection to confirm a level of more than 150
mg/dL. " Patients with blood ghucose levels of 150 mg/dL or more were ex-
cluded from the PET/CT imaging. For imaging, Discovery ST (GE Health-
care, Little Chalfont, United Kingdom), Aquiduo (Toshiba Medical
Systems Corporation, Tochigi, Japan), or Biograph Sensation 16 (Siemens
Healthcare, Erlangen, Germany) integrated 3-dimensional PET/CT scan-
ner was used. Low-dose nonenhanced CT images of 2- to 4-mm section
thickness for attennation correction and localization of lesions identified
by PET were obtained from the head to the pelvic floor of each patient ac-
cording to a standard protocol.

Immediately after CT, PET was performed with the identical axial field
of view for 2- to 4-min/table position, depending on the condition of the
patient and the scanner performance. An iterative algorithm with
CT-derived attenuation correction was used to reconstruct all PET images
with a 50-cm field of view. An anthropomorphic body phantom (NEMA
NU2-2001, Data Spectrum Corp, Hillsborough, NC) was used to minimize
the variations in SUVs among the institutions.'? A calibration factor was
analyzed by dividing the actual SUV by the gauged mean SUV in the phan-
tom background to decrease interinstitutional SUV inconsistencies; the
final SUV used in this study is referred to as the revised SUVmax >4
When the SUVmax ratio was expressed as the SUVmax of each institute
relative to the SUVmax of the control institute, the adjustment of
interinstitutional variations in SUV narrowed the range from 0.89-1.24 to
0.97-1.18. The original SUVmax values were determined by radiologists
from each institution.

Follow-up Evaluation

A1l patients who underwent lung resection were followed up from the
day of surgery. Postoperative follow-up procedures, including a physical
examination and chest radiograph every 3 months and chest and abdominal
CTexaminations every 6 months, were performed for the first 2 years. Sub-
sequently, a physical examination and chest radiograph were performed
every 6 months, and a chest CT examination was performed every year.

Statistical Analysis

Data are presented as numbers (percent) or the median unless otherwise
stated. The ¥ test for categorical variables was used to compare frequen-
cies, and Fisher’s exact test was applied to small samples in all cohorts,
MeNemar tests were used to analyze the propensity-matched pair patients.
Both ¢ tests and Mann-Whitney U tests were used to compare continnous
variables in all cohorts. Wilcoxon tests were used to analyze propensity-
matched pair patients. Recurrence-free survival (RFS) was defined as the
time from the day of surgery until the first event (relapse or death from
any cause) or last follow-up. Overall survival (OS) was defined as the
time from the day of surgery until death from any cause or the last
follow-up. The Kaplan-Meier method was used to analyze the duration
of RFS and OS; the Cox proportional hazard model was used to assess dif-
ferences in RFS and OS. We applied propensity score matching to balance
the assignment of the included patients and to correct for the operative pro-
cedure (lobectomy or segmentectomy). which confounded survival calcu-
lations. The variables were age, gender, solid tumor size, SUVmax, side,
and lobe, Because no segmentectomy was performed for a tumor located
at a middle lobe, we excluded patients who underwent middle lobectomy
from the scoring for a fair comparison. Fach variable was multiplied by
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TABLE 1. Patient characteristics TABLE 2. Details of segmentectomy (n = 98)
Lobectomy  Segmentectomy Site No. Site No.
(n = 383) (n = 98) P value Right Left
Age 66 (33-34) 67 (34-89) .08 S1 4 S1+2 7
Gender 5 S2 12 S3 3
Male 169 (44.1%) 45 (45.9%) 83 3 S1+24+3 16
Whole tumor size (cm) 2.2(0.8-3.0) 1.7 (0.6-3.0) <.001 S6 23 S1+243c 1
Solid tumor size (cm) 1.5 (0-3.0) 0.5 (6-3.0) <.001 S8 5 S4 2
SUVmax 2.1(0-17y 1.2 (0-10) <.001 S7+ 8 1 S5
Side .085 S8+9 3 S4+5 7
Right 261 (68.4%) 52 (53.1%) ST+8+9+10 1 N 10
Lobe .001 S8 1
Upper 200 (52.2%) 50 (51.0%) ) 3
Middle 45 (11.7%) 0 (0%) S6+8+9+10 1
Lower 138 (36.0%) 48 (49.0%)
Lymphatic invasion 77 (20.1%) 6 (6.1%) 001
Vascular invasion 89 (23.2%) 6(6.1%) <.001 underwent segmentectomy (1 involving the residual lobe,
Pleural invasion 51 (13.3%) 4 (4.1%) .008 1 involving the surgical stump, and 1 involving the pleura).
Lymph node metastasis 44 (11.5%) 1(1.0%) <.001 Table 3 shows the multivariate analyses of distant and

