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the eyes of their children. For far more advanced disease in which
tumor spread toward anterior structures of the eye or infiltrates
into the optic disc, and if a massive hemorrhage was developed in
retina or vitreous space with a loss of vision, enucleation was
employed with or without systemic chemotherapy according to the
pathological risk features. Systemic chemotherapy regimen mostly
used in this cohort was 3-drug chemotherapy with carboplatin,
etoposide, and vincristine.

Tumor response to the preceding therapies was defined as
follows. The tumor whose stage attained down-grouping was
classified as a good response, up-grouping as a poor response, and
no group change as stable.

All episcleral '%Ru plaque applicators (BEBIG Isotopen und
Medizintechnik GmbH, Berlin, Germany) were inserted under
general anesthesia. Before the operation, tumor location and
height were assessed by slit lamp examinations with or without
ultrasound and an appropriate plaque was selected. The plaques
are hemispherically shaped with radii of 12 and 14 mm. CIA and
CIB are used to treat anteriorly located tumor because they are
semicircularly shaped concave in order to avoid cornea. COC are
used to treat the tumor located in the posterior pole with a notch to
avoid optic disc. CCA and CCB are round shaped and used to treat
turnors which are away from cornea or optic disc. The diameters
of A and B are 15.5 mm and 20 mm, respectively. To insert the
plaques, extraocular muscles were separated temporarily. The
selected plaques were sutured through the plaque eyelets to the
sclera surface. The plaques were removed also under general
anesthesia after the planned duration of radiation. The duration of
radiation was calculated to administer prescription dose of 40 Gy
to the reference depth. The reference depth was the height of
tumor plus sclera thickness (1 mm) with a safety margin of 1 mm.
Lateral tumor margin was set to 2-3 mm (10). Before July 2005,
reliable ultrasound was not available to determine tumor height;
therefore, the slit lamp was used to estimate it using its focus.
Therefore before July 2005, only tumor width expressed by disc
diameter (DD) and reference depths diagnosed approximately by
slit lamp were available in the medical records. And for tumors
with vitreous seeding, reference depth was set to 5-6 mm, which
was regarded as the limit of the range of RPT. Hence, tumors with
vitreous seeding without description of reference depth in medical
record could be recalculated as having a reference depth of
5-6 mm. Before September 2006, the reference depth was 5 mm
and thereafter it was set to 6 mm because of the dose tables
provided by the manufacturer. Since May 2002, BEBIG has
delivered its *®*Ru eye plaques with new protocols of radioactivity
measurements in accordance with the National Institute of Stan-
dards and Technology calibration system. Therefore recalculations
were performed for this study to correct the prescribed dose before
the introduction of the new calibration system by using the
conversion factor table provided by BEBIG (14). Because most of
the conversion factors, which differ by applicator type and refer-
ence depth, were greater than 1.0, median dose at the reference
depth became greater than 40 Gy after the recalculation (Table 2).

Because the biological effect of RPT could differ by dose rate
and combined effect with EBRT must be considered, biologically
effective dose (BED) was calculated according to the method of
Dale (15) and is given by

2R /P

BED="Total dose x 1 +T (E){l — 1/UT[1 —exp(—pT)]}
where R indicates dose rate, T the treatment time, and [ the repair
rate constant of sublethal damage. The value of |1 was assumed as
0.46 hour™" (corresponding to repair half time of 1.5 hours) (15).

The a/f values used in this analysis were a/f = 10 Gy for tumor
control and &/ff = 3 Gy for late normal tissue morbidities. In 85
of 101 RPTs, the reference depth and prescribed dose could be
obtained and BED,o (BED with an a/P ratio of 10 Gy) could be
calculated. Because the outer surface of the sclera directly touches
the plaque applicator (depth 0 mm), dose and BED; (BED with an
o/B ratio of 3 Gy) of the outer surface of sclera could be calculated
for 97 procedures whose applicator type and treatment time were
known. For deriving total BEDj; of outer surface of sclera, BED;
of EBRT, if any, before and after the RPT was added. In 16 eyes in
which part of retina had overlapping multiple RPTs, BED; of
outer surface of sclera of each RPT was added.

Ophthalmologic follow-up was performed with examinations
under anesthesia every 1-2 months after the therapy until tumor
control was achieved. Thereafter, examinations were performed
every 2-6 months as needed.

The probabilities of local control rate (LCR), ocular retention
rate (ORR), and overall survival (OS) were calculated using the
Kaplan-Meyer method (16). For LCR, 101 tumors treated by 101
RPTs were taken into account. Local control was assessed by
retinal diagram before and after the RPTs. Tumor persistent or
regrowing within margins of the retina covered by the plaque
applicator was considered as local failure. For the estimate of
ORR, enucleation from disease progression or treatment-related
complications and death from any causes were scored as an
event and 90 eyes were subjects of the analysis. ORR was
calculated from date of the last RPT to date of the events or to the
last follow-up. The relationships between clinical and treatment
variables and LCR were analyzed by the univariate and multi-
variate analyses. A P value of <.05 was considered statistically
significant. The continuous variables were dichotomized to give
the lowest P values in the log-rank test. The variables with
P values <.05 were further analyzed in multivariate analysis by
Cox proportional hazards test.
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Fig. 1. Kaplan-Meyer curves of local control rate (LCR), ocular
retention rate (ORR), and overall survival (OS).
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Results

Tumor and treatment characteristics at the 101 RPTs were
summarized in Table 2. Median patient follow-up length was 72.8
months (range 12.2-130). LCR of the 101 tumors treated by the
101 RPTs was 33.7% in 2 years with 31 tumors controlled
(Fig. 1). All local failures were seen within 24 months after RPTs.
The locally failed tumors were managed by various modalities
including repeated RPT. Forty-two eyes (46.7%) were enucleated
during the follow-up period and estimated 2 and 4 years ORR
rates are 58.7% and 52.2%, respectively (Fig. 1).

Univariate analysis revealed clinical and treatment factors
related with LCR (Table 3). Unilateral disease, ICRB group C or
more at the presentation or at the time of RPT and vitreous
seeding/subretinal seedings at the time of RPT, tumor size greater
than 5 DD, dose at the reference depth lower than 35 Gy, BEDy
for the reference depth lower than 40 Gy, reference depth greater
than 5 mm, and dose rate at reference depth lower than 0.7 Gy/
hour were associated with unfavorable LCR. Multivariate analysis
revealed that ICRB group C or more at the initial presentation or
at the time of RPT, and BED, for the reference depth tumor lower
than 40 Gy were statistically significant predictive factors for
unfavorable LCR (Table 3). The tumors were classified into 2
groups according to the ICRB and BED, for reference depth
(BEDjg). Group 1 was defined as ICRB A/B both at initial
presentation and at RPT and BED, for the reference depth =40
Gy . All other tumors were classified into group 2. There were 17
tumors in group 1 and 71 in group 2. Sixteen RPTs and 5 tumors
lack the information of reference depth and initial ICRB,
respectively. But if the tumor ICRB was not A/B at the time of
RPT, it could be classified as group 2 even if neither reference
depth nor initial ICRB were unknown. Therefore total number
included in this grouping was above 85 but below 101. Two-year
LCR were 64.7% and 25.4% in group 1 and group 2, respectively,
with a statistical significant difference (Fig. 2). During the follow-
up period, 2 patients died of brain metastasis with 3-year OS rate
of 97.3% (Fig. 1).

As for morbidities, in 1 case, sclera ruptured during the
operation, which required systemic chemotherapy but resulted in
chemotherapy-refractory relapse and eventual enucleation. Twelve
eyes (13.3%) developed retinal detachment, 6 eyes (6.7%)
proliferative retinopathy, and 2 eyes (2.2%) rubeosis with
abnormal neovascularization of iris. Both eyes with rubeosis
eventually were enucleated because of glaucoma or disease
progression. Twenty-three (25.6%) of 90 eyes developed posterior
subcapsular cataract and 6 eyes required surgery for cataract.
Median interval to cataract development after RPT was 35.0
months (range 0-87.33). Posterior subcapsular cataract develop-
ment related only with whether or not EBRT was performed
during the entire clinical course with cataract occurring in 28.1%
of the patients undergoing EBRT at 3 years and 2.9% of those
without EBRT (P=.033) (Fig. 3a). Thirty-four eyes (37.8%) had
a retinal and vitreous hemorrhage after RPT. The incidence of
retinal detachment, proliferative retinopathy, and rubeosis showed
a correlation with radiation dose of the outer surface of sclera.
BED; = 1200 Gyj; of the outer surface of sclera was significantly
associated with a higher incidence either of retinal detachment,
proliferative retinopathy or rubeosis (P=.017) (Fig. 3b).

There were 2 enucleations without tumor progression—1 of
which developed after circulatory collapse of the retina after
repeated selective ophthalmic arterial infusions (17) and

transpupillary thermotherapy (18) for posterior pole of the retina.
The other developed rubeosis iris caused by RPT as mentioned
previously.

