TABLE I1. Measurements of Cardiac Functions

Cardiotoxicity of Pirarubicin in Childhood ALL 463

Tests Measurements Number of subjects ~ Results mean &= SD (range)  Number of abnormal subjects
ECG At rest 61 Normal 0
After exercise 61 ST elevation 1
Holter ECG Arrhythmia 59 SVPC 2
CVNN (%) 59 19.8 £ 3.2 (2.7-27.1) 0
Echocardiography LVDd (mm) 61 439 + 4.0 (36.1-52.0) 4}
LVDs (mm) 61 26.9 & 3.4 (19.0-34.6) 0
EF (%) 61 704 £ 6.2 (53.0-81.3) 1
FS (%) 61 38.7 &+ 4.6 (29.4-50.0) 0
E/A ratio 48 2.08 & 0.47 (1.43-4.0) 0
S6MWT Total (m) 41 563.4 + 1425 5
Males (m) 18 650.4 £ 110.9 (362.0-904.5) 1
Females (m) 23 4954 + 126.7 (252.0~699.6) 4
Laboratory exercise testing BNP at rest (pg/ml) 60 13.3 £ 14.6 (2.0-70.8) 6
BNP after exercise (pg/ml) 60 15.1 £ 15.4 (2.0-85.2) 6

O6MWT, 6-min walk test; CVNN, co-variance of NN intervals; LVDd, left ventricular end-diastolic dimension; LVDs, left ventricular end-
systolic dimension; EF, ejection fraction; FS, fractional shortening: SVPC, supra-ventricular premature contraction.

TABLE 1II. Plasma BNP Levels in Patients and Controls

BNP (pg/m})

At rest After exercise Difference
Patients (n = 60) 133 + 147 15.1 + 155 1.8 + 8.7
Control (n = 10) 10.7 £ 9.3 11.1 £ 105 0.4+ 18
P 0.60 0.53 0.63

Values are expressed as mean == SD.

subjects. Echocardiographic studies showed no cardiac dysfunc-
tion, and abnormal measurement was recorded in only one subject
with a subnormal EF value of 53%. The 6MWT was performed on
41 subjects. and a significantly short distance as compared to the
standard values adjusted to sex and age was recorded in 5 (one
male and 4 females). The elevated plasma BNP levels defined as
greater than the mean + 2 SD of the 10 healthy controls were
>28.3 pg/ml (before exercise) and >31.1 pg/ml (after exercise),

respectively. Based on this criterion, abnormal BNP levels were
detected in six subjects whose values were elevated both at rest
and after exercise. The mean BNP values before and after exercise
in patients and control subjects are shown in Table III, revealing
no significant difference between the patients and controls.

Overall, some abnormal cardiac measurements were detected
in 14 subjects, and the type of abnormality and cumulative AC
dose for each subject are shown in Table IV.

Table V shows the correlation between cumulative THP dose
and various cardiac measurements. The cumulative dose showed a
significant correlation with plasma BNP levels after exercise
(Fig. 1), but not with any other cardiac measurements. Further
analysis of the plasma BNP levels after exercise revealed that 21
subjects who received a high cumulative dose =300 mg/m” of
THP had significantly higher BNP levels as compared with 39
other subjects who received a low cumulative dose <300 mg/m”
(Table VI). This table also shows increments in BNP levels
(ABNP) after exercise compared to base-line values (at rest)
between the two groups. A significant rise in ABNP after exercise

TABLE IV. Cumulative Dose of Anthracyclins and Abnormal Cardiac Measurements

Plasma BNP
Cumulative dose of anthracyclins
Case (DOX/THP) (mg/mz) Exercise ECG Holter ECG OMWT At rest After exercise
1 25/180 - + - - -
2 0/180 — — + - -
3 25/160 - - - + +
4 75/600 - - - + +
5 75/730 + - — - -
6 75/150 - + - - =
7 75/120 - - + - -
8 75/740 - - - + +
9 751590 — - - + +
10 15/160 - - - + +
11 0/135 - - - + +
12 25/180 — - + - -
13 25/180 - - + - -
14 751740 - - + - -

+ and — denote positive and negative results for cardiac measurements, respectively. DOX, doxorubicin; THP, pirarubicin.
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TABLE V. Correlation of Cardiac Measurements and Total Dose
of THP

TABLE VI. Plasma BNP Levels According to Total Dose of THP

<300 mg/m2 2300 mg/m2 P value vs.

Measurements Correlation coefficient P Total dose of THP (n = 39) (@ =21) <300 mg/m’
FS 0.01 0.09 BNP at rest (pg/ml) 125 + 13.8 14.8 + 15.8 0.56

EF 0.90 0.49  BNP after exercise (pg/ml) 12.2 +99 20.6 +21.2 0.04
E/A ratio 0.08 0.57 ABNP (pg/mi) -03 + 7.8 54 + 8.1 0.01
CVNN 0.26 0.08 - -

6MWT 0.02 0.88 Values are expressed as mean = SD. THP, pirarubicin.

BNP at rest 0.11 0.42

BNP after exercise 0.27 0.03

THP, pirarubicin; FS, fractional shortening; EFE ejection fraction.
CVNN, co-variance of NN intervals; 6MWT, 6-min walk test.

was observed for subjects with >300 mg/m? of THP, but not for
subjects with <300 mg/m> of THP. Although correlations
between the measurements of left ventricular function (FS and
EF) and cumulative THP dose or BNP levels were studied, no
significant results were obtained (Supplemental Appendix).

DISCUSSION

THP is a derivative of DOX developed in Japan, and its
cardiotoxicity may be lower than that of DOX [12-15]. Tsurumi
et al. and Niitsu et al. reported that acute cardiotoxicity with THP
was less frequent than that with DOX among adult lymphoma
patients [17-20]. However, no studies for late cardiotoxicity of
THP have been reported. In this study, cardiac function and
biomarkers were measured in long-term survivors with ALL
who received THP treatment and in whom no apparent cardiac
dysfunction was detected. Thus, this is the first report of late
cardiotoxicity of THP in cancer survivors.

The incidence of AC-induced cardiac dysfunction in childhood
cancer survivors varied considerably across studies. The inciden-
ces of 14-24% for cardiac dysfunction assessed by echocardiog-
raphy had been reported in five studies, in which median doses of
cumulative AC ranged from 165 to 450 mg/rn2 [6,7,28,29.31].
Three other studies also reported that cumulative AC dose was
significantly associated with reduced FS function, and high cumu-
lative dose >300 mg/m? increased the risk of cardiac dysfunction
[11.26,27]. When our results are compared with these findings, it
appears that incidence of cardiac dysfunction after THP treatment
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Fig. 1. Correlation between plasma BNP values after exercise and

cumulative pirarubicin (THP) dose.
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is relatively low. However, it should be noted that EF and FS
may not be sensitive parameters for monitoring cardiac injury,
because they often remain normal until critical point in the face
of cardiac compensation [30]. Tissue Doppler echocardiography
(TDE) has became widely available. Since TDE gives a more
precise estimation for diastolic dysfunction than the E/A ratio
used in this study, it may be helpful in future studies [40].