S§UVmax, Maximum standardized wptake value.

a coefficient that was calculated using logistic regression analysis, and the
sum of these values was taken as the propensity score for individual pa-
tients. C statistic of variables was 0.819 (95% confidence interval [CI],
0.776-0.863; P < .0001). After the calculation of their propensity scores,
the subjects were divided into 3 groups according to tertile to compare
characteristics between lobectomy and segmentectomy in each tertile.
For matching, lobectomy and segmentectomy pairs with an equivalent pro-
pensity score were selected by a 1-to-1 match. Statistical Package for the
Social Sciences (SPSS) software (version 10.5; SPSS Inc, Chicago, I}
was used to statistically analyze the data.

RESULTS

Table 1 summarizes the characteristics of the 481
patients analyzed in this study. Of these, 383 patients un-
derwent lobectomy and 98 patients underwent segmentec-
tomy. There was no 30-day postoperative mortality in this
population. The median follow-up period after surgery was
43.2 months, during which the tumor recurred in 50 pa-
tients. There were 20 local-only recurrences, including me-
diastinal lymph node metastasis, and 30 distant + local
recurrences. Age and gender were not significantly differ-
ent between patients who underwent lobectomy and those
who underwent segmentectomy. Lobectomy was per-
formed significantly more often for patients with large
whole and solid tumor size, high SUVmaz, pathologically
invasive tumors (presence of lymphatic, vascular, or pleu-
ral invasion), and lymph node involvement. Tumor loca-
tion was significantly different between patients who
underwent lobectomy and those who underwent segmen-
tectomy. Detailed procedures in segmentectomy were
shown in Table 2.

Local recurrence occusred in 17 patients who underwent
lobectomy (2 involving the bronchial stump, 1 involving the
hilar lymph nodes, 11 involving the mediastinal lymph
podes, and 3 involving the pleura) and 3 patients who

local RFS. Gender, solid tumor size, and SUVmax were sig-
nificant independent prognostic factor for distant RFS,
whereas whole tumor size was not. Regarding local RFS,
solid tumor size and SUVmax were independent prognostic
factors, but whole tumor size was not. RFS was not
significantly different between patients who underwent
lobectomy (3-year RFS, 87.3%) compared with segmentec-
tomy (3-year RFS, 91.4%; hazard ratio [HR], 0.57; 95%
Cl, 0.27-1.20; P = .14, Figure 1, A). OS was not signifi-
cantly different between patients who underwent lobectomy
(3-year OS, 94.1%) compared with segmentectomy (3-year
0S8, 96.9%; HR, 049; 95% CI, 0.17-1.38; P = .18;
Figure 1, B).

After the calculation of the propensity score, the subjects
were divided into 3 groups according to tertile (Table 4).
The numbers of patients in tertiles 1, 2, and 3 according
to the operative procedures (lobectomy; segmentectomy)
were 79 and 66, 118 and 27, and 141 and 5, respectively.
Solid tumor size was smaller and SUVmax was lower in
the lowest tertile group, indicating that segmentectomy
trended to be performed in patients with a tamor of smaller
solid tumor size and lower SUVmax. There were some dif-
ferences in background characteristics, especially in the
lowest tertile group. Therefore, we performed propensity
score matching to compare the survival between lobectomy
and segmentectomy groups.

When propensity score matching was used and variables
such as age, gender, solid tumor size, SUVmax, side, and
lobe were included, lobectomy and segmentectomy pairs
were well matched (81 patients each) without significant
differences in clinical and pathologic factors (Table 5).