Two patients had a second malignancy after RPT. Both patients
had hereditary retinoblastoma and 1 had family history of reti-
noblastoma. Both patients received EBRT and 1 had also received
chemotherapy. One patient developed rhabdomyosarcoma in the
nasal cavity within EBRT radiation field 27 months after the
EBRT and 6 months after the RPT. The other had Ewing sarcoma
in right mandible outside of EBRT fields 89 months after the
EBRT and 76 months after RPT.

Discussion

In this study, we reported treatment results for RPTs for 101
retinoblastomas in 90 eyes of 85 patients in 10 years.

LCR of EBRT was reported to be 31%-64% (19, 20). Although
small tumors could be controlled by 40-46 Gy of conventional
fractionated EBRT, the control rate of greater tumors was unsat-
isfactory. Recently, 2 retrospective studies of RPT for retino-
blastoma have been published (8, 9). Schueler et al (8) achieved
excellent results of 92.9% LCR and eyes could be preserved in
88.6%. Abouzeid et al (9) also showed good results of 59%-73%
eye preservation rate. Another radionuclide of '** also attained an
excellent LCR ranging between 83% and 95% (6, 7). The
prescribed dose of '2°1 plaque brachytherapy was 40 Gy (6, 7) but
those of RPT has not yet been standardized. In the study of
Schueler et al (8) using the National Institute of Standards and
Technology dosimetry standard, the dose at the apex ranged from
53-233 Gy and a mean dose extended up to 138 Gy with an
estimated accuracy of no better than +35%. They concluded that
the recommended dose should be 88 Gy at the tumor apex,
although they mentioned the possibility of dose de-escalation (8).
On the other hand, Abouzeid et al (9) prescribed 50 Gy at the
tumor apex and found that the apical dose was not a predictive
factor of local failure. They concluded that favorable tumor
control could be achieved with a median dose at the tumor apex of
51.7 Gy. In this study, recalculated median dose at the tumor apex
was 47.4 Gy (range 24.3-86.1 Gy) and comparable to that of
Abouzeid et al (9). However, 2-year LCR of the current study was
33.7% and inferior to the other studies of RPT. The unfavorable
LCR can be explained by the facts that 62.3% of the patients
belonged to ICRB group C or more with unfavorable factors of
vitreous seeding or subretinal seedings in the current study. In
contrast, other studies included only the patients with tumors up to
ICRB group C with a limited vitreous seedings. However, it has to
be emphasized that as shown in Table 3, even with the presence of
vitreous seedings about 20% of tumors could be controlled by
RPT. Although tumor control rate of RPT with unfavorable factors
were dismal, progressed tumors could be ultimately salvaged by
enucleation without risking survival; therefore, it is meaningful to
try to treat advanced tumors with a conservative approach
including RPT especially for the patients whose contralateral eye
had already been enucleated. As shown in Fig. 2, LCR for tumors
without unfavorable factors were comparable to the other series
(8, 9).

Factors that influenced LCR were disease. laterality, ICRB,
vitreous/subretinal seeding, tumor size, reference depth, dose, and
dose rate at reference depth. It was in accordance with other
reports that pointed out that vitreous seeding, subretinal seeding,
and dose at the tumor apex were prognostic factors of local
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Table 3  Univariate and multivariate analysis of potential predictive factors influencing LCR*

LCR
Factors 2-y P value in uni P value in multi Hazard ratio 95% CI
Gender
Male 36.2 462
Female 294
Laterality
Bilateral 389 017* 133
Unilateral 15.0
ICRB at initial presentation
Group A/B 53.3 .022* .001* 10.323 2.737 38.932
Group C/D/E 24.1
ICRB at brachytherapy
Group A/B 55.9 <.001* 027" 0.441 0.213 0911
Group C/D/E 20.7
Applicator type
CIA/CCA 42.1 141
CIB/CCB 26.0
Prior EBRT
Yes 32.0 707
No 35.7
Treatment type
First-line/second-line 27.1 152
Salvage 45.5
Vitreous seeding at brachytherapy
Yes 18.9 .016* .892
No 43.6
Subretinal seeding at brachytherapy
Yes 19.2 .04* 785
No 394
Response to preceding therapy
Good 43.8 116
Stable/poor 28.6
Tumor size at brachytherapy (DD)
<5 DD 52.5 .001* 252
z5DD 19.6
Dose rate at outer surface of sclera
<3 Gy/h 29.5 271
z3 Gy/h 36.4
Reference depth
<5 mm 47.1 .01* 295
Z5 mm 21.4
Dose rate at reference depth
<0.7 Gy/h 17.9 011* .105
z0.7 Gy/h 40.4
Dose at reference depth (Gy)
<35 Gy 11.8 .008* 448
=35 Gy 37.9
Dose at reference depth (BED o)
<40 Gyio 0.0 .001* .034* 2237 1.063 4.710
=40 Gy10 36.9
Treatment time
<53 h 37.8 195
Zz53h 29.8

Abbreviations: BED = biological effective dose; CI = confidence interval; DD = disc diameter; EBRT = external beam radiation therapy; ICRB =
the International Classification of Retinoblastoma; LCR = local control rate; multi = multivariate analysis; uni = univariate analysis.

* P<.05.
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Fig. 2. Local control rate (LCR) according to the group clas-

sification by the International Classification of Retinoblastoma
and biological effective dose (BED) with a/f = 10 Gy of the
reference depth (for details refer to the text).

control. Both reference depth and dose rate at reference depth
were prognostic factors of local control suggesting that physical
limitation of RPT, which is not suitable for treating tall tumors as
previously reported (8-11).
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The administration of previous EBRT did not influence LCR
(Table 3), suggesting that response to RPT did not differ between
relapsed or refractory tumors after EBRT and radiation-naive
tumors as previously reported (9).

Concerning the morbidities, the incidence of posterior
subcapsular cataract was influenced by EBRT but not by RPT
whose dose to the lens is negligible. In the current study, the
incidence of proliferative retinopathy was as low as 6.7%, which
is similar to the low reported incidence of 2.4% in Abouzeid’s
study. In contrast, the incidence was reported to be as high as
17.1% in the series by Schueler et al in which a higher dose was
employed. Proliferative retinopathy has been reported to occur in
13%-19% after '*°I plaque brachytherapy in which dose reached
further than '*°Ru.

BED; = 1200 Gys; of the outer surface of sclera was signifi-
cantly correlated with the incidence of either retinal detachment or
proliferative retinopathy or rubeosis (Fig. 3b). A higher dose for
sclera was demonstrated to cause late complications associated
with RPT; therefore, it is important to exclude tall tumors whose
dose of the outer surface of sclera will be high in order to avoid
complications. However, there were only 2 enucleations caused by
the late complications of RPT, and RPTs were generally well
tolerated.

There were 2 secondary malignancies in the current series.
Both of them occurred in the patients with a hereditary retino-
blastoma, 1 of them developed within the EBRT fields. In
accordance with the literature (6, 7), plaque brachytherapy itself
did not seem to increase the incidence of secondary malignancy.

Conclusion

RPT is an effective and safe focal therapy for retinoblastoma.
However, optimal dose of RPT remains to be studied further.
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(a) Cumulative incidence of posterior subcapsular cataract according to whether external beam radiation therapy (EBRT) was

administered. (b) Cumulative incidence of retinal detachment, proliferative retinopathy and rubeosis stratified by biological effective dose

(BED) with &/ff = 3 Gy at the outer surface of sclera.
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Abstract

Background and purpose Whether chemotherapy for
systemic disease affects survival of patients with brain
metastases or not has not been elucidated before. We
performed comprehensive analysis of patients with newly-
diagnosed brain metastases primarily treated with whole
brain radiation therapy (WBRT) alone.

Materials and methods Data from 134 patients with
newly-diagnosed brain metastases primarily treated with
WBRT from 2007 to 2008 was retrospectively reviewed.
Univariate and multivariate analyses were performed to
identify significant prognostic factors.

Results Median survival time (MST) of this cohort from
the start of WBRT was 5.7 months. MST of patients with
RPA Class 1, 2 and 3 were 10.3, 7.8 and 2.2 months,
respectively. Multivariate analysis revealed that karnofsky
performance status (=70, p < 0.0001), gender (female,
p < 0.0001), activity of extracranial disease (stable, p =
0.015), time to develop brain metastasis (<3 months,
p = 0.042) and use of chemotherapy after WBRT (multi-
ple regimens, p < 0.0001) were independent prognostic
factors for better survival.

Conclusions Systemic chemotherapy for chemo-respon-
sive cancer prolongs survival despite the presence of
treated brain metastases. Irradiated brain metastases will
lose their prognostic significance in a large number of
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patients. Systemic chemotherapy will be a treatment of
choice for patients who have systemic disease after WBRT
for brain metastases. These results should be validated in
the future prospective clinical trials.

Keywords Brain metastasis - Brain metastases -
Radiation therapy - Whole brain radiation therapy -
Chemotherapy - Prognostic factors

Introduction

Brain metastasis affects 2040 % of cancer patients (Soffietti
et al. 2002). Brain metastasis is one of the major causes of
morbidity in cancer patients. The prognosis of patients with
brain metastasis is generally poor with a median survival time
(MST) of 1-2 months with corticosteroids only (Weissman
1988; Lagerwaard et al. 1999).