Non-invasive techniques for identifying patients who are at
high-risk of developing AC-induced cardiomyopathy are critically
important. For this purpose, natriuretic peptides including BNP
and N-terminal fragment of BNP pro-hormone (NT-pro-BNP), are
currently used for detection of cardiac injury in both adults
and children [41]. Until now, 4 studies have reported BNP levels
in childhood cancer survivors who received AC therapy [28-31].
In 3 of these, elevated BNP levels were detected [28,30,31],
although the values did not significantly correlate with cumulative
AC doses. Our study showed no significantly different BNP levels
in patients from controls, but BNP levels after exercise were
significantly correlated to cumulative THP dose. A similar finding
was reported by Pinarli et al. [30]. in which they found high BNP
levels after exercise by treadmill, but no correlation with cumu-
lative AC dose. Since augmented response in plasma BNP levels
to exercise has been reported in adult patients with left ventricular
dysfunction or exercise-induced ischemia [42,43], the increased
BNP levels and ABNP after exercise in our study may be associ-
ated with subclinical myocardial injury. The stability of BNP in
blood samples should be considered when interpreting BNP val-
ues after exercise. McNairy at al. found that post-exercise BNP
returned to baseline levels within 60 min for normal subjects
[44]. On the other hand, NT-pro-BNP is characterized by its
stability against protease and longer half-life in comparison with
BNP. Thus, the measurement of NT-pro-BNP may provide
additional evidence in the early detection of anthracycline-
induced cardiotoxicity in childhood and adolescence.

Currently, the 6MWT is considered to represent the most
suitable method to assess the exercise tolerance. This self-paced
test is easy to perform, well tolerated, and highly acceptable to
children [39.45]. In our study, all subjects finished the test without
difficulty or premature stopping. Consequently, the 6MWT may
be used both in assessment and follow up of functional capacity in
childhood cancer survivors.

In conclusion, the present study suggested that THP-induced
late cardiac dysfunction is rare. However, further investigation is
warranted to clarify the pathopsysiological significance of elev-
ated BNP levels after the exercise test in asymptomatic patients.
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ARTICLE INFO ABSTRACT
Article history: Background: Anaplastic lymphoma kinase (ALK) fusion gene-positive lung cancer accounts for 4-5% of
Received 16 October 2010 non-small cell lung carcinoma. A clinical trial of the specific inhibitor of ALK fusion-type tyrosine kinase
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is currently under way.
Accepted 30 May 2011

Methods: ALK fusion gene products were analyzed immunohistochemically with the materials obtained
by surgery or by endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA). The

Key words: echinoderm microtubule-associated protein-like 4(EML4)-ALK or kinesin family member 5B (KIF5B)-
édeM ALK translocation was confirmed by the reverse transcription polymerase chain reaction (RT-PCR) and
KIFSB fluorescence in situ hybridization (FISH). After eligibility criteria were met and informed consent was
Fusion gene obtained, 3 patients were enrolled for the Pfizer Study of Crizotinib (PF02341066), Clinical Trial A8081001,
Lung cancer conducted at Seoul National University.

EBUS Results: Out of 404 cases, there were 14 of EML4-ALK non-small cell carcinoma (NSCLC) and one KIF5B-
TBNA ALK NSCLC case (8 men, 7 women; mean age, 61.9 years, range 48-82). Except for 2 light smokers, all
/?i.ilio':trll‘ill:' patients were non-smokers. All cases were of adenocarcinoma with papillary or acinar subtypes. Three

inhibitor

were of stage IA, 5 of stage IIIA, 1 of stage IIIB and 6 of stage IV. Ten patients underwent thoracotomy,
3 received chemotherapy and 2 only best supportive care (BSC). One BSC and 2 chemotherapy cases
were enrolled for the clinical trial. Patients with advanced stages who received chemotherapy or best
supportive care were younger (54.0 £ 6.3) than those who were surgically treated (65.8 +10.1) (p<0.05).
The powerful effect of ALK inhibitor on EML4-ALK NSCLC was observed. Soon after its administration,
almost all the multiple bone and lymph node metastases quickly disappeared. Nausea, diarrhea and the
persistence of a light image were the main side effects, but they diminished within a few months.
Conclusion: ALK-fusion gene was found in 3.7% (15/404) NSCLC cases and advanced disease with this
fusion gene was correlated with younger generation. The ALK inhibitor presented in this study is effective
in EML4-ALK NSCLC cases. A further study will be necessary to evaluate the clinical effectiveness of this
drug.
© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

As the mechanisms of carcinogenesis become clearer, the
target of cancer treatment is shifting from non-specific cytotoxic
agents to specific agents that block key molecular events in

— . o . the carcinogenesis of malignancy such as EGFR-TKI and anti-
* Corresponding author at: Division of Thoracic Diseases, Chiba Cancer Center,

666-2, Nitona-cho, Chuo-ku, 260-8717 Chiba, Japan. Tel.: +8143 264 5431; HER2 antibody (trastuzumab) [1-3]. Recently, Mano et al. [4-6]
fax: +81 43 262 8680, reported that a small inversion within chromosome 2p results
E-mail address: hkimura@chiba-cc.jp (H. Kimura). in the formation of a fusion gene comprising portions of the

0169-5002/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
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echinoderm microtubule-associated protein-like 4 (EML4) gene
and the anaplastic lymphoma kinase (ALK) gene in non-small-cell
lung cancer. Transgenic mice that express EML4-ALK specifically
in lung epithelial cells develop multiple foci of adenocarcinoma in
the lung soon after birth, and the oral administration of a specific
inhibitor of ALK tyrosine kinase activity eradicated completely
the foci of adenocarcinoma. Clinical trials of specific inhibitors
of EML4-ALK tumors are currently underway [7-11]. Kwak et al.
[11] reported the effect of crizotinib in Clinical Trial A8081001 on
the 82 patients with advanced ALK-positive disease. Over a mean
treatment duration of 6.4 months, the overall response rate was
57% and the estimated probability of 6-month progression-free
survival was 72%. We report 15 cases of ALK fusion gene-positive
NSCLC cases and 3 cases in our experience with ALK inhibitor in the
Pfizer Study of crizotinib (PF02341066), Clinical Trial A8081001,
which was conducted at Seoul National University.

2. Materials and methods

Out of 404 patients who had undergone surgical resection (295
cases) or bronchoscopy (109 cases) in Chiba Cancer Center, Japan,
from 2007 to 2009, 15 ALK fusion gene-positive NSCLC patients
were initially screened by immunohistochemical procedures. Diag-
noses were confirmed by RT-PCR and/or FISH for their molecular
translocation.

2.1. ALK fusion protein detection by immunohistochemical
methods

The intercalated antibody-enhanced polymer method of
Takeuchi et al. [12,13] was used to detect ALK proteins. Formalin-
fixed paraffin-embedded tissue was sliced at a thickness of 4 pm
and the sections were placed on silane-coated slides. For anti-
gen retrieval, the slides were heated for 40 min at 97 °C in target
Retrieval Solution (pH 9.0; Dako). They were then incubated at
room temperature, first with Protein Block Serum-free Ready-to-
Use solution (Dako) for 10 min, and then with an anti-ALK antibody
(5A4, Abcam) for 30 min. To increase the sensitivity of detection, we
included an incubation step of 15min at room temperature with
rabbit polyclonal antibodies to mouse immunoglobulin (Dako). The
immune complexes were then detected with the dextran polymer
reagent and an AutoStainer instrument (Dako).