Among propensity score-matched patients, no difference
in RFS was identified between patients who underwent
lobectomy (3-year RFS, 92.9%) compared with segmentec-
tomy (3-year RFS, 80.9%; Figure 1, C). In addition, similar
OSs were observed between patients who underwent
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TABLE 3. Multivariate analyses for distant or local RFS

Variables HR (95% CI) P value
Multivariate analysis for distant RFS
Model 1
Age 1.00 (0.96-1.04) .86
Gender
Male vs female 2.62 (1.15-5.95) 022
Whole tumor size (cm) 1.17 (0.60-2.27) .65
SUVmax 1.26 (1.14-1.39) <.001
Procedure
Lobectomy vs segmentectomy 1.44 (0.41-5.00) 57
Model 2
Age 1.60 (0.96-1.03) .80
Gender
Male vs female 2.57 (1.14-5.78) 023
Solid tumor size {(cm) 1.86 (1.09-3.16) 023
SUVmax 1.19 (1.06-1.34) 003
Procedure
Lobectomy vs segmentectomy 0.20 (0.24-3.36) .88
Multivariate analysis for local RFS
Model 1
Age 1.04 (0.99-1.10) 15
Gender
Male vs female 0.59 (0.24-1.46) 26
Whole tumor size (cm) 1.44 (0.66-3.12) 94
SUVmax 1.17 (1.03-1.33) 015
Procedure
Lobectomy vs segmentectomy 1.06 (0.29-3.86) .36
Model 2
Age 1.04 (0.98-1.09) .19
Gender
Male vs female 0.58 (0.24-1.43) 24
Solid tamor size (cm) 2.89 (1.52-5.50) .001
SUVmax 1.09 (0.94-1.27) 26
Procedure
Lobectomy vs segmentectomy 0.54 (0.14-2.13) .38

RFS, Recurrence-free survival; HR, hazard ratio; CI, confidence interval; SUVmax,
maximum standardized uptake value.

lIobectomy (3-year OS, 93.2%) compared with segmentec-
tomy (3-year 0S, 95.7%; Figure 1, D).

DISCUSSION

The current study compared oncologic outcomes between
patients who underwent lobectomy and segmentectomy for
clinical stage IA lung adenocarcinoma. In all cohorts,
when preoperative clinical factors were not adjusted, RFS
and OS of the segmentectomy group were not significantly
different from those of the lobectomy group. The survival
curves of the segmentectomy group appeared to be better
than those of the lobectomy group. However, each patient
group was different in terms of solid tumor size and
SUVmax, which could affect the patient’s survival *>-*>-16
In addition, the number of patients who had lymph node
metastasis was inevitably larger in the lobectomy group

than in the segmentectomy group, which also could affect
the survival. To minimize patient selection bias, we used
propensity score matching analyses. In the model that
matched for potentially confounding variables such as
age, gender, solid tumor size, SUVmax, tumor location, in
lobectomy and segmentectomy pairs, there were no
significant differences in clinical features or pathologic
factors such as lymphatic, vascular, pleural invasion, or
lymph node metastasis. Even in our matched model, RFS
and OS in the segmentectomy group was similar to the
lobectomy group, indicating that segmentectomy could be
an optimal surgical procedure for clinical stage IA hing
adenocarcinoma selected on the basis of HRCT and
FDG-PET/CT.

The strength of this study was that variables such as
findings from HRCT (solid tumor size) and FDG-PET
(SUVmax) were included in the propensity score—matched
analysis. We reported that solid tomor size on HRCT and
SUVmax on FDG-PET/CT had higher predictive values
with respect to pathologic invasiveness such as lymphatic,
vascular, pleural invasion, and prognosis compared with
whole tumor size.®® In addition, once matching for solid
tumor size and SUVmax, pure solid tumor and solid
tumor with GGO showed equivalent survivals.!” Indeed,
whole tumor size was not an independent factor for distant
or local RFS in this study, whereas solid tumor size and
SUVmax were. Solid tumor size does represent tnmor ma-
lignancy compared with whole tumor size. Therefore, we
did not include whole tumor size in matching variables. In-
asmuch as SUVmax on FDG-PET/CT was a prognostic in-
dicator for lung adenocarcinoma, not for squamous cell
carcinoma in our previous study,16 the database included
only adenocarcinoma, which is a major histologic type for
NSCLC. Although several studies have indicated equivalent
survivals for segmentectomy and lobectomy in patients
with clinical stage IA lung cancer, to our knowledge, this
is the first study adjusting for preoperative HRCT and
FDG-PET/CT findings, both of which should be considered
when selecting patients for limited resections such as seg-
mentectomy. Furthermore, we used an anthropomorphic
body phantom to minimize the interinstitutional variability
in SUV, which may be influenced by factors such as prepa-
ration procedures, scan acquisition, image reconstruction,
and data analysis.