The route of metastatic dissemination to the brain is
often hematogeneous, therefore, the entire brain can be
seeded with micrometastatic focus. Traditionally, whole
brain radiation therapy (WBRT) has been regarded as the
standard treatment for patients with brain metastasis.
Overall survival of the patients after WBRT ranges
3-6 months (Lagerwaard et al. 1999; Gaspar et al. 2010;
Tsao et al. 2005). Various dose/fractionation schedules of
WBRT were tested in clinical studies, which resulted in no
significant difference in median survival time after WBRT
(Tsao et al. 2005; Gaspar et al. 2010).

Recently, significant progress has been made for a
subset of patients with single or few brain metastases and
well controlled systemic disease. Surgical resection or
stereotactic radiosurgery (SRS) combined with WBRT
significantly prolonged survival (Patchell et al. 1990; Vecht
et al. 1993; Andrews et al. 2004). Median survival of
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patients who received these aggressive therapies ranges
7-10 months. Unfortunately, patients who entered into
these clinical trials represent only a small minority of the
patients with brain metastases. For the majority of patients
with multiple brain metastases and uncontrolled systemic
disease, only WBRT is the standard treatment of choice.

The role of chemotherapy in brain metastasis has been
limited because of the concern about the activity of che-
motherapeutic agent to cross the blood—brain barrier
(BBB). Recently, the activity of chemotherapy in brain
metastasis is highlighted (Robinet et al. 2001; Walbert and
Gilbert 2009; Mehta et al. 2010). Concurrent chemoradia-
tion therapies with BBB permeable agents, such as
Temozolamide or topotecan are currently under investi-
gation in prospective clinical trials. Some investigators
suggested that the permeability of BBB can alter after
fractionated radiotherapy for brain metastasis (Yuan et al.
2006; Wilson et al. 2009). However, whether the use of
chemotherapy affects survival of the patients with brain
metastasis or not has not been elucidated before.

The primary aim of this study was to perform compre-
hensive analysis of 134 consecutive patients with newly-
diagnosed brain metastases primarily treated by WBRT
alone in a single institution. The secondary aim was to
define independent prognostic factors associated with
longer survival after WBRT. The final aim was to inves-
tigate the prognostic value of chemotherapy on survival
after WBRT in patients with brain metastases.

Materials and methods
Patient characteristics

The database of patients who underwent radiotherapy for
brain metastases at our institution was reviewed. A total of
264 patients were treated with WBRT between 2007 and
2008. Of these, 23 patients received WBRT as a salvage
therapy after SRS. Another 39 patients received WBRT as
an adjuvant therapy after resection of metastatic brain
tumor. Forty-seven patients were metastases from radio-
sensitive primary tumor such as leukemia, lymphoma or
small cell carcinoma. Excluding these patients, we
reviewed the medical records of 155 patients with newly
diagnosed brain metastases treated with WBRT as a pri-
mary therapy. Of these, 19 patients presented with symp-
toms or radiographic findings of leptomeningeal
metastasis. We excluded these patients with leptomenin-
geal metastasis because they are known to have extremely
limited survival. Two patients were ineligible for evalua-
tion because of allergy to contrast media. Finally, a group
of 134 patients were subjected to extensive analysis. The
clinical and image interpretation data from these patients

@ Springer

Table 1 Distribution of baseline patient and tumor characteristics

Parameters n %  Parameters n %

Median age 60 Extracranial distant metastases
(years)

Gender Absent 18
Male 69 51  Stable 16 12
Female 65 49  Progressive 107 80

Karnofsky performance Activity of extracranical tumor

status (KPS)

100-90 46 34  Absent/stable 20 15
80-70 49 37  Progressive 114 85
60-50 29 22 Time to diagnosis of brain
metastasis
40-0 10 7 <3 months 21 16
Neurologic status 3-12 months 33 25
0 45 34  1-2 years 22 16
1 27 20 =2 years 58 43
2 34 25 Type of the diagnostic brain image
3 21 16 MRI 106 79
4 7 5 CT 28 21
RPA criteria Number of brain metastases
Class 1 5 4 14 40 30
Class 2 91 68 5-10 39 29
Class 3 38 28 11-24 29 22
Site of primary tumor =25 26 19
Lung 75 56 Size of the largest lesion
Breast 27 20 <10 31 23
Upper 11 8 1120 46 34
gastrointestinal
tract
Colorectum 10 21-30 34 25
Genitourinary 5 4 >30 23 17
tract
Others 6 5 Chemotherapeutic regimens before
WBRT
Histological type None 22 16
Adenocarcinoma 114 85  Single 28 21
Squamous cell 9 7 Multiple 84 63
carcinoma
Others 11 8 Chemotherapeutic regimens after
WBRT
Primary tumor status None 70 52
Absent 57 42  Single 31 23
Stable 25 19 Multiple 33 25
Progressive 52 39 Molecular targeted therapy after
WBRT (>1 month)
No 100 74
Yes 34 26

RPA recursive partitioning analysis, MRI magnetic resonance imaging,
CT computed tomography, WBRT whole brain radiation therapy

were entered into database in December 2010. Distribution
of baseline patient and tumor characteristics is shown in
Table 1.
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Imaging studies

Diagnosis of brain metastases was performed mainly with
magnetic resonance images (MRI). In our institute, all
patients with lung cancer routinely undergo brain imaging
for initial staging or scheduled follow-up. Patients with
other solid tumors underwent brain imaging when brain
metastasis is clinically suspected. In this study, initial
diagnostic brain images included MRI in 106 patients
(79 %) and CT in 28 patients (21 %). Radiological features
assessed included number, maximum tumor diameter and
location. For follow-up brain images, change in size of the
tumors and presence of new metastases were recorded. At
least 20 % increase in diameter of the each preexisted
tumor before WBRT, taking as reference on the smallest
diameter after WBRT, was defined as local progression.

Treatment strategy

Treatment strategy for brain metastasis at our institution
was previously described elsewhere (Narita and Shibui
2009; Hashimoto et al. 2011). Patients who received
WBRT alone as a primary treatment for brain metastases
were subjected for this study. Patients with brain metas-
tases generally have extracranial systemic disease. After
WBRT, patients with known systemic disease were indi-
cated to start or continue chemotherapy if they still had
active chemotherapeutic regimen with sufficient organ
function and with Karnofsky performance status (KPS) of
70 or more. Salvage SRS was considered for recurrent
brain metastases after WBRT. Some patients with known
chemo-sensitive tumor continued palliative chemotherapy
for recurrent brain metastases.

Consent for the treatment was obtained from each
patient after the sufficient explanation of potential risks of
treatment. All the patients provided written informed
consent. Our institutional review board has approved this
study.

Whole brain radiation therapy

One hundred and thirty-four patients were intended to
receive WBRT. Of these, 128 patients were delivered to a
dose of 30 Gy in 10 fractions. Another 3 patients were
delivered to 37.5 Gy in 15 fractions, whereas one patient
was delivered to 20 Gy in 5 fractions. Two patients dis-
continued irradiation course because of the deterioration of
general condition at a dose of 12 and 24 Gy, respectively.

Retrospective analysis

All the medical charts of the eligible patients were
reviewed. Information on potential prognostic factors (age,

gender, KPS, neurologic status, site of primary tumor,
primary tumor status, activity of extracranial distant
metastases, time to develop brain metastasis, number of
brain metastases, size of the largest lesion, use of chemo-
therapy before or after WBRT) was collected.

Initial neurological function was classified into 4
categories (No symptoms: grade 0, Minor symptoms;
fully active without assistance: grade 1, Moderate
symptoms; fully active but requires assistance: grade 2,
Moderate symptoms; less than fully active: grade 3,
Severe symptoms; totally inactive: grade 4). Radiation
Therapy Oncology Group’s (RTOG) recursive partition-
ing analysis (RPA) classes were coded into 3 categories
as follows: Class 1: Patients with KPS > 70, <65 years
of age with controlled primary and no extracranial
metastases; Class 3: KPS < 70; Class 2: all the others
(Gaspar et al. 1997).

For the evaluation of extracranial disease status, if there
were no evidence of residual tumor after therapy, the
activity was coded as “absent”. If any tumor existed and
there is no increase in size of the tumor for more than
6 months, the activity was coded as “stable”. A continuous
use of same chemotherapeutic regimen didn’t impair the
coding of “stable”. If any tumor existed with any situation
other than “stable”, the activity was coded as
“progressive”.

Patients whose brain metastases were detected at the
same time or soon after the diagnosis of primary tumor (so-
called “synchronous” brain metastasis) may have different
prognosis. We defined “synchronous” brain metastasis as
those detected at the same time or detected within
3 months of the initial diagnosis of primary tumor.