2.2. Confirmation of EML4-ALK fusion gene by RT-PCR and FISH

We confirmed the existence of ALK fusion gene expression by
fluorescence in situ hybridization (FISH) and/or by the reverse
transcription-polymerase chain reaction (RT-PCR).

2.3. Fluorescence in situ hybridization (FISH)

An EML4-ALK fusion assay was performed [10-12]. Unstained
sections were processed with a Histology FISH Accessory Kit (Dako),
subjected to hybridization with fluorescence-labeled bacterial arti-
ficial chromosome clone probes for EML4 and ALK (self-produced
probes; EML4: RP11-996L7, ALK: RP11-984121 and RP11-62B19),
stained with 4,6-diamidino-2-phenylindole, and examined with
a fluorescence microscope (BX51; Olympus). The FISH positivity
criteria specified “over 50% cancer cells” for EBUS-TBNA samples.

2.4. Reverse transcription-polymerase chain reaction (RT-PCR)

The multiplex PCR method proposed by the Japanese ALK lung
cancer study group (ALCAS) was used to confirm the expression of
ALK fusion gene [4-6].

Table 1

Characteristics of ALK fusion gene positive lung cancer patients.

ALK inhibitor case no

Prognosis
Dead

Survival (M)

Distant meta
21

p Stage Therapy Recurrence

Variant

3

Histology

Age Sl

Sex

Patient no

Bone, brain

Ascites
Brain
None

Positive

Surgery
Surgery
Surgery
Surgery
Surgery
Surgery
Surgery
Surgery
Surgery
Surgery

BSC

ive
ive
ive

A
Al
Al

36
34
29

Positive
Negative

Positive

21

None

Negative

15
13
22

None

Negative

None

Negative

None

Negative

17
14

Negative

Ad: papillary
Ad: solid

Ad: papillary
Ad: solid

82
68
60

Ad: acinar

73

m

KIF5B

Ad: papillary
Ad: papillary
Ad: acinar

66
56

46

m
m

300

Ad: papillary
Ad: acinar
Ad: muc+
Ad: muc+
Ad: muc+
Ad: muc+

71

Negative

Bone, brain

Case 1
Case 2
Case 3

Bone, brain 29 Dead

Bone, brain

Chemo
BSC

Alive

15
22

Alive

Bone, brain, pul

Pul

Chemo

Alive

Chemo

73

10

11

100

55
48

m

12

49

14
15

0 Ad: acinar

64

SI, smoking index; f, female; m, male; Ad, adenocarcinoma; muc+, mucin production; Distant meta, at the recurrence (surgery group) at the diagnosis (non-surgery group); pul, pulmonary metastasis; Case 1 was already reported

by Nakajima et al. [16].
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Fig. 1. Changes of tumor markers before and during the treatment with ALK
inhibitor (Case 1) CEA (M), CA125 (®). Marked reduction of tumor markers was
observed.

Total RNA was isolated from EBUS-TBNA or surgical sam-
ples using AllPrep DNA/RNA Mini Kit (Qiagen) and was
reverse-transcribed into single strand cDNA using a High
Capacity RNA-to-cDNA Kit (Applied Biosystems). To detect
a fusion cDNA derived from EML4 or KIF5B and ALK, PCR
analysis was performed with the AmpliTaqg Gold PCR Master
Mix (Applied Biosystems), the forward primers derived from

EML4, EA-F-cDNA-S (5-GTGCAGTGTTTAGCATTCTTGGGG-3'),
EA-F-2-g-S (5'-AGCTACATCACACACCTTGACTGG-3'), EA-F-
cDNA-v3-S-2 (5'-TACCAGTGCTGTCTCAATTGCAGG-3") and

EA-W-cDNA-in-S (5-GCTTTCCCCGCAAGATGGACGG-3’)  and
the forward primers derived from KIF5B, KA-F-cDNA-S-e24
(5'-CAGCTGAGAGAGTGAAAGCTTTGG-3'), KA-F-cDNA-S-e17
(5'-GACAGTTGGAGGAATCTGTCGATG-3'), KA-F-cDNA-S-e11

Fig. 2. FDG-PET scan of Case 1 performed at the same time (09/28/2009) as the
previously reported Fig. 1D (Nakajima et al. [16]) shows bone metastasis of the left
vertebral arch of L5 (arrow) in a sagittal view.

(5'-ATCCTGCGGAACACTATTCAGTGG-3'), and KA-cDNA-S-
e2 (5-TCAAGCACATCTCAAGAGCAAGTG-3’) and the reverse
primer derived from ALK, EA-F-cDNA-A (5-TCTTGCCAGCAAAG-
CAGTAGTTGG-3’). PCR products were purified from gel bands
using QIAquick Gel Extraction Kit (Qiagen) and confirmed by direct
sequencing analysis.

2.5. Enrolment of patients for the Clinical Trial A8081001

Informed consent was obtained from each patient to be enrolled
for the study [10]. Eligibility criteria for the enrolment of ALK
translocation positive patients into the ALK TKI PI Trial were as
required by the Committee of Clinical Trials A8081001.

3. Results
There were 15 ALK fusion gene-positive cases which were

screened immunohistochemically and confirmed by RT-PCR and
FISH [14,15]. Eight patients were men and 7 women, of mean age

Fig. 3. MRI (Case 1) of the spinal cord on 04/05/2010 shows the metastases to the
spinal cord (straight allow) and the spinal column (Th 4,6 dotted allow). B. CT scan
(Case 1) of the brain on 04/05/2010 shows multiple brain metastases.
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22X13mm

Fig. 4. CT scan (Case 2): A, 07/22/2009 (before ALK inhibitor) and B, 09/02/2009 (5 weeks after the initiation of the therapy). Left S8 tumor (arrow) decreased in size from

22X13 mm to 12X7 mm (PR).

61.9 years (range 48-82). Most were non-smokers, but 2 smoked
lightly (Table 1). All tumors were adenocarcinomas with a papil-
lary pattern predominant (5 cases), an acinar pattern predominant
(3 cases), with mucin production (4 cases), etc. There were four-
teen cases of fusion with EML4 and one KIF5B gene. There were 7
variant 3, 5 variant 1, and 1 each of variants 2 and 5. There were
3 stage IA, 5 stage IIIA, 1 stage IIIB and 6 stage IV cases. Ten cases
were diagnosed after surgical resection, and 5, by tissue samples
obtained with EBUS-TBNA. Ten cases underwent thoracotomy, 3
cases, chemotherapy, and 2 cases, only best supportive care. Of 5
cases diagnosed by EBUS-TBNA, 2 cases receiving chemotherapy
and onereceiving best supportive care were enrolled for the clinical
trial. The mean age of the surgically treated group was 65.8 +10.1,

and that of chemotherapy and BSC group was 54.0 +6.3. The dif-
ference was found by Student’s t test to be statistically significant
(p<0.05), indicating that younger patients tend to have advanced
cancer. ’

Out of 10 surgically treated cases, seven survived without a sign
of recurrence, 3 had recurrence in both bone and brain tissue, and
one died of bone and lymph node metastasis.