Most previous studies that showed favorable outcomes
with segmentectomy indicated this procedure for T1 NO
MO NSCLC of 2 cm or less.*® We included patients with
a whole tumor size of 2 to 3 cm (ie, clinical T1b tumor)
in this study. We” have reported that patients with T1b
lung adenocarcinomas selected on the basis of HRCT and
FDG-PET/CT findings could be candidates for sublobar re-
section with a sufficient surgical margin. Inasmuch as clin-
ical T1b NO MO lung adenocarcinomas occasionally show
large GGO compenents and/or low SUVmax (signs of
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FIGURE 1. Recurrence-free survival {RFS) curves and overall survival (OS) curves for patients who underwent lobectomy and segmentectomy. A, In all
cohorts, 3-year RFSs of 87.3% (mean RES, 66.8 months; 95% confidence interval [CI], 64.6-69.4 months) and 91.4% (mean RFS, 70.3 months; 95% CI,
66.9-73.8 months) were identified for patients who underwent lobectomy and segmentectomy, respectively (hazard ratio [HR], 0.57; 95% CI, 0.27-1.20;
P =.14). B, Inall cohorts, 3-year OSs of 94.1% (mean OS, 70.4 months; 95% CI, 68.7-72.1 months) and 96.9% (mean OS, 72.9 months; 95% CI, 70.3-75.4
months) were identified for patients who underwent lobectomy and segmentectomy, respectively (HR, 0.49; 95% CI, 0.17-1.38; P = .18). C, In propensity
score—matched patients, 3-year RFSs of 92.9% (mean RFS, 68.6 months; 95% CI, 64.9-72.2 months) and 90.9% (mean RFS, 70.2 months; 95% CI,
66.4-73.9 months) were identified for patients who underwent lobectomy and segmentectomy, respectively. D, In propensity score-matched patients,
3-year OSs 0f 93.2% (mean OS, 69.3 months; 95% CI, 65.8-72.7 months) and 95.7% (mean OS, 73.2 months; 95% CI, 70.6-75.8 months}) were identified

for patients who underwent lobectomy and segmentectomy, respectively.

low malignant behavior), such tumors could be treated with
lesser resection.”

This study has several limitations. Becanse this study was
retrospective, patients who underwent segmentectomy were
possibly highly selective. In addition, we could not match
intended procedures in the study because the database in-
cluded only performed surgical procedures, not intended
procedures, and patients with R1 or R2 resection were never
included in the database. Most patients who underwent
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segmentectomy in this study tended to have relatively
low-malignancy tumors, with small solid tumor size and/
or low SUVmax, and thus low pathologic invasiveness.
The present study revealed that large solid tumor size on
HRCT and high SUVmax on FDG-PET/CT were signifi-
cantly associated with both local and distant recurrences.
The ountcome of segmentectomy for relatively high-
malignancy clinical stage IA lung adenocarcinomas with
large solid tumor size and high SUVmax is unclear.
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TABLE 4. Patient characteristics divided into 3 groups according to tertile based on the propensity score

Tertile 1 Tertile 2 Tertile 3
L(@m=179) Sn=66) Pvalue L(n=118) Sm=27) Pvalue L (n=141) S(n=5  Pvale

Age 68 (48-82) 68.5 (42-89) 53 65 (40-83) 65 (34-86) 92 65 (33-84) 64 (53-83) 5
Gender .87 28 1.0

Male 36 (45.6%) 29 (43.9%) 46 (39.0%) 14 (51.9%) 65 (46.1%) 2 (40.0%)
Whole tumor size (cm) 2.0 (0.8-3.0) 1.7 (0.9-3.0) .01 1.8(1.0-3.0) 1.6 (0.6-2.9) .048 2.5(1.2-3.0) 2.4 (1.5-3.0) 51
Solid tumor size (cm) 0.5 (0-2.0) 0.3 (6-1.0) 056 1.4 (0-2.0) 1.2 (0-2.0) 03 231.0-3.0) 22(1.6-3.0) 71
SUVmax 1.2 (0-4.9) 1.0(0-4.1) .002 1.9(0.6-8.3)y 19(0.4-9.8) 77 3.9(0.7-16.9) 2.1(1.5-4.3) 13
Side 41 1.0 1.0