For the analysis of prognostic effect of chemotherapy
before or after WBRT, three different cohorts were defined:
none, single regimen and multiple regimens. If a patient
received two or more different types of chemotherapeutic
regimens, the status was coded as multiple regimens. Any
type of hormonal therapy was regarded as a single regimen.
The status of the use of molecular targeted therapy was
defined as “yes”, if a patient continued to receive a specific
regimen for more than 1 month.

Statistical analysis

Overall survival from the start of WBRT was calculated
with the Kaplan-Meier method. For univariate and multi-
variate analysis, all the variables were dichotomized
according to the clinical relevance from previous literature.
Univariate analyses were performed by using log-rank test.
Possible confounded variables were excluded from multi-
variate analysis. A Cox’s proportional hazards model was
developed to identify significant factors influencing sur-
vival after WBRT. All the tests of hypotheses were
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conducted at the alpha level of 0.05 with a 95 % confi-
dence interval. All the statistical analyses were performed
by using SPSS Statistics version 17.0 (SAS Institute,
Tokyo, Japan).

Results
Outcomes for the entire group

Median survival time (MST) for the entire patients from
the start of WBRT was 5.7 months. The 6 months, 1- and
2-year survival rate were 43, 28 and 12 %, respectively.
MST of the patients with RTOG’s RPA Class 1 (n = 5), 2
(n=91) and 3 (n = 38) were 10.3, 7.8 and 2.2 months,
respectively (Fig. 1). Median intracranial progression-free
survival (PFS) were 4.7 months, with 6 months, 1- and
2-year PFS of 35, 14 and 4 %, respectively. A total of 49
patients developed intracranial recurrence after WBRT.
The sites of first recurrence after WBRT were as follows:
local only (regrowth of preexisted tumors): 25 (51 %); new
metastasis only: 10 (20 %); both of local and new metas-
tasis: 12 (24 %); and leptomeningeal dissemination: 2
(4 %). Median local progression-free duration and median
intracranial new metastasis-free duration for the entire
patients were 9.7 and 18.0 months, respectively. At the
time of analysis, 5 patients were alive with disease. The
causes of death were identified in 118 patients. Of these, 38
patients (32 %) were due to intracranial tumor progression,
whereas 76 patients (64 %) were due to systemic disease.
Four patients (3 %) died from intercurrent disease. None
had died directly from toxicity of WBRT.
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Fig. 1 Kaplan—Meier survival curve for overall survival by RPA
criteria
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Factors influencing survival after WBRT: univariate
and multivariate analyses

Univariate analysis was performed on 12 different vari-
ables to evaluate their potential value on survival after
WBRT. Univariate analyses identified 9 variables which
significantly associated with good prognosis (Table 2).

Multivariate analysis was performed on 9 independent
variables. Table 3 summarizes the result of the multivariate
analysis for survival after WBRT. Multivariate analysis
revealed that KPS (>70 vs. 70, hazard rate (HR): 2.540,
p < 0.0001), gender (female vs. male, HR: 2.293, p <
0.0001), activity of extracranial disease (absent/stable vs.
progressive, HR: 2.134, p = 0.015), time to develop brain
metastasis (<3 vs. >3 months, HR: 1.926, p = 0.042), and
use of chemotherapy after WBRT (multiple vs. none/single
regimens, HR: 3.406, p < 0.0001) were independent prog-
nostic factors for overall survival.

Survivals depending on chemotherapy after WBRT

After WBRT, only two patients had no evidence of
extracranial tumor. The two patients didn’t receive further
chemotherapy until disease progression. Another 132
patient had known extracranial tumor including primary,
nodal or distant sites. They were indicated to start or
continue chemotherapy when it was clinically applicable.
A total of 64 patients with extracranial systemic disease
underwent chemotherapy after WBRT. Thirty-one patients
(23 %) received orjly a single chemotherapeutic regime,
and 33 patients (25 %) received multiple regimens. Fig-
ure 2 shows the survival curve by the use of chemotherapy
after WBRT. The MST of the patients who received none,
single and multiple regimens after WBRT were 3.3, 7.5
and 16.4 months, respectively (p < 0.0001). The use of
multiple chemotherapeutic regimens after WBRT was
found to be associated with better survival after WBRT in
multivariate analysis (p < 0.0001). Among 95 patients
with pre-irradiation KPS > 70, 59 patients (62 %) received
chemotherapy, whereas 5 patients (13 %) with KPS < 70
received chemotherapy. Among patients with KPS > 70,
the MST of the patients who received none, single and
multiple regimens after WBRT were 4.5, 7.9 and
16.4 months, respectively (p < 0.0001). Overall, 95 % of
the patients included in this study received chemotherapy
either before or after WBRT.

The effect of molecular-targeted therapy after WBRT

A total of 34 patients (25 %) received molecular-targeted
therapy after WBRT for 1 month or more. Of these
patients, the sites of primary disease were lung in 28, breast
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Table 2 Results of univariate

analyses for survival after Parameters n Median survival 6—m9nths [-ye.ar 2-ye§r p value
WBRT time (months) survival (%) survival survival
(%) (%)
Overall patients 134 5.7 43 28 12 -
Age
<65 87 14 54 31 13
>65 47 4.9 38 22 11 0.31
Gender
Male 69 45 32 17 6
Female 65 9.1 66 40 20 0.0009
Kamofsky performance
status
>70 95 179 62 39 17
<70 39 22 15 3 0 <0.0001
Neurologic status
0-1 72 19 58 44 22
2-4 62 4.5 36 1 0 <0.0001
RPA criteria
Class 1-2 9% 719 61 37 18
Class 3 38 22 16 5 0 <0.0001
Site of primary tumor
Lung 75 74 55 39 21
Others 59 45 39 14 2 0.001
Activity of extracranical
tumor
Absent/stable 20 9.1 60 40 25
Progressive 114 52 46 26 10 0.015
Time to develop brain
metastasis
<3 months 21 169 75 65 40
>3 months 113 52 43 21 7 0.002
Number of brain
metastasis
14 40 5.1 39 21 10
>5 94 62 52 31 13 0.53
Size of the largest lesion
<20 mm 69 7.4 53 36 16
>20 mm 65 5.1 42 20 8 0.11
Chemotherapeutic
regimens before
WBRT
None/single 50 72 52 42 20
Multiple 84 52 46 19 8 0.019
Chemotherapeutic
regimens after WBRT
RPA recursive partitioning None/single 101 40 33 13 4
analysis, WBRT whole brain Multiple 33 164 94 73 36 <0.0001

radiotherapy

in 5 and kidney in 1. All of the histological diagnoses of  receptor-tyrosine kinase inhibitor (EGFR-TKI) for a med-
lung primary patients were adenocarcinoma. Twenty-seven  ian duration of 7 months. Figure 3 shows the survival
lung primary patients received epidermal growth factor  curve by the use of molecular-targeted therapy after
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Table 3 Results of multivariate analysis for survival after WBRT

Variables Factors Hazard rate (95 % CI)  p value
Karnofsky performance status >70 versus <70 2.540 (1.627-3.966) <0.0001
Gender Female versus male 2.293 (1.541-3.412) <0.0001
Extracranial disease status Absent/stable versus progressive 2.134 (1.160-3.928) 0.015
Time to develop brain metastasis <3 versus >3 months 1.926 (1.025-3.620) 0.042
Number of chemotherapeutic regimens after WBRT  Multiple regimens versus none/single regimen  3.406 (2.013-5.761) <0.0001

CI confidence interval, WBRT whole brain radiation therapy
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Fig. 2 Kaplan-Meier overall survival curve by the use of chemo-
therapeutic regimen after WBRT
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Fig. 3 Kaplan—Meier overall survival curve by the use of molecular-
targeted therapy after WBRT

WBRT. The MST of the patients who received molecular-
targeted therapy after WBRT was significantly longer than
that of those who did not (16.4 vs. 4.0 months,
p < 0.0001).
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Discussion

Significant progress has been made over the last decades
for a subset of patients with single or few brain metastases
and well controlled systemic disease. In prospective ran-
domized clinical trials, surgical resection or SRS combined
with WBRT significantly prolonged survival in selected
patients with single or few brain metastases (Patchell et al.
1990; Vecht et al. 1993; Andrews et al. 2004). MST of
these patients who received combined therapy ranges
7-10 months. SRS alone in patients with one or few brain
metastases was comparable to SRS combined with WBRT
at least in terms of overall survival, with a MST of
8 months (Aoyama et al. 2006). Unfortunately, the patients
who entered into these clinical trials represent only a small
minority of patients with brain metastases. In clinical
practice, it remains unclear whether these aggressive
therapies have sufficient benefit for the majority of patients
with uncontrolled systemic disease or numerous brain
metastases. Currently, only WBRT is the standard treat-
ment of choice for these patients. The indication of SRS for
patients with brain metastases in clinical practice continues
to be a matter of debate.