3.1. Case 1

Case 1 has already been reported in a case report (Nakajima et
al.) [16] but without precise descriptions of the response to crizo-
tinib, the adverse effects, the pattern of recurrence or the metastatic

Fig. 5. FDG-PET scan (Case 2): A, 07/22/2009 (before ALK inhibitor) and B, 03/10/2010 FDG-PET scan shows marked reduction of accumulation in multiple bone and lymph

node metastases 7 months after the initiation of the treatment.
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Fig. 6. Changes of tumor markers before and during the treatment with ALK
inhibitor in case 2. CA125 (®) gradually decreased along with the treatment, but
CEA (m) increased soon after the initiation of the therapy. The value of CEA then
gradually decreased to 15.2ng/ml in April 2010 (after 10 months).

tumor lesions. Such descriptions may contribute to a better under-
standing of the other cases, and so case 1 is described briefly below.
"""A 48-year-old non-smoking male patient had lung adenocarci-
noma in the right lower lobe and multiple bone and lymph node
metastases (T3N2M1 stage [V) at his first medical examination in
November 2007. After several courses of chemotherapy, the patient
was enrolled in a trial of crizotinib (PF02341066) from May 5th
2009 at Seoul National University, in which the drug was orally
administered at 500 mg/day.

The effect of ALK inhibitor appeared rapidly. The patient’s dys-
pnea improved within one week after drug administration. PS
improved from 2 to 0 and a marked reduction in the tumor markers
was observed (Fig. 1). Within 3 months after the start of therapy,
almost all metastases disappeared except for those at the left verte-
bral arch of L5 (Fig. 2, arrow). The patient had severe adverse effects:

Fig. 7. Brain MRI of case 2 on 7/30/2010 showing multiple metastases.

diarrhea, nausea and persistence of light images started soon after
the administration of the drug, but these gradually diminished over
a 3-week period.

The control of the primary and metastatic tumors continued for
11 months until the patient visited Seoul University in April 2010,
when he was hospitalized for paralysis of the lower extremities.
MRI revealed spinal column (Th4-6) and spinal cord metastases
(Fig. 3A). Soon after his hospitalization in our Cancer Center in April
2010, multiple brain metastases (Fig. 3B) were found, so the drug
administration was stopped and he was transferred to a palliative
care unit.

i
.

All

iy b

Fig. 8. FDG-PET scan: A, 09/08/2009 (before ALK inhibitor) and B, 07/05/2010 FDG-PET scan follow-up for 10 months indicated complete control of primary and distant

metastases in case 3,
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3.2, Case2

A 49-year-old woman, a non-smoker with no history of illness,
PS0, was introduced to the Orthopedics Department of our Center
in April 2009 for back pain and multiple osteoplastic changes in
the bones. Systematic examination revealed an abnormal shadow
22X13 mm in size in the left lower lobe (Fig. 4A). Bronchoscopy
and a PET scan indicated left S8 adenocarcinoma with cervical,
axial, mediastinal, hilar, pancreatic and retroperitoneal lymph node
metastases, as well as cranial, thoracic (Th1-12), lumbar (L1-5), rib
(1-12) pelvis, humerus, and femur metastases (Fig. 5A).

She refused any therapy except for best supportive care. One
month after the examination, an additional immunohistochemi-
cal examination for EML4-ALK fusion protein was performed, and
found to be positive. The presence of mRNA for EML4-ALK gene was
also confirmed by RT-PCRand FISH from the mediastinal #4R lymph
nodes obtained with EBUS-TBNA, which was performed 2 months
later. EGFR mutation was negative, but the direct sequence of the
EML4-ALK mRNA indicated that the translocation was variant 3 [9].
She decided to be enrolled to the crizotinib study (PF02341066)at a
dosage of 500 mg/day at Seoul National University from July 2009.

She had nausea, diarrhea and light image persistence as in case
1, but her gastrointestinal symptoms were severer than those in
case 1. Two weeks after the administration of ALK inhibitor, her
back pain disappeared. A PET scan performed 5 weeks after the
initiation of the therapy showed marked reduction of bone and
lymph node metastases, and the primary tumor had decreased in
size from 22X13 mm to 12X7 mm (Fig. 4A and B). Also, the SUV max
dropped from 10.7 to 2.42. Changes of tumor markers were not
parallel with the clinical course since the measured value of CA-
125 dropped from 424 to 107 U/ml, but that of CEA increased from
21.5 to 65.4 ng/ml 4 months later. The value of CEA then gradually
decreased to 15.2 ng/ml in April 2010 (10 months after that: Fig. 6).
The PET scan conducted after 7 months indicated a partial response
to multiple bone and lymph node metastases (Fig. 5B). The patient
continued to take the drug until the end of July 2010, when brain
metastases (Fig. 7) were found.

3.3. Case 3

A fifty-four-year-old woman, also a non-smoker, PS0, visited a
doctor because of back pain in August 2008. Chest X-ray and CT
scan showed an S3 59X22 mm tumor in the right upper lobe, com-
bined with #4R, #2R mediastinal lymph nodes and intrapulmonary
metastases. The tumor had invaded the SVC and the azygos vein.
She had undergone bronchoscopy and EBUS-TBNA in October 2008.
A diagnosis of lung adenocarcinoma was obtained with TBNA sam-
ples from #7 lymph nodes. Bone scans indicated cranial, costal,
vertebral, scapular, pelvic and femoral metastases (TAN2M1 stage
IV). She received 2 courses of CBDCA +GEM (1000 mg/m?) and 7
courses of docetaxel (TXTL: 60 mg/m?) from November 2008 to
June 2009, but the effect was minimal.

EML4-ALK fusion gene was suggested immunohistochemically
in August 2009 and confirmed by RT-PCR obtained by EBUS-TBNA
samples from the primary tumor in September 2009. She was
enrolled for the clinical trial from November 2009 with an oral
administration of crizotinib 500 mg/day. Dyspnea and cough were
alleviated within 2 weeks, and she complained of severe diarrhea,
nausea, vomiting, light image persistence and perceived changes of
taste. APET scan one month after the start of the treatment demon-
strated complete disappearance of the primary tumor as well as all
the metastases except for a bone metastasis to the right 8th rib.
A PET scan follow-up 8 months later indicated complete control of
primary and metastatic tumors (Fig. 8A and B). CEA declined slowly
from 1764 ng/ml to 79 ng/ml 6 months after the start of adminis-
tration (Fig. 9). The patient had 12 brain metastases from 5mm?3

Case 3

CEA S
ng/ml ALK lnhlbltor
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Fig.9. CEA () declined slowly from 1764 ng/ml to 79 ng/ml 6 months after the start
of the therapy in case 3.

to 309 mm? in volume and underwent gamma knife irradiation in
August 2009, 2 months before the start of ALK inhibitor treatment.
Theirradiated field still showed little change for 5 months, but small
new lesions appeared in the left occipital area 6 months after the
start of the trial. Brain metastases grew very slowly, so we have
maintained our observation until October 2010.