Right 44 (55.7%) 32 (48.5%) 69 (58.5%) 16 (59.3%) 103 (73.0%) 4 (80.0%)
Lobe 51 53 1.0

Upper 41 (51.9%) 30 (45.5%) 66 (55.9%) 17 (63.0%) 93 (66.06%) 3 (60.0%)

Lower 38 (48.1%) 36 (54.5%) 52 (44.1%) 10 (37.0%) 48 (34.0%) 2 (40.0%)

L, Lobectomy; S, segmentectomy; SUVmax, maximum standardized uptake value.

Although surgical procedure did not correlate with local or
distant recurrence in this study, segmentectomy for such tu-
mors (ie, with large solid tumor size or high SUVmax)
should be carefully considered. A clinical trial is being con-
ducted by the Japanese Clinical Oncology Group/West
Japan Oncology Group (JCOGO802/WJOG4607L), which
aims to compare the surgical results between lobectomy
and segmentectomy for T1 NO MO NSCLC measuring 2
cm or less.'® This prospective stdy includes patients with
radiologically invasive tumors, such as solid dominant tu-
mors, that have large solid tumor size on HRCT. The results
of this trial may provide an important insight into this issue.

Segmentectomy is beneficial because it preserves lung
function. Although the database used in this study did not
incorporate lung function data, several reports have

TABLE 5. Propensity score-matched comparison of clinical and
pathologie factors between patients who underwent lobectomy and
segmentectomy

Lobectomy  Segmentectomy
(n = 81) (n=81) P value
Clinical factors
Age 66 (48-82) 65 (34-86) .68
Gender 74
Male 37 (45.6%) 34 (42.0%)
Whole tumor size (cm) 2.0 (1.0-3.0) 1.7 (0.6-3.0) 11
Solid tumor size (cm) 0.7 (0-2.0) 0.8 (0-3.0) 17
SUVmax 1.4 (0-7.0) 1.2 (0-9.8) .23
Side .63
Right 33 (40.7%) 37 (45.6%)
Lobe 23
Upper 51 (63.0%) 43 (53.1%)
Lower 30 (37.0%) 38 (46.9%)
Pathologic factors
Lymphatic invasion 10 (12.3%) 6 (7.4%) 42
Vascular invasion 6 (7.4%) 6 (7.4%) 1.0
Pleural invasion 7 (8.6%) 4 (4.9%) 45
Lymph node metastasis 3 (3.7%) 1(1.2%) .63

SUVinax, Maximum standardized uptake value.

demonstrated that segmentectomy has functional advan-
tages over lobectomy.>'*?® If similar oncologic outcomes
are expected, segmentectomy should be considered for
patients with clinical stage JA lung adenocarcinoma.

In conclusion, the oncologic outcomes of segmentec-
tomy are similar to those of standard lobectomy for patients
with clinical stage I A lung adecnocarcinoma, as determined
by the matched model adjusting for preoperative clinical
factors such as HRCT and FDG-PET/CT findings. Segmen-
tectomy could be favorable for selective patients with stage
TA Tung adenocarcinoma.
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Abstract. Malignant pleural mesothelioma (MPM) is an
aggressive tumor of serosal surfaces with a poor prognosis.
Methotrexate and gemcitabine have exhibited single-agent
activity in MPM. We evaluated the feasibility of sequential
administration of these agents in the treatment of MPM.
A total of 21 patients with MPM received a 30-min infusion
of 100 mg/m* methotrexate and, 30 min later, a 30-min infu-
sion of 800 mg/m?* gemcitabine. Twenty-four hours following
the administration of methotrexate, leucovorin rescue
therapy was initiated (10 mg/m? leucovorin administered
4 times at 6-h intervals). These treatments were adminis-
tered weekly, with 4 weekly administrations constituting
a cycle of therapy. A total of 88 cycles were administered
to the 21 patients, with each patient receiving 1-10 cycles
(median, 4.2 cycles). Eight patients (38.1%) exhibited a partial
response, 10 patients (47.6%) had stable disease and 3 patients
(14.3%) had progressive disease. The median overall survival
was 194 months (range, 02-41 months). One-year and 2-year
survival rates were 61.9 and 38.1%, respectively. Hematological
toxicity was considered acceptable, with grade 3-4 toxicities
occurring in 3 (14.3%) patients. Non-hematologic toxicity was
generally mild. There was no treatment-related mortality. Our
results suggest that methotrexate and gemcitabine combina-
tion therapy is feasible and effective in the treatment of MPM.
This regimen may offer an alternative to platinum-based
chemotherapy and a prospective trial including a larger cohort
of patients is recommended to confirm these results.
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Introduction