Various prospective and retrospective studies have
shown that the treatment modality is the first most
important prognostic factor on long-term survival,
although the effect of patient selection bias is inevitable
(Andrews et al. 2004; Lagerwaard et al. 1999; Patchell
et al. 1990). To minimize the selection bias, we investi-
gated only patients primarily treated with WBRT alone in
this study. Numerous studies on prognostic factors in
patients with brain metastases have been published pre-
viously. The results of this study re-confirmed the value of
established prognostic factors reported in the literature.
Multivariate analysis showed that good KPS, stable
extracranial disease and female gender were independent
predictors of better survival after WBRT, in line with
previous literatures (Lagerwaard et al. 1999; Patchell et al.
1990; Aoyama et al. 2006; Gaspar et al. 1997; Swinson
and William 2008). Dose these pretreatment characteris-
tics fully determine the prognosis of patients with brain
metastases?
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Performance status is regarded as the second most
important prognostic factor in patient’s characteristics
(Lagerwaard et al. 1999; Aoyama et al. 2006; Gaspar et al.
1997; Fleckenstein et al. 2004; 20). Generally, patients
with low KPS are not indicated for aggressive therapy
other than WBRT alone. In this study, the MST of the
patients with KPS < 70 was only 2.2 months. The Per-
formance status of the patients with brain metastases fre-
quently deteriorated by extended intracranial disease.
Additionally, patients with very low performance status
were not indicated for further chemotherapy despite the
existence of systemic disease. In this study, only 5 patients
(13 %) with pre-treatment KPS < 70 received chemother-
apy after WBRT. We conclude that poor survival time of
the patients with low KPS is due to the systematic disease
progression, as well as intracranial disease progression.

In line with our study, activity of extracranial primary
disease is the third most important prognostic factor
reported in the literature (Lagerwaard et al. 1999; Aoyama
et al. 2006; Fleckenstein et al. 2004; 20). These finding
suggests that survival of patients with brain metastases is in
a large part, regulated by the extracranial status. Seventy-
six patients (64 %) included in this study died due to
systemic disease. This percentage is comparable to the
reports of prospective clinical trials with SRS alone or
SRS + WBRT for single or fewer numbers of brain
metastases with well controlled systemic disease (Sneed
et al. 1999; Andrews et al. 2004; Aoyama et al. 2006). This
result highlights the modest effectiveness of WBRT on
brain metastases. WBRT alone have adequate efficacy to
avoid neurologic death for about two-thirds of patients with
brain metastases. If we consider the high morbidity rate
from systemic disease after WBRT, chemotherapy is the
primary therapeutic approach for the control of extracranial
disease. Therefore, systemic chemotherapy for chemo-
responsive cancer prolongs survival despite the presence of
treated brain metastases. Irradiated brain metastases will
lose their prognostic significance in a large number of
patients.

The role of chemotherapy in brain metastasis itself has
been limited. Although there is some breakdown of blood—
brain barrier (BBB) around brain metastases, the concen-
trations of most of the chemotherapeutic agents are still
very limited within the lesion (Gerstner and Fine 2007).
However, some chemotherapeutic agents are known to
have activity of crossing BBB. Temozolomide (TMZ) is a
third generation alkylating agent, and it can cross the BBB
because of its small size and lipophilic properties (Oster-
mann et al. 2004). Some clinical trials suggest that single
agent TMZ has some activity in patients with recurrent
brain metastases (Christodoulou et al. 2001; Siena et al.
2010). Several Phase II clinical trials of TMZ combined
with  WBRT were performed with promising results

(Antonadou et al. 2002; Addeo et al. 2008). These trials
proved improved response rate and neurologic function
with addition of TMZ to WBRT. A phase III clinical trial
of WBRT plus SRS with or without TMZ or Erlotinib in
patients with brain metastases is now ongoing (Clinical-
Trials.gov identifier: NCT00096265). Patients with 1-3
brain metastases from histologically confirmed non-small
cell lung cancer, well circumscribed, maximum diameter of
4 cm or less, no metastasis within 10 mm of the optic
apparatus, no metastasis in the brain stem and stable
extracranial metastases are enrolled. Patients are random-
ized to three groups: Arm 1: WBRT + SRS, Arm 2:
WBRT + SRS 4 TMZ, Arm 3: WBRT + SRS + erloti-
nib. Patients in Arm 2 and 3 begin TMZ or erlotinib on the
first day of WBRT and continue up to 6 months. The pri-
mary endpoint is overall survival, and secondary endpoint
includes time to CNS progression, performance status at
6 months, steroid dependence at 6 months, cause of death
and effect of non-protocol chemotherapy.

Topotecan is a semi-synthetic analogue of the alkaloid
camptothecin, which selectively inhibits topoisomerase I.
Topotecan'crosses the BBB, because of its low protein
binding property (Baker et al. 1996). Single agent topo-
tecan has positive activity in patients with brain metastases
from small cell lung cancer (Korfel et al. 2002). A phase III
multicentric clinical trial of topotecan and WBRT for
patients with brain metastases form lung cancer was
planned, however, was terminated because of low patient
accrual (Neuhaus et al. 2009). This trial failed to show
clear benefit of adding topotecan to WBRT. Another
multicentric phase III clinical trial is ongoing (Clinical-
Trials.gov identifier: NCT00390806). Patients with at least
one brain metastasis form non-small cell lung cancer, who
have received previous chemotherapy are enrolled. Patients
are randomized to two groups: experimental arm: topo-
tecan + WBRT, control arm: WBRT alone. The primary
endpoint is overall survival, secondary endpoint includes
response rate, time to response, time to progression, brain
tumor symptom, safety and tolerability. We think that these
clinical trials for brain metastasis should evaluate the effect
of non-protocol chemotherapy on survival. In the next
5 years, the results of these phase III, multicentric clinical
trials will become available to further define the role of
these chemotherapeutic agents when combined with
WBRT and SRS, or both.

Some investigators suggest that the permeability of BBB
in brain tumors can alter during or ever after fractionated
radiotherapy (Yuan et al. 2006; Wilson et al. 2009; Cao
et al. 2005). After irradiation, the BBB may be partially
disrupted so that some chemotherapeutic agents can reach a
therapeutic level in the metastatic tumors. This is another
explanation of the value of systemic chemotherapy after
WBRT. In fact, subset analysis of this study showed that
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the use of chemotherapy after WBRT was also an inde-
pendent prognostic factor predicting longer local tumor
progression-free duration (data not shown). We believe that
some brain metastases become sensitive to chemotherapy
after irradiation. Chemo-sensitivity of brain metastases can
affect the survival of a part of patients with treated brain
metastases. Therefore, systemic chemotherapy will be a
treatment of choice for those who have systémic disease
with irradiated brain metastases. If a patient have a plan of
definitive chemotherapy for primary disease after the
treatment of brain metastases, such patient can be a good
candidate for more aggressive therapy for brain metastases.

Another topic of debate is whether molecular-targeted
therapy has a significant role on brain metastasis or not.
Some investigators advocated that EGFR-TKI has prom-
ising activity on previously untreated brain metastases
from lung adenocarcinoma (Wu et al. 2007; Kim et al.
2009; Katayama et al. 2009). Another investigator reported
activity of trastuzumab on brain metastasis from HER2-
overexpressing breast cancer (Park et al. 2009). In this
study, the MST of the patients who received molecular-
targeted therapy after WBRT was significantly longer than
that of those who did not. In the subset analysis of this
study, use of molecular-targeted therapy after WBRT was
also a significant predictor of longer local progression-free
duration (data not shown). We believe that molecular-tar-
geted therapy could have some activity on the local control
of some brain metastases.

Patients with “synchronous” brain metastasis survived
significantly longer than “metachronous” brain metastasis
patients in this study. Short time to develop brain metas-
tasis was marginally independent prognostic factor in
multivariate analysis. This is in line with a literature of
surgical removal or SRS for brain metastasis (Flannery
et al. 2008; Bonnette et al. 2001; Hu et al. 2006). It is easy
to assume that systematic disease of patients with “syn-
chronous” brain metastasis would more likely to respond to
the following chemotherapy. The “synchronous” brain
metastasis may be more sensitive to radiotherapy, when
compared to brain metastasis emerged after repeated
chemotherapies. Also in agreement with some literature
(Lagerwaard et al. 1999; Swinson and William 2008),
female patients survived significantly longer than male
patients. In particular, the prognosis of female patients with
brain metastasis form lung primary has reported to be
significantly better than that of male patients (Lagerwaard
et al. 1999; Sinchez de Cos et al. 2009). We should further
continue to investigate these clinical characteristics of
brain metastases.

We acknowledge that the present study had certain
limitations because of its retrospective nature. First, the
results of this study might be highly influenced by patient’s
selection bias. Patients with brain metastases which well
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responded to WBRT may have more opportunity for
receiving multiple chemotherapy after WBRT. Second, our
cohort should deviate to patients with numerous brain
metastases with uncontrolled systemic disease. Because we
included only patients with brain metastases primarily
treated by WBRT alone, patients with poor prognosis
should be negatively selected for this study. Currently, we
are investigating the patients with one or few brain
metastases primarily treated by SRS alone, and it will be
described in another report. Actual prognostic value of
chemotherapy on survival after WBRT for brain metastases
should be validated in future prospective clinical trials.