4. Discussion

Above, we have reported the far-reaching effects of an ALK
inhibitor on EML4-ALK-positive lung cancer patients. Soon after
the administration of crizotinib, almost all metastases to bone and
lymph nodes rapidly disappeared, followed by a marked reduc-
tion in the level of tumor markers in the sera. These observations
clearly support the pivotal role of EML4-ALK oncokinase for the
growth/survival of not only primary tumors but of the metastases.
Such profound effects were rare among the patients when treated
with conventional cytotoxic anticancer drugs.

The three cases which were enrolled for the study had sur-
prisingly similar biological characteristics. They had multiple bone
and lymph node metastases at the first medical examination, and
were non-smokers at younger ages (48-54) who were resistant to
chemotherapy. Adverse effects with crizotinib were also similar
among them, including transient diarrhea, nausea, light image per-
sistence, and subjective changes of taste. In addition, their response
to ALK inhibitor was similar. Bone and lymph node metastases had
disappeared within one month after the initiation of the therapy.
The response of the primary tumor in case 2 was relatively slow
compared with those of the metastases. The difference between the
response of primary tumor and metastases to the ALK inhibitor in
this case seems to indicate that the similar subclones of tumor cells
in the primary tumors that were highly responsive to ALK inhibitor
metastasized to distant organs and may give some explanation for
the discrepancy in the time-course between CEA and CA125.

Molecular and immunohistochemical analyses in this cohort
were conducted on the basis of the specimens obtained through
EBUS-TBNA. Originally, EBUS-TBNA had been proposed useful for
the pathological diagnosis of mediastinal involvement (N2 dis-
ease) of lung cancer [17-20]. However, we have already reported
that EBUS-TBNA is also a versatile way of obtaining histological
samples for the molecular analyses of cancer-related genes, such
as EGFR, p53 et al. [21,22]. For those who have advanced NSCLC,
it is often difficult to conduct surgery to obtain specimens from
patients. Among such cases, however, EBUS-TBNA can usually be
safely carried out to obtain specimens from enlarged mediastinal
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lymph nodes or parathracheal tumors. We carried out EBUS-TBNA
procedure for the reasons of its advantage in obtaining high qual-
ity core samples adequate for this purpose as well as its safety. We
do not disregard the importance of TBB for the diagnosis of lung
cancer; however, we needed histological samples to examine the
immunohistochemistry and FISH for enrolment in a trial of crizo-
tinib. Our experience with the three cases clearly demonstrates the
importance and clinical relevance of obtaining such specimens for
molecular analyses.

Although the initial effects of crizotinib are substantial in our
cases, as well as in those reported by Bang et al. [10,11], such
efficacy may not always last long. There was, for instance, devel-
opment (case 1 and 2) and recurrence (case 3) of brain metastases
while favorable control was maintained outside the brain. Given
that the primary tumors and lymph node metastases were under
control of crizotinib even at the appearance of brain metastases, the
tumor cells outside the brain did not lose sensitivity to crizotinib.
Relapses in the brain only may indicate either (i) subclones of the
tumor acquired both the homing ability to the brain and resistance
to crizotinib, or (ii) crizotinib may not penetrate the blood-brain
barrier, leading to insufficient concentrations of crizotinib in the
brain. It is thus highly important to examine in detail the molecular
basis that would account for such acquired resistance to crizo-
tinib, which may be secondary mutations within EML4-ALK itself
or mutations/gene amplification of other genes, as demonstrated
in the cases of acquired resistance of NSCLC to gefitinib/erlotinib
[23-26].
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Abstract

Expression of Mash1 is dysregulated in human neuroblastoma. We have also reported that LMO3 (LIM-only protein 3) has an
oncogenic potential in collaboration with neuronal transcription factor HEN2 in neuroblastoma. However, the precise
molecular mechanisms of its transcriptional regulation remain elusive. Here we found that LMO3 forms a complex with
HEN2 and acts as an upstream mediator for transcription of Mash1 in neuroblastoma. The high levels of LMO3 or Mash1
mRNA expression were significantly associated with poor prognosis in 100 primary neuroblastomas. The up-regulation of
Mash1 remarkably accelerated the proliferation of SH-SY5Y neuroblastoma cells, while siRNA-mediated knockdown of LMO3
induced inhibition of growth of SH-SY5Y cells in association with a significant down-regulation of Mash1. Additionally,
overexpression of both LMO3 and HEN2 induced expression of Mashl, suggesting that they might function as a
transcriptional activator for Mashl. Luciferase reporter assay demonstrated that the co-expression of LMO3 and HEN2
attenuates HES1 (a negative regulator for Mash1)-dependent reduction of luciferase activity driven by the Mash1 promoter.
Chromatin immunoprecipitation assay revealed that LMO3 and HEN2 reduce the amount of HES1 recruited onto putative
HES1-binding sites and E-box within the Mash1 promoter. Furthermore, both LMO3 and HEN2 are physically associated with
HES1 by immunoprecipitation assay. Thus, our present results suggest that a transcriptional complex of LMO3 and HEN2
may contribute to the genesis and malignant phenotype of neuroblastoma by inhibiting HES1 which suppresses the
transactivation of Mash1.
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Introduction

Neuroblastoma is one of the typical childhood cancers and is
originated from sympathetic cell lineage of the neural crest [1,2].
Since the tumor never occurs from the other lineages of the neural
crest, the oncogenic events to cause neuroblastoma might be
strictly regulated in a lineage-specific manner [1,2].

LIM-only protein (LMO) family is composed of four members,
LMOI1, LMO2, LMO3 and LMO4. Although LMO proteins
lack a DNA-binding activity, accumulating evidence suggest that
LMO proteins are involved in transcriptional regulation of
specific target genes in collaboration with other transcription
factors [3]. Genetic analyses demonstrated that LMOI1 and
LMO2 contribute to the genesis of immature and aggressive T-
cell leukemia [4], whereas LM O4 was implicated in development
of breast cancer [5,6]. Previously, we reported that ZMO3 is
expressed at significantly high levels in human unfavorable
neuroblastomas relative to favorable ones, and has an oncogenic
potential in neuroblastoma [7]. LMO3 formed a complex with
neuronal-specific basic helix-loop-helix (bHLH) transcription

@ PLoS ONE | www.plosone.org

factor HEN2, which was also expressed at higher levels in
unfavorable neuroblastoma than favorable one, raising a
possibility that LMO3 may form a complex with HEN2 and
play an important role in genesis and development of neuroblas-
toma through transcriptional regulation of as yet unidentified
target gene(s).

A proneural bHLH transcription factor termed Mashl plays a
critical role in development of sympathetic neuron and is highly
expressed in neuroblastoma [8,9]. However, its possible contribu-
tion to development of neuroblastoma remains elusive. A bHLH
protein termed HESI acts as a negative regulator for Mashl [10].
Intriguingly, studies in Drosophila demonstrated that expression
levels of achaete-scute, a Drosophila homolog of Mashl, are
remarkably induced by a transcriptional complex composed of
Drosophila homolog of LMO (dLMO) and bHLH proteins [11,12].