Malignant pleural mesothelioma (MPM) arises from the
mesothelial surface of the pleural cavity and is a locally
invasive tumor with poor prognosis (1,2). In >70% of
patients, the tumor is associated with exposure to asbestos
fibers following a long latent period of 20-50 years (3). The
incidence of mesothelioma is rare in the general population;
however, it is expected to increase in the next 20 years in
industrialized countries as a result of past asbestos use (4,5).

MPM is refractory to the currently available treatment
options. The efficacy of surgical therapy has not been
precisely defined (6) and radiotherapy may be palliative but
does not prolong survival (7). For the majority of patients
with MPM, systemic chemotherapy remains the standard of
care (8). Prior to 2003, the majority of studies on chemo-
therapy for MPM were conducted using either single agents
or combination regimens in the setting of small phase II
trials. The results demonstrated <20% of tumor regression
with no significant effect on patient survival, which was
6-9 months (8,9). Since 2003, the combination of cisplatin and
pemetrexed (PTX) has been used as standard chemotherapy
for MPM (10). This was based on a randomized phase III
study in which PTX plus cisplatin achieved a response rate
of 41.3% and a median survival of 12.1 months, compared to
16.7% response rate and 9.3-month median survival achieved
by cisplatin alone (10).

In this study, a non-platinum-based combination therapy
with two anti-metabolites (methotrexate and gemcitabine)
was devised. Methotrexate is an analogue of folic acid
known to be effective against breast cancer, lymphoblastic
leukemia and osteosarcoma (11,12). Gemcitabine is a
pyrimidine analogue, effective against a wide range of solid
tumors, including pancreatic carcinoma and non-small cell
lung carcinoma (13). Methotrexate and gemcitabine have
been reported to exhibit single-agent activity in MPM (8,9);
however, the combined administration of these agents has not
yet been investigated.

In the present study, we evaluated the feasibility and effi-
cacy of methotrexate and gemcitabine combination therapy
in the treatment of MPM, through the analysis of toxicity,
response and survival data.
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Patients and methods

Patients. Patients with histologically confirmed MPM who had
previously received 0-1 chemotherapy cycles, not including
gemcitabine and methotrexate, were considered eligible for this
single-center study. Tumor extension was classified according
to the tumor-node-metastasis (TNM) staging system developed
by the International Mesothelioma Interest Group (IMIG) (14).
Patients were 18-75 years of age, with an Eastern Cooperative
Oncology Group (ECOG) performance status of 0-2, had
adequate bone marrow function (hemoglobin concentra-
tion =10 g/dl, total leukocyte count =3.0x10%1, granulocyte
count >1.5x10%1 and platelet count =100x10%/1), adequate renal
function (serum creatinine level <1.5 mg/dl) and adequate
hepatic function (total bilirubin level <1.5 times the upper limit
of normal and serum alanine transferase and alkaline phospha-
tase levels <3 times the upper limit of normal). Patients with
a concurrent malignancy of another type or symptoms and/or
signs of metastases in the central nervous system were excluded.
Patients with prior surgery were considered eligible. This study
was approved by the Institutional Review Board of Hyogo
College of Medicine and informed consent was obtained from
each patient.