Conclusions

In addition to the confirmed prognostic factors previously
reported in the literature, the use of multiple chemothera-
peutic regimens after WBRT was associated with better
survival. Systemic chemotherapy for chemo-responsive
cancer prolongs survival despite the presence of treated
brain metastases. Irradiated brain metastases will lose their
prognostic significance in a large number of patients.
Systemic chemotherapy will be a treatment of choice for
patients who have systemic disease after WBRT for brain
metastases. These results should be validated in future
prospective clinical trials.
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A genome-wide association study identifies two new
susceptibility loci for lung adenocarcinoma in the

Japanese population

Kouya Shiraishi!, Hideo Kunitoh?13, Yataro Daigo>*, Atsushi Takahashi®, Koichi Goto®, Hiromi Sakamoto?,
Sumiko Ohnami’, Yoko Shimada!, Kyota Ashikawa8, Akira Saito®, Shun-ichi Watanabe!?, Koji Tsutall,
Naoyuki Kamatani®, Teruhiko Yoshida, Yusuke Nakamura?, Jun Yokota!2, Michiaki Kubo® & Takashi Kohno!

Lung adenocarcinoma is the most common histological

type of lung cancer, and its incidence is increasing
worldwide. To identify genetic factors influencing risk

of lung adenocarcinoma, we conducted a genome-wide
association study and two validation studies in the Japanese
population comprising a total of 6,029 individuals with lung
adenocarcinoma (cases) and 13,535 controls. We confirmed
two previously reported risk loci, 5p15.33 (rs2853677,

P ombined = 2-8 x 10740, odds ratio (OR) = 1.41) and 3q28
(rs10937405, P g pined = 6-9 x 10~17, OR = 1.25), and
identified two new susceptibility loci, 17q24.3 (rs7216064,
Pombined = 7-4 x 1017, OR = 1.20) and 6p21.3 (rs3817963,
P ombined = 2.7 x 10710, OR = 1.18). These data provide further
evidence supporting a role for genetic susceptibility in the
development of lung adenocarcinoma.

Lung cancer is the leading cause of cancer-related death in most coun-
tries!. Lung cancer consists of three major histological types: adeno-
carcinoma, squamous-cell carcinoma and small-cell carcinoma!-3.
Adenocarcinoma is the most common type, comprising ~40% of all
cases of lung cancer, and its incidence is increasing in both Asian
and Western countries. The development of lung adenocarcinoma
is more weakly associated with smoking than are the developments
of squamous and small-cell carcinomas, indicating that the mecha-
nisms of carcinogenesis differ among these histological types. A bet-
ter understanding of the genetic factors underlying the development
of lung adenocarcinoma is strongly needed to elucidate the etiology
of disease and identify high-risk individuals for targeted screening
and/or prevention. In particular, the proportion of females and never
smokers among patients with lung adenocarcinoma is considerably

higher in Asians than in Europeans®?, suggesting that genetic factors
contribute differently to disease in the two populations.

Genome-wide association studies (GWAS) of lung cancer with
a full range of histological types have been conducted in European
populations, and associations at 15¢25.1, 5p15.33 and 6p21.33 have
been identified*8. Variants at these regions have been defined in
European populations by a meta-analysis of GWAS according to
histological types, and rs2736100 in TERT at 5p15.33 was found
to be associated with risk of lung adenocarcinoma®. However, no
additional loci reached genome-wide significance in the study;
therefore, GWAS focusing on lung adenocarcinoma were greatly
needed®. A recent GWAS on lung adenocarcinoma risk in the
Japanese and Korean populations identified a new locus, 3g28
(TP63)™0. Subsequently, a significant but weaker association of
3q28 variations with lung adenocarcinoma risk was validated in
Europeans!!. Notably, the association of this locus with cancer risk
was supported by a recent GWAS on lung cancer with a full range
of different histological types in the Chinese population!2. These
results indicate that there may be differences in the magnitude of
the contribution of these loci to lung cancer susceptibility by eth-
nicity. Here, to further elucidate the genetic factors contributing to
the development of lung adenocarcinoma, we performed a GWAS
focusing on lung adenocarcinoma in the Japanese population and
expanded the scale of our previous study in terms of both sample
size and SNP coverage!®.

Using Illumina Omnil-Quad and OmniExpress chips,
we genotyped 1,722 cases and 5,846 controls for 709,857 SNPs
(Supplementary Table 1). Based on the results of a stringent quality-
control analysis, we chose 538,166 autosomal SNPs, 1,695 cases and
5,333 control subjects for our GWAS analyses (Online Methods and
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Table 1 Summary of the GWAS and validation studies and the combined analyses

dbSNP Allele Cases Controls
locus Gene  [risk allele] Stage Total RAF Total RAF P2 OR (95% CI) Phet
rs2853677 - TERT T/C GWAS 1,695 0.384 5,333 0.308  8.66 x 10-17 1.41 (1.30-1.53)
5p15.33 intron 2 [C] First validation 2,955 0.374 7,036 0.297 8.62x 102! 1.43 (1.32-1.54)
Second validation 1,373 0.360 1,132 0.290 5.88 x 10-6 1.35(1.19-1.54)
Combined validation® 4,328 0.370 8,168 0.296  3.90x 10-25 1.42 (1.32-1.50) 0.49
Combined all® 6,023 0.374 13,501 0.300 2.80x 1040 1.41(1.32-1.50) 0.79
rs2736100 TERT TG GWAS 1,695 0.458 5,329 0.391 7.31x 1012 1.32(1.22-1.42)
5p15.33 intron 2 [G] First validation 2,954 0.458 7,036 0.385 2.13x 10719 1.39(1.29-1.49)
Second validation 1,343 0.432 1,166 0.368 1.79x 104 1.27 (1.12-1.44)
Combined validation® 4,297 0.450 8,202 0.383 3.97 x 10722 1.36 (1.28-1.44) 0.22
Combined allb 5,992 0.452 13,531 0.386  2.50x 10-32 1.34(1.28-1.41) 0.39
rs10937405 TP63 CIT GWAS 1,695 0.728 5,333 0.677 1.10x 108 1.29(1.18-1.40)
3q28 intron 1 [(8]] First validation 2,953 0.714 7,036 0.663 9.22 x 10-10 1.27 (1.18-1.37)
Second validation 1,375 0.704 1,166 0.682 1.22 x 107! 1.11 (0.97-1.26)
Combined validation® 4,328 0.711 8,202 0.666  8.17 x 10-10 1.23(1.15-1.31) 0.076
Combined all® 6,023 0.715 13,535 0.670  6.92x 10717 1.25(1.19-1.32) 0.15
rs7216064 BPTF NG GWAS 1,695 0.747 5,333 0.706 1.07 x 10-5 1.22(1.12-1.34)
17q24.3 intron 9 [A] First validation 2,955 0.736 7,036 0.708 7.72x107% 1.17 (1.08-1.27)
Second validation 1,376 0.744 1,166 0.708 4,70 x 1073 1.21 (1.06-1.39)
Combined validation® 4,331 0.739 8,202 0.708 1.34 x 1076 1.18(1.10-1.26) 0.65
Combined all® 6,026 0.741 13,535 0.707 7.40x 1011 1.20(1.13-1.26) 0.76
rs3817963 BTNLZ2 AG GWAS 1,695 0.363 5,331 0.327 5.54 x 10-5 1.18(1.09-1.28)
6p21.3 intron 4 [G] First validation 2,951 0.347 7,028 0.310 1.59 x 10-5 1.18(1.09-1.27)
Second validation 1,376 0.358 1,166 0.329 2.41x 102 1.16 (1.02-1.32)
Combined validation® 4,327 0.350 8,194 0.313 1.14 x 10-6 1.17 (1.10-1.25) 0.86
Combined all® 6,022 0.354 13,525 0.318  2.69x 1010 1.18(1.12-1.24) 0.97

RAF, risk allele frequency; Py, P value for heterogeneity.

aAdjusted for age and gender. PThe combined meta-analysis was performed using a fixed effect model.

Supplementary Fig. 1). We generated a quantile-quantile plot using
the results of a logistic regression trend test (Supplementary Fig. 1d).
The genomic inflation factor (A; g90)!® was 1.021, indicating a low
possibility of false-positive associations resulting from population
stratification or genotype misclassification (Supplementary Fig. 2).

In the GWAS, two loci reached genome-wide significance for
association (P < 5 x 107% Supplementary Fig. le); these two loci
have been reported in previous GWAS (rs2736100 at 5p13.33 and
rs10937405 at 3q28)%10, We also identified a significant associa-
tion for a SNP (rs2853677 at 5p13.33) that was not examined in our
previous GWAS (Table 1). In addition, we examined associations of
other previously reported loci with lung cancer risk (Supplementary
Table 2). We found one locus (rs2131877 at 3q29)** to be associated
with lung adenocarcinoma risk, but we could not confirm the associa-
tions between lung adenocarcinoma risk and the other loci identified
in a recent GWAS of the European and Han Chinese populations!2.
These results are probably the result of the lower statistical power in
our GWAS than in the previous GWAS (Supplementary Table 2).
In addition, most of the earlier GWAS were performed in lung can-
cer representing a full range of histological types and in subjects of
European descent. Therefore, differences in genetic modifiers and/or
environmental factors in different histological types and populations
might have contributed to the differing results.