In this study, we examined whether there could exist functional
relationship between LMO3/HEN2 and Mashl in neuroblasto-
ma, and found that LMO3/HEN2 attenuates HES1 function and
enhances transactivation of Mashl, leading to aggressive pheno-
type of neuroblastoma.
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Results

High levels of Mash1 expression is associated with poor
outcome of neuroblastoma

Mashl1 is constitutively expressed at high levels in neuroblastoma
cell lines and primary neuroblastoma tumors [9,13], however, its
prognostic significance remained elusive. On the other hand,
expression of LMO3 was significantly associated with poor
outcome of the patients [7]. To verify whether a significant
relationship could be observed between expression of LMO03 and
that of Mash! in primary neuroblastomas, we quantitatively
measured the expression levels of LMO3 and Mash! mRNA in 100
primary tumors by using a quantitative real-time RT-PCR. The
student’s t-test showed that high expression of LMO3 was
significantly associated with =1 year of age (p=0.036), low
expression of Trk4 (p =0.003) and MYCN amplification (p=10.04),
but not with the tumor stage (p=0.17), tumor origin (=0.083)
and Shimada classification (p=0.082). High expression of Mash]
was significantly associated with advanced tumor stage (p =0.004)
but not with age (p=0.81), Trkd expression (p = 0.4), MYCN copy
number (p=0.11), tumor origin ($=0.2) and Shimada classifica-
tion (p=0.45) (Table §1). No significant relationship was observed
between LMO3 and Mash] mRNA expression levels (the Pearson
correlation coefficient was 0.27). Kaplan-Meier survival curves
indicated that high expression of LMO3 as well as that of Mash/
were significantly associated with poor prognosis (log-rank test,
$=0.006 and p=0.037, respectively; Figure 1). The univariate
analysis according to the Cox proportional hazard model also
indicated that the expression levels of Mash] and those of ZMO3
were significantly associated with poor outcome of the patients
(p="0.048 and p=0.012, respectively; Table S2). The multivariate
Cox proportional hazard model analysis showed that the
expression of Mashl was significantly independent prognostic
factor from LMO3 expression and age, marginally from MYCN
copy number and origin, but not from the disease stage, and that
the expression of LMO3 was significantly independent prognostic
factor from Mashl expression, age, the disease stage and origin,
but not from MYCN copy number (Table S2). Thus, the results
obtained from the primary neuroblastomas suggested that both
high mRNA expression of LAJO3 and Mash! were strongly
associated with poor prognoses of the patients with neuroblastoma
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but the way of contribution of those seemed to be rather
independent.

Mash1 mediates growth promotion of neuroblastoma
cells

Since Mash! is highly expressed in primary neuroblastoma [9]
and its higher expression was significantly correlated with poor
prognosis of the patient with neuroblastoma, we then investigated
a possible contribution of Mashl to neuroblastoma cell growth.
For this purpose, we established three stable Mash/ infectants
derived from the parental SH-SY5Y neuroblastorma cells express-
ing exogenous Mash1 (M-1, M-2 and M-3) and two control vector
alone infectants (V-1 and V-2) by retrovirus-mediated gene
wansfer (Figure 2A). As shown in Figure 2B, constitutive
expression of Mashl in SH-SY5Y cells resulted in a remarkable
increase in their growth rate as compared with the control
infectants, suggesting that Mashl is involved in regulation of
neuroblastoma cell growth.

As described previously [7], LMO3 has an oncogenic potential
in collaboration with HEN2 in neuroblastoma cells. We then
asked whether or not LMO3 is involved in the Mashl-mediated
enhancement of cell growth. As shown in Figure 2C, siRNA-
mediated knockdown of LAf03 in SH-SY5Y cells was significantly
associated with a down-regulation of Mashl. Additionally, LMO3-
knocked down SH-SY5Y cells showed a slower growth rate than
the control SH-SY5Y cells (Figure 2D), which might be at least in
part due to reduction of Mashl. We conducted the same
experiments by using another cell line SK-N-BE and obtained
the similar results (Figure S1A and B). We then hypothesized that
Mashl could be one of transcriptional targets of LMO3/HEN2
complex.

LMO3/HEN2 mediate transcriptional induction of Mash1

To address whether Mash] transcription could be induced by
LMO3/HEN2, SH-SY5Y cells were infected with the indicated
combinations of recombinant adenoviruses encoding HA-
LMO3 or FLAG-HEN2, and the expression levels of Mashl
were examined by semi-quantitative RT-PCR. Time course
experiments demonstrated that Aash] is readily detectable in
cells expressing HA-LMOS3 alone or in cells co-expressing with

HA-IMO3 and FLAG-HEN2 at 48 h after infection

1.0+

08- Low Mash7 (n=70)

0.6+

0.4+

High Mash1 (n=30)
02~
p=0.037
0.0 T i T T
] 20 40 60 80 100

Months after diagnosis

Figure 1. Kaplan-Meier survival curves of patients with neuroblastomas based on high or low expression of LMO3 (A} or Mash1 (B).
Kaplan-Meier survival curves (n=100) in relation to the expression levels of LMO3 or Mash1 (average cutoff). The patients with high expression of
LMO3 or Mash1 represented significantly poor prognosis than those with its low expression.

doi:10.1371/journal.pone.0019297.g001
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Figure 2. Mash1-mediated growth promotion of neuroblastoma cells. (A) Enforced expression of Mash1. Neuroblastoma SH-SY5Y cells were
infected with empty retrovirus or with retrovirus encoding Mash1 and established two control infectants (V-1 and V-2) and three infectants
expressing Mash1 (M-1, M-2 and M-3). Total RNA was extracted from the indicated cell dones and subjected to RT-PCR to examine expression levels
of Mash1. GAPDH was used as an internal control. (B) Mash1-mediated growth promotion. The indicated infectants were seeded at a density of
3x10*/cell culture dish and allowed to attach overnight. At the indicated time periods, number of viable cells was measured. (C) siRNA-mediated
knockdown of LMO3. SH-SY5Y cells were transfected with empty plasmid (4 pg) or with expression plasmid for siRNA targeting LMO3 (4 pg). Forty-
eight hours after transfection, total RNA was prepared and analyzed for expression levels of LMO3 and Mash1 by RT-PCR. (D) Decreased growth rate in
LMO3-knocked down cells. SH-SY5Y cells (3x10° cells/cell culture dish) were transfected as in (C). Forty-eight hours after transfection, cells were
transferred into fresh medium. At the indicated time points, number of viable cells was measured.