Treatment. Patients received a 30-min intravenous (iv.) infu-
sion of 100 mg/m? methotrexate and, 30 min later, a 30-min
iv. infusion of 800 mg/m? gemcitabine. For leucovorin rescue,
calcium leucovorin (10 mg/m?, p.o. or iv.) was administered
4 times at 6-h intervals, initiated 24 h after the administration
of methotrexate. These treatments were administered weekly,
with 4 treatments constituting a cycle of therapy. A maximum
of 6 cycles were administered, unless therapy was terminated
due to tumor progression, patient death or wish of treatment
discontinuation, or in the presence of convincing evidence that
further treatment was not beneficial. Antiemetic and symptom-
atic treatments were permitted. Analyses of blood cell count and
chemistry were performed weekly. Treatment was delayed in
the case of i) absolute neutrophil count <1.5x10%1 and/or platelet
count <100x10°/1;ii) any grade 3 or 4 non-hematological toxicity
(except for nausea/vomiting) that did not resolve to grade 1 or
less.If these toxicities were notresolved within the cycle, the dose
was reduced to 75% of the previous dose level for the next cycle.

Response and toxicity criteria. Chest imaging by computed
tomography (CT) was performed at baseline, following comple-
tion of every other treatment cycle and every 8weeks following
completion of therapy. Objective response was evaluated and
calculated using the modified Response Evaluation Criteria
in Solid Tumors (RESIST) criteria for MPM (15). Treatment-
related toxicities were evalnated according to the National
Cancer Institute Common Toxicity Criteria version 3.0 (16).

Statistical analysis. Survival was calculated as the time period
from treatment initiation to death, using the Kaplan-Meier
method (17).

Results

Patient characteristics. The characteristics of the 21 eligible
patients are listed in Table 1. There were 16 males and 5 females,
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Table 1. Patient characteristics.

Characteristics No. (%)
Gender

Male 16 (76.2)

Female 5(23.8)
Age, years

Median 63

Range 51-75
Performance status

0 1(4.8)

1 12 (57.1)

2 8 (38.1)
IMIG stage

Ib 1(4.8)

I 1(4.8)

1N 4(19.0)

v 15(71.4)
Histological subtype

Epithelial 17 (81.0)

Sarcomatous 3(14.3)

Biphasic 1(4.7)
Previous treatment

None 10 (47.6)

Surgery 2(9.5)

Chemotherapy 9 (42.9)
Asbestos exposure

Yes 13 (61.9)

No 8 (38.1)

IMIG, International Mesothelioma Interest Group.

with a median age of 63 years (range, 51-75 years). The histo-
logical pattern of MPM was epithelial in 17 cases, sarcomatous
in 3 cases and biphasic in 1 case. Nineteen patients (90.4%)
had stage III and IV disease according to the IMIG staging
system at the time of enrollment. Thirteen patients (61.9%) had
an ECOG performance status of 0 or 1.

Responses to treatment. A total of 88 cycles were administered
to the 21 patients, Each patient received a median 4.2 cycles
(range, 2-10 cycles). Response to chemotherapy is shown
in Table II. No patients exhibited a complete response.
Eight patients (38.1%) exhibited a partial response. According
to the histological pattern, a PR was observed in 6 out of the
17 patients with epithelial type and in 2 out of the 3 patients with
sarcomatous type MPM, Out of the total 21 patients, 10 (47.6%)
had stable disease and 3 (14.3%) had progressive disease with
no period of stabilization.

Toxicity. The toxicity observed in each patient is shown in
Table II1. There was no treatment-related mortality. The
most frequently observed hematological side effects were
neutropenia and thrombocytopenia. Grade 3-4 hematologic
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Table II. Response to chemotherapy and histologic subtype.
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Histologic subtype

Overall Epithelial Sarcomatous Biphasic
Response no. (%) no. (n) no. (n) no. (n)
Complete response 0 0 0 0
Partial response 8(38.1) 6 2 0
Stable disease 10 (47.6) 3 1 1
Progressive disease 3(14.3) 3 0 0
Table I1I. Chemotherapy-related toxicity in eligible patients.
Grade 1 Grade 2 Grade 3 Grade 4
Toxicity no. (%) no. (%) no. (%) no. (%)
Hematologic 5 2(9.5) 2(9.5) 1(4.8)
Gastrointestinal 5(23.8) 1(4.8) 0 (0) 0 (0)
Hepatobiliary 4 (19.0) 3(14.3) 0(0) 0 (0)
Pulmonary 0 2(9.5) 0 0 ()
100 feasibility of a non-platimum regimen for MPM, involving the
) r sequential administration of the anti-metabolites, methotrexate
5 80 and gemcitabine.
g 60_ Methotrexate, an antifolate, has long been used as an
° . anticancer agent and exerts its action through the inhibition
5 40 of dihydrofolate reductase (DHFR) (12). High-dose metho-
g ' trexate (1500 mg/m?) has been reported to be effective in the
o 20 treatment of MPM, with a response rate of 37% (18). However,
i high-dose methotrexate was associated with severe toxicity