To investigate additional susceptibility loci, we conducted a vali-
dation study using two independent sample sets consisting of 2,955
cases and 7,036 controls (first validation cohort) and 1,379 cases and
1,166 controls (second validation cohort) (Supplementary Table 1).
Among 125 SNPs with a logistic regression trend of P < 1 x 107 in
our GWAS, we selected 78 SNPs, excluding 38 SNPs within the same
locus (7% > 0.8) and nine SNPs located at the previously reported loci,

5p13.33 and 3q28. We successfully genotyped all 78 SNPs in the first
validation set using the multiplex PCR-based Invader assay, and
8 SNPs had ORs with a significance of P < 0.05 in the same direction
of association (Supplementary Table 3). We then subjected these
eight SNPs to the second validation set analysis. When we com-
bined the results of both validation sets using a fixed effects model,
two SNPs, rs7216064 at 17q24.3 and rs3817963 at 6p21.3, showed
significant associations after Bonferroni correction (P < 6.4 x 1074,
calculated as 0.05/78) in addition to three SNPs at the two known
loci described above (Table 1). When we combined the results of the
GWAS and the validation study, both of the newly discovered loci
reached genome-wide significance (rs7216064, P=7.4 x 10711, OR =
1.20; rs3817963, P = 2.7 x 10719, OR = 1.18) (Table 1). The ORs
were similar between the GWAS and the validation study, with no
heterogeneity (Table 1). The strengths of the associations remained
similar after adjustment for smoking (Supplementary Table 4). In
a subgroup analysis (Supplementary Table 5), there was no clear
association between the two newly discovered loci and gender or
smoking behavior, and there was also no such association for the
two known loci!®.

We next performed imputation analyses using the Japanese in Tokyo
(JPT) and Han Chinese in Beijing (CHB) reference sets from the 1000
Genomes Project database (June 2010 release) (Online Methods), and
we examined the associations between 1,665 putative SNPs and lung
adenocarcinoma risk. We found a series of signals in high linkage
disequilibrium (LD) with a marker SNP at 17q24.3 (rs7216064), and
we observed significant associations with lung adenocarcinoma risk
for 33 of the imputed SNPs (Fig. 1a and Supplementary Table 6).
However, none of the SNPs in LD at 6p21.3 reached the P value of
our marker SNP (Fig. 1b).
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Figure 1 Regional plots of the identified
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SNP 157216064 resides within intron 9 of BPTF (encoding bromo-
domain PHD finger transcription factor) at 17q24.3. Other imputed
SNPs in this locus showing similarly significant associations were
also synonymous (not resulting in amino acid changes in translated
proteins). Based on the regional plot and recombination rates, we
found that rs7216064 represented an LD region that includes three
genes: BPTF, C170rf58 (encoding a protein without known domains)
and KPNA2 (encoding karyopherin o 2) (Fig. 1a). Thus, to address
the biological importance of 17q24.3 variants, we examined the
mRNA expression levels of these three genes in 314 noncancerous
lung tissues by real-time quantitative PCR (Supplementary Note).
We detected expression of BPTE, but not of C170rf58 or KPNA2, in
these lung tissues. The expression of BPTF was marginally differ-
ent depending on the genotype of the rs7216064 SNP (P = 0.02),
implying low expression from the risk (G) allele (Supplementary
Table 7). BPTF encodes a chromatin remodeling factor that regu-

" lates transcription through the specific recognition of methylated

histone proteins!>. Recently, chromatin remodeling genes have
been implicated as tumor suppressors in lung!® and other cancers!”.
Therefore, a low level of BPTF mRNA being associated with the
risk allele might lead to an elevated risk for lung adenocarcinoma
through decreased transcriptional regulation. However, further
studies are needed to conclude whether BPTF is responsible for lung
adenocarcinoma susceptibility.

SNP rs3817963 is located in intron 4 of BTNL2 (encoding
butyrophilin-like 2) at 6p21.3 (Fig. 1b). Based on the regional plot and
recombination rates, rs3817963 represents an LD region that includes
only a single gene, BTNL2. The top ten SNPs (genotyped or imputed),
including rs3817963, were synonymous. The effects of the SNPs on
the expression of BTNL2 could not be assessed because of the low or
absent expression of this gene in noncancerous lung tissues. BTNL2
encodes a T cell co-stimulatory molecule, and associations between
BTNL2 SNPs and risk have been reported in several immune-related
diseases, including asthmal®, vitiligo!® and ulcerative colitis?%2.
Therefore, BTNL2 might affect lung adenocarcinoma risk by affect-
ing immune responses against tumor cells. However, 6p21.3 is a part of
the extended major histocompatibility complex (MHC) region, whose
association with lung cancer risk has previously been reported®. The
previously identified marker SNPs, rs3117582 and rs3131379, located
700 kb from the BTNL2locus, were monomorphic in our study popu-
lations. Therefore, it is possible that the association at 6p21.3 identified
in the present study is not new, and further studies are warranted.

We here provide further evidence for the existence of genetic sus-
ceptibility in the development of lung adenocarcinoma through the
identification of two candidate susceptibility loci, 17q24.3 and 6p21.3,
at genome-wide significance. rs7216064 at 17q24.3 showed a tendency
of association in the same direction as lung cancer risk in Europeans,

although this association did not reach statistical significance, whereas
rs3135353 at 6p21.3, which is in LD with rs3817963, showed a statisti-
cally significant association with lung cancer risk in European and
American populations (Supplementary Table 8)7°. Therefore, these
loci might be involved in lung cancer risk in individuals of European
descent. Further studies of these loci in multiple populations, includ-
ing those with other histological types of lung cancers, will help to
elucidate the etiology of lung adenocarcinoma.

URLs. The BioBank Japan project, http://biobankjp.org/; R, http://
cran.r-project.org/; PLINK statistical software v1.06, http://pngu.
mgh.harvard.edu/~purcell/plink/; Primer3 v0.3.0, http://frodo.
wi.mit.edu/primer3/; UCSC Genome Browser, http://genome.ucsc.
edu/; LocusZoom, http://csg.sph.umich.edu/locuszoom/; a catalog of
genome-wide association studies, http://www.genome.gov/gwastudies/;
SNPinfo Web Server, http://manticore.niehs.nih.gov/index.html;
lluminas IconDB resource, http://www.illumina.com/science/
icontroldb.ilmn.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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KIF5B-RET fusions in lung
adenocarcinoma

Takashi Kohno®>!5, Hitoshi Ichikawa®1%, Yasushi Totoki3,

Kazuki Yasuda%, Masaki Hiramoto4, Takao Nammo?,

Hiromi Sakamoto?, Koji Tsuta®, Koh Furuta®, Yoko Shimada!,
Reika Iwakawa®, Hideaki Ogiwaral, Takahiro Oike®, Masato Enari’,
Aaron J Schetter®, Hirokazu Okayama®8, Aage Haugen®, Vidar Skaug®,
Suenori Chiku!?, Itaru Yamanakall, Yasuhito Arai3,

Shun-ichi Watanabe'2, Ikuo Sekine!, Seishi Ogawa!?, Curtis C Harris®,
Hitoshi Tsuda®, Teruhiko Yoshida?, Jun Yokota® & Tatsuhiro Shibata?

We identified in-frame fusion transcripts of KIF5B (the kinesin
family 5B gene) and the RET oncogene, which are present in
1-2% of lung adenocarcinomas (LADCs) from people from
Japan and the United States, using whole-transcriptome
sequencing. The KIF5B-RET fusion leads to aberrant
activation of RET kinase and is considered to be a new driver
mutation of LADC because it segregates from mutations or
fusions in EGFR, KRAS, HER2 and ALK, and a RET tyrosine
kinase inhibitor, vandetanib, suppresses the fusion-induced
anchorage-independent growth activity of NIH3T3 cells.

A considerable proportion of LADCs, the most common histological
type of lung cancer that comprises ~40% of the total cases, develops
through activation of oncogenes, for example, somatic mutations in
EGFR (10-50% of cases) or KRAS (10~30% of cases) or fusion of ALK
(5% of cases), in a mutually exclusive manner!-4, Tyrosine kinase
inhibitors (TKIs) targeting the EGFR and ALK proteins are effec-
tive in the treatment of LADCs that carry EGFR mutations and ALK
fusions! -3, respectively.