doi:10.1371/joumnal.pone.0019297.g002

(Figure 3A). Seventy-two hours after infection, co-expression of
HA-LMO3 and FLAG-HEN?2 led to a significant induction of
Mashl. The induction of Mashl was also observed in SK-N-BE
cells transfected with expression vector HA-LMOS3 alone or
HA-LMO3 and FLAG-HEN2 at 72 h after transfection (Figure
S1C). To further confirm these observations, we generated a
luciferase reporter construct carrying human MashI promoter
(pluc-Mashl). As shown in Figure 3B, the 5’-upstream region of
Mashl gene contains three putative HES 1-binding sites and one
E-box. In both SH-SY5Y cells and SK-N-BE cells, siRNA-
mediated knockdown of human LMO3 reduced promoter
activity of Mash] in a dose-dependent manner (Figure 3C and
Figure S1D). For luciferase reporter assay without siRNA for
human LMOS3, we used mouse neuroblastoma Neuro2a cells
which displayed higher transfection efficiency than human
neuroblastoma cells as examined by GFP staining (data not
shown). Consistent with the above expression studies, LMO3
enhanced luciferase activity driven by AMash! promoter
(Figure 3D). Furthermore, we examined the effect of HEN2
on Mashl promoter activity in Neuro2a cells, showing that
HEN2? itself inhibited Mash!/ promoter activity (Figure 3E).
Intriguingly, however, LMOS3 interfered with HEN2 function,
resulting in up-regulation of Mashl transcription (Figure 3F).
Thus, it is likely that the LMO3 complex including HEN2 and

@ PLoS ONE | www.plosone.org

HES] regulates transcription of Maskl. The mRNA expression
pattern of LMO3, HEN2, Mashl and HESI, a negative regulator
of Mashl transcription, in neuroblastoma cell lines is shown in
Figure S2.

LMO3/HEN2 attenuates HES1-dependent down-
regulation of Mash1

As reported previously [10], HESI is one of the negative
regulators for AMash]. In accordance with the previous observa-
tions, enforced expression of HES] dramatically reduced lucifer-
ase activity driven by Mashl promoter (Figure 4A). The inhibitory
effect of HES1 on Mashl promoter was stronger than that of
HEN2. To investigate the relationships between HES] and
LMO3/HEN2 in transcriptional regulation of Mashl, we
examined effects of HEN2 and LMO3 on HESI-dependent
down-regulation of Maskl (Figure 4B). The HESI-dependent
inhibition of Mashl promoter activity was attenuated by co-
expression with FLAG-HEN2 alone or with co-expression with
FLAG-HEN? plus HA-LMO3. Inhibitory effects of FLAG-HEN2
plus HA-LMO3 on HESI were larger than that of FLAG-HEN2
alone, suggesting that LMO3/HEN2 complex plays a critical role
in regulation of MashI transcription by neutralizing the inhibitory
effect of HESI.
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Figure 3. LMO3/HEN2-mediated transcriptional induction of Mash7. (A) RT-PCR. SH-SY5Y cells were infected with empty adenovirus or with
the indicated combinations of recombinant adenovirus encoding HA-LMO3 or FLAG-HEN2. At the indicated time points after infection, total RNA was
analyzed for expression levels of LMO3, HEN2 and Mash1 by RT-PCR. GAPDH was used as an intemal control. (B) Schematic drawing of human Mash1
promoter. Nucleotide positions were indicated relative to transcriptional initiation site (+1). The putative HES1-binding sites and E-box were depicted
by filled and open boxes, respectively. This genomic fragment was subcloned into appropriate restriction sites of pGL3-Basic Vector to give pluc-
hMash?1. (C) siRNA-mediated knockdown of LMO3 reduces the promoter activity of Mash1. SH-SY5Y cells were co-transfected with constant amount
of pluc-Mash1 (100 ng) and pRL-CMV (0.2 ng) in the presence or absence of increasing amounts of expression plasmid for siRNA against human
LMO3 (100 or 400 ng). Forty-eight hours after transfection, cells were lysed and their luciferase activities were measured. (D) LMO3 transactivates
Mash1 promoter. Mouse neuroblastoma Neuro2a cells (1x10° cells/24-well plate) were co-transfected with constant amount of pluc-hMash1 (100 ng)
and pRL-CMV (0.2 ng) together with or without expression plasmid for HA-LMO3 (150 ng). Forty-eight hours after transfection, cells were lysed and
their luciferase activities were measured. (E) HEN2 inhibits Mash1 promoter activity. Luciferase activities were measured in Neuro2a cells with or
without FLAG-HEN2 (100 ng). (F) LMO3 interferes with negative effect of HEN2 on Mash1 transcription in Neuro2a cells. Luciferase activities were

measured in Neuro2a cells transfected with HA-LMO3 (150 ng), FLAG-HEN2 (100 ng) or both of them.

doi:10.1371/journal.pone.0019297.g003

To ask about mechanistic insights into understanding how
LMOS3 and/or HEN2 could attenuate the inhibitory effects of
HESI on Mashl expression, we performed chromatin immuno-
precipitation (ChIP) assay. Similar to human Mash! promoter,
mouse Mashl promoter also contains three putative HES1-binding
sites and one E-box (Figure 4C). Neuro2a cells were transfected
with constant amount of empty plasmid or with expression
plasmid for Myc-HES] together with or without increasing
amounts of FLAG-HEN2 expression plasmid. Forty-eight hours
after transfection, cross-linked chromatin was prepared and
subjected to ChIP assay. As shown in Figure 4D, the anti-Myc
tag immunoprecipitates contained genomic fragments including
putative HES1-binding sites as well as E-box. The amounts of
Myc-HES1 recruited onto HESI-binding sites and E-box
significantly decreased in the presence of FLAG-HEN2 in a
dose-dependent manner. Additionally, the anti-FLAG immuno-
precipitates contained genomic fragments including putative
HES1-binding sites and E-box in the absence of exogenous
HESI. Co-expression of FLAG-HEN2 and Myc-HES! inhibited
recruitment of FLAG-HEN2 onto putative HESI-binding sites
and E-box, however, its inhibition was efficiently abrogated by

@ PLoS ONE | www.plosone.org

increasing amounts of FLAG-HEN2. These results suggest that
HEN2 might compete with HES] in binding to putative HES1-
binding sites and E-box, and thereby inducing the expression of
Mashl.