30
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10 20

Figure 1. Overall survival.

toxicities were observed in 3 patients (14.3%), which, however,
were manageable and did not result in life-threatening
complications. Six patients (28.6%) experienced grade 1-2
gastrointestinal toxicities (nausea, vomiting and anorexia)
and 7 patients (33.3%) developed grade 1-2 liver dysfunction.
Two patients developed interstitial pneumonitis (grade 2) and
were administered glucocorticosteroid therapy.

Survival. The median overall survival was 19.4 months
(range, 2-41 months), with a 1- and 2-year survival rates of 61.9
and 38.1%, respectively (Fig. 1). As regards the histological
pattern, the median survival was 19.6 months for the epithe-
lial, 22.6 months for the sarcomatous and 7.1 months for the
biphasic type of MPM.

Discussion
MPM is notoriously refractory to the majority of treatments

and the standard first-line treatment is currently cisplatin and
PTX chemotherapy (10). In the present study, we evaluated the

and this method of treatment has been abandoned. The efficacy
of low- or medium-dose methotrexate has not been assessed in
MPM. In the treatment of gastric cancer (19) and head and
neck cancer (20), weekly administration of medium-dose
methotrexate (100-200 mg/m?) combined with sequential
administration of 5-fluorouracil (5-FU) (600 mg/m?) has been
reported to be effective and of low toxicity. In this study, a
moderate dose of methotrexate (100 mg/m?) was administered
weekly in combination with gemcitabine.

PTX is a newly developed antifolate that targets multiple
enzymesinvolved in DNA synthesis and folate metabolism. Single
use of PTX has been reported to be moderately effective against
MPM (21). Following combination therapy with 1,250 mg/m’
gemcitabine administered on days 1 and 8 and 500 mg/m* PTX
administered on day 8 or 1, chemotherapy-naive MPM patients
exhibited a response rate of 17-26%, with a median survival of
8-10 months (22). Hematologic toxicities included grade 3-4
neutropenia (60%) and febrile neutropenia (10%). These results
indicated that the combination of PTX and gemcitabine was
moderately effective in MPM patients but was associated with a
notably high incidence of neutropenia (22).

In this study on the methotrexate and gemcitabine doublet
regimen, 3 patients (14.3%) exhibited grade 3-4 hematologic
toxicity, with no sepsis or hemorrhage. There was no observed
grade 3-4 non-hematological toxicity, Two patients developed
interstitial pneumonitits (grade 2) which responded well to
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steroid therapy. Thus, the tolerability and toxicity profiles were
considered acceptable.

The response rate with the methotrexate and gemcitabine
combination chemotherapy was 38.1%, which is within the
range of 20-50% observed with other ‘active’ agents for
MPM (8,10). Median survival was 19.4 months. Antifolates
may be one of the key agents for MPM, since the majority
of mesothelioma cells of all histological MPM subtypes
express high-affinity o folate receptor (23). In our combination
regimen, we observed that methotrexate, an old-type antifo-
late, exhibited desirable efficacy. Methotrexate has also been
reported to be more efficient compared to PTX, a newly devel-
oped antifolate, against osteosarcoma cells (24), indicating
that methotrexate possesses a therapeutic potential.

In the present study, 10 out of the 21 patients were
chemotherapy-naive and their response rate to this regimen
was similar to the overall response rate described above. This
suggests that methotrexate plus gemcitabine may be benefi-
cial as the first-line treatment for MPM. Eleven patients who
had been previously treated also exhibited a response rate
similar to the overall response rate. Although the optimal
regimen constituting the second-line chemotherapy remains
to be determined, results of the present study suggest that
methotrexate plus gemcitabine may also be beneficial as a
second-line treatment.

In conclusion, the present study demonstrated that the
methotrexate and gemcitabine combination therapy is feasible,
with a more favorable toxicity profile and efficient in the treat-
ment of MPM. Further clinical evaluation is required, with
prospective trials including a larger cohort of patients.
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