We performed whole-transcriptome sequencing (RNA sequenc-
ing)® of 30 LADC specimens from Japanese individuals to identify
new chimeric fusion transcripts that could be targets for therapy>>S.
These LADCs were 2 carcinomas with EML4-ALK fusions, 4 with
EGFR or KRAS mutations and 24 without these fusions or mutations
(Supplementary Table 1). Identifying candidate fusions represented by
>20 paired-end reads and validation by Sanger sequencing of the RT-PCR
products (Supplementary Methods) led to the identification of seven
fusion transcripts, including EML4-ALK (Supplementary Table 1).
We detected one of these fusions between KIF5B on chromosome

10p11.2 and RET on chromosome 10q11.2 in subject BR0020 (Fig. 1
and Supplementary Fig. 1a). We then further investigated this fusion,
as fusions between RET and genes other than KIF5B have previously
been shown to drive papillary thyroid tumor formation®”’,

RT-PCR and a Sanger sequencing analysis of 319 LADC specimens
from Japanese individuals (Supplementary Table 2), including 30 that
had been subjected to whole-transcriptome sequencing, revealed that
1.9% (6 out of 319) expressed KIF5B-RET fusion transcripts (Fig. 1b
and Supplementary Fig. 1b). We identified four variants in these six
tumors, and all of these variants were in frame (Fig. 1a).

A genomic PCR analysis of the six tumors that were positive for
RET fusions revealed somatic fusions of the KIF5B introns 15, 16, 23
or 24 at chromosome 10p11.2 with the RET introns 7 or 11 at 10q11.2
(Supplementary Fig. 1c,d), indicating that a chromosomal inversion
had occurred between the long and short arms in the centromeric
region of chromosome 10 (Supplementary Figs. le and 2). We veri-
fied this chromosomal inversion using fluorescence in situ hybridiza-
tion, which revealed a split in the signals for the probes that flank the
RET translocation sites in tumors positive for the KIF5B-RET fusion
(Supplementary Fig. 2).

The tumors positive for the KIF5B-RET fusion were all well or mod-
erately differentiated (Table 1 and Supplementary Fig. 3). None of
the subjects with these tumors had a history of thyroid cancer, and
none showed abnormal findings in their thyroid tissues as determined
by computed tomography or positron emission tomography before
surgery for LADC. All five examined tumors with the KIF5B-RET
fusion were positive for thyroid transcription factor 1 (TTF-1) and
napsin A aspartic proteinase (Napsin A)® but were negative for thyro-
globulin®, indicating that they were of pulmonary origin (Table 1
and Supplementary Fig. 3). The LADCs that were positive for the
KIF5B-RET fusion showed twofold to 30-fold higher RET expression
than non-cancerous lung tissues (Fig. 1b and Supplementary Figs. 4
and 5). An immunohistochernical analysis using an antibody against
the C-terminal region of the RET protein detected positive cytoplasmic
staining in the tumor cells of the fusion-positive LADCs (Table 1 and
Supplementary Fig. 3b) but did not detect this staining in any of the
non-cancerous lung cells. A western blot analysis confirmed the expres-
sion of the fusion proteins in the LADCs (Supplementary Fig. 6).

To address the prevalence of KIF5B-RET fusions in LADCs from
individuals of non-Asian ancestry, we examined LADCs in cohorts
from the United States and Norway (Supplementary Table 2). We
detected a fusion transcript in 1 of the 80 (1.3%) subjects from the
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Figure 1 KIF5B-RET fusions in LADC. aQ  Breakpoints for variant: 1 2 c
(a) Schematic representations of the wild-type KIF5B § 963
KIF5B and RET proteins as welf as the four AET o — — i114

e e s 1 : 111, s
fusion variants identified in this study. The LIl B Knase ] Vandatanid

breakpoints for each variant are indicated with
red lines. CC, coiled coil; TM, transmembrane. 4
(b) Detection of KIF5B-RET fusions by RT-PCR.
RT-PCR products for the RET kinase domain

(exons 12 and 13) and GAPDH are shown below. 3
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Six LADCs positive for KIF5B-RET fusions (T)

H | kinase | 1527

are shown, with four corresponding non-
cancerous lung tissues (N), a no-template
control (NTC) and one LADC that was negative b
for the fusion (BRO019). (c) Activation of RET
kinase activity in the KIF5B-RET protein and
the suppression of this activity by vandetanib.
H1299 lung cancer cells were transfected

with an empty vector, wild-type RET (RET) or
KIF5B-RET expression plasmids and treated
either with DMSO (serum) or vandetanib, as
indicated. The ratios of phosphorylated Tyr905
(pTyr905) RET to total RET signals with respect
to wild-type RET after the serum treatment

are listed below the gels. (d) Anchorage-
independent growth of NIH3T3 cells expressing
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KIF5B-RET

KIF5B-RET protein and the suppression of this growth by vandetanib. Representative pictures of colonies without vandetanib treatment (top). Scale
bars, 50 um. Bar graph showing the percentage (x s.d.) of colonies formed after treatment with the indicated amounts of vandetanib (average results
of three independent experiments) with respect to those formed by DMSO-treated cells. The study was approved by the institutional review boards of

institutions participating in this study.

United States (an individual of European ancestry) (Supplementary
Fig. 7), but we detected no fusion transcripts in the 34 subjects from
Norway (Supplementary Table 3); KIF5B-RET fusions occurred in
1-2% of LADCs in both Asians and non-Asians. The individual from
the United States with the RET fusion was classified as an ‘ever smoker,
whereas the six individuals from Japan with the RET fusion were ‘never
smokers’ (Table 1). Therefore, prevalence of LADC with regard to
smoking status is unclear. We did not detect the KIF5B-RET fusion in
other major subtypes of lung cancer, including 234 squamous-cell, 17
large-cell and 20 small-cell lung carcinomas (Supplementary Table 3).
The fusion was also not present in other types of adenocarcinomas,
including those of the ovary (n = 100) and colon (n = 200) (data not
shown), suggesting that it is specific to LADC.

All seven subjects with LADC harboring the KIF5B-RET fusion were
negative for EGFR, KRAS and ALK mutations or fusions and were nega-
tive for mutations in HER2, which is an additional driver mutation in
LADC! (Table 1 and Supplementary Table 4). The mutually exclusive
nature of the RET fusions and other oncogenic alterations»*! suggests
that the KIF5B-RET fusion is a driver mutation. All proteins encoded
by the four KIF5B-RET fusion variants contained the KIF5B coiled-coil
domain, which functions in protein dimerization'?, and retained the

full RET kinase domain, similar to other types of oncogenic RET fusions
observed in thyroid tumors (Fig. 1a)!®. The KIF5B-RET proteins are
likely to form a homodimer through the coiled-coil domain of KIF5B,
causing an aberrant activation of the kinase function of RET in a manner
similar to the PTC-RET and KIF5B-ALK fusions”!#, In fact, the N-terminal
portion of the KIF5B coiled-coil region, which is retained in all vari-
ants, has been predicted to have the ability to dimerize through two
coiled-coil structures’>. Consistently, when the KIF5B-RET variant 1 was
exogenously expressed in H1299 human lung cancer cells without wild-
type or fusion RET expression, Tyr905, which is located in the activation
loop of the RET kinase site!>!6, was phosphorylated in the absence of
serum stimulation, indicating an aberrant activation of RET kinase!®!?
by fusion with KIF5B (Fig. 1c). This phosphorylation was suppressed by
vandetanib, a TKI against RET (as well as other tyrosine kinases, includ-
ing EGFR and VEGFR)!® (Fig. 1c and Supplementary Fig. 8).
Expression of exogenous KIF5B-RET, but not KIF5B-RET-KD
(a kinase-dead mutant corresponding to S765P in wild-type RET7),
induced morphological transformation (Supplementary Fig. 9) and
anchorage-independent growth of NTH3T3 fibroblasts in a way that was
analogous to the induction caused by mutant KRAS (KRASV12) (Fig. 1d).
Consistently, phosphorylation of Tyr905 was higher in the KIF5B-RET

Table 1 Characteristics of lung adenocarcinomas with the KIF5B-RET fusion

Pathological RET TTF-1  Napsin A Thyrogloblin
Sample  Country Sex Age® Smoking  KIF5B-RET fusion® stage Pathological findings staining  staining  staining staining
BR0O020 Japan Male 57 Never  K15; R12 (variant 1) 1B Moderately differentiated ADC + + + -
BR1001 Japan Female 65 Never  K15; R12 (variant 1) B Well differentiated ADC + + + -
BR1002 Japan Female 64 Never  K15; R12 (variant 1) 1B Well differentiated ADC + + + -
BRO0O30 Japan Male 57 Never  K16; R12 (variant 2) 1A Well differentiated ADC + + + -
BR1003 Japan Male 28 Never ~ K23; R12 (variant 3) 1A Well differentiated ADC + + + -
BR1004 Japan Female 71 Never  K24; R8 (variant 4) 1A Meoderately differentiated ADC NT NT NT NT
NCI1580 USA Male 63 Ever® K15; R12 (variant 1) 1 Moderately differentiated ADC NT NT NT NT

apge in years. PFused exon numbers of K/F5B (K) and RET (R); and variant types (in parentheses) are shown. None of the subjects had oncogenic £GFR, KRAS, HER2 or ALK mutations or

fusions. <The number of pack years smoked for this subject is not known. NT, not tested.
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