HEN2 Interacts with HES1 in cells

To examine whether HEN2 could interact with HES1 in cells,
we performed immunoprecipitation experiments. Cell lysates
prepared from Neuro2a cells co-transfected with the indicated
combinations of expression plasmids were subjected to immuno-
precipitation. As clearly shown in Figure 5A, HESI was co-
immunoprecipitated with FLAG-HEN2. Consistent with these
results, reciprocal experiments showed that the anti-Myc tag
immunoprecipitates contain FLAG-HEN2. In uitro pull-down
assay demonstrated that radio-labeled FLAG-HEN2 is co-
immunoprecipitated with Myc-HES1 (Figure 5B). Additional
Immunoprecipitation experiments demonstrated that LMO3 also
forms a stable complex with HES1 (Figure 6A). We have
previously showed that LMO3 forms a stable complex with
HEN2 [7]. To investigate the effect of LMO3 on binding of
HEN2 and HESI to putative HES1-binding sites and E-box,
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Figure 4. LMO3/HEN2 att tes HES1-dependent down-regulation of Mash7. (A) Luciferase reporter assay. Neuro2a cells were co-
transfected with constant amount of pluc-hMash1 (100 ng), pRL-CMV (0.2 ng) and expression plasmid for HES1 (50 ng) or HEN2 (50 ng). Forty-eight
hours after transfection, cells were lysed and their luciferase activities were examined. (B) Luciferase reporter assay. Neuro2a cells were co-transfected
with constant amount of pluc-hMash1 (100 ng), pRL-CMV (0.2 ng) and expression plasmid for HES1 (5 ng) in the presence or absence of expression
plasmid for HA-LMO3 (150 ng) together with or without increasing amounts of FLAG-HEN2 expression plasmid (100, 200 or 300 ng). Forty-eight
hours after transfection, cells were lysed and their luciferase activities were examined. (C) Schematic representation of mouse Mash1 promoter. The
canonical HES1-binding sites and E-box were indicated by filled and open boxes, respectively. The positions of primer sets used for chromatin
immunoprecipitation (ChIP) assays were also indicated. (D) ChIP assay. Cross-linked chromatin prepared from Neuro2a cells transfected with the
indicated combinations of expression plasmids was sonicated and immunoprecipitated with normal rabbit serum (NRS), polyclonal anti-Myc tag or

with polyclonal anti-FLAG antibody. The genomic DNA was purified from the immunoprecipitates and amplified by PCR.

doi:10.1371/journal.pone.0019297.g004

Neuro2a cells were transfected with Myc-HES1 or FLAG-HEN2
together with or without HA-LMO3 expression plasmid and
subjected to ChIP assay. As shown in Figure 6B, the
immunoprecipitates using anti-Myc tag or ant-FLAG tag
antibody contained genomic fragments including putative
HESI-binding sites as well as E-box. The amount of Myc-
HESI recruited onto HES1-binding sites and E-box decreased in
the presence of HA-LMO3. On the other hand, the amount of
FLAG-HEN2 recruited onto HESI-binding sites and E-box
increased in the presence of HA-LMO3. As shown in Figure 3F,
LMOS3 interferes with inhibitory effect of HEN2 on Mashl
expression. These suggest that LMO3 may additively interfere
with the inhibitory effect of HES] on Maskl expression by
promoting binding of HEN2 to HES1-binding sites and E-box.
Collectively, it is conceivable that LMO3/HEN2 reduces the
inhibitory effect of HES1 on Mash! expression through binding to
HES] and thereby blocking its recruitment onto putative HES1-
binding sites and E-box (Figure 7 and Figure S3).

Discussion

In this study, we found that Maskl is one of transcriptional
targets of LMO3/HEN2 transcriptional complex, and its

@ PLoS ONE | www.plosone.org

protein product may play an important role in regulation of
neuroblastoma cell growth. As described previously [14], HENI
as well as its closely related gene HEN2 encodes bHLH-type
transcription factor, which might recognize E-box (5'-
CACGTG-3"). On the other hand, HES] has an intrinsic
transcriptional repressor activity [10]. Based on our present
results, adenovirus-mediated expression of LMO3/HEN2
significantly induced Mash!, and HES1-mediated down-regula-
tion of Mashl promoter activity was recovered by co-expression
of LMO3 and HEN2. Our ChIP analyses indicated that HES1
binds to HESI-recognition sites and E-box within Mashl
promoter in the absence of HEN2, whereas HEN2 efficiently
inhibits the recruitment of HES1 onto HES1-binding sites and
E-box within Maskl promoter, suggesting that HES1 occupies
HES1-binding sites and E-box to inhibit the promoter activity of
Mashl. On the other hand, HEN2 formed a complex with HES1
and reduced the amounts of HES] recruited onto HESI-
binding sites as well as E-box to increase the promoter activity
of Mashl in collaboration with LMO3. Thus, it is likely that the
balance between intracellular amounts of HES1 and LMO3/
HEN2 might determine expression levels of Mashl, and thereby
regulating neuroblastoma cell growth.
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Figure 5. Interaction between HEN2 and HES1 in cells. (A) Neuro2a cells were co-transfected with the indicated combinations of expression
plasmids. Forty-eight hours after transfection, cells were lysed and immunoprecipitated with anti-FLAG (left panel) or with anti-Myc tag antibody
(right panel) and the immunoprecipitates were analyzed by immunoblotting with anti-HES1 or with anti-FLAG antibody, respectively. Aliquots of cell
lysates were subjected to immunoblotting with anti-HES1, anti-FLAG or with anti-Myc tag antibody. (B) /n vitro pull-down assay. Radio-labeled FLAG-
HEN2 was incubated with cell lysates prepared from Neuro2a cells transfected with Myc-HES1 expression plasmid. The reaction mixture was
immunoprecipitated with normal rabbit serum (NRS) or with polyclonal anti-Myc tag antibody and separated by SDS-PAGE followed by

autoradiography. 1/5 inputs were also shown.
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It was reported that de-repression of Mash! might interfere with
differentiation of sympatho-adrenal precursors of Jnsml mutant
mice although Mashl is expressed transiently in those cells during
normal neural differentiation [15]. Furthermore, Watt et al.
reported that N-myc positively regulates Mash! transcription [16].
Therefore, it is possible that in the transcriptional regulation of
Mashl, IMO3 and HEN2 may associate with other nuclear
factors like Insml and N-myc besides HES].

From the developmental point of view, it is known that the
LMO/HEN complex plays an important role in regulating
neuronal differentiation [11,17]. As described [7,18], expression
of LMO3 was highly restricted in adult and fetal brains, and HEN?
was expressed in developing nervous system. Genetic studies
demonstrated that HEN2 participates in proper neural crest-
derived neuroendocrine development and that Mashl has a
critical role in maintaining neuroendocrine cell phenotype [19,20].
Although LMO3-knockout mice did not exhibit any significant
developmental defects, mice lacking both LMO1 and LMO3 died
after birth, which might be due to neural defects [21]. Since
neuroblastoma is one of the most common childhood solid tumors
of peripheral nervous system arising from as yet unidentified
population of neural crest cells [22] and Mashl regulates
proliferation of the sympathetic nervous system [23], it is likely
that deregulated expression of Mashl could contribute to genesis
and development of neuroblastoma, which might be regulated by
LMO3/HEN? transcriptional complex both in #itro and in vivo.
This LMO3/HEN2-HES1-Mash]l pathway could be the new
future target for developing the anti-neuroblastoma treatment,

@ PLoS ONE | www.plosone.org

Materials and Methods

Ethics Statement

A hundred human neuroblastoma specimens used in the present
study were kindly provided from various institutions and hospitals
in Japan to the Chiba Cancer Center Neuroblastoma Tissue Bank.
Written informed consent was obtained at each institution or
hospital. This study was approved by the Chiba Cancer Center
Institutional Review Board and were conducted according to the
principles expressed in the Declaration of Helsinki.

Tumor Specimens

Tumors were classified according to the International Neuro-
blastoma Staging System (INSS); 25 Stage 1, 13 Stage 2, 33 Stage
3, 23 Stage 4, and 6 Stageds. Clinical information including age at
diagnosis, tumor origin, Shimada’s histology, prognosis, and
survival months of each patient were obtained. The median
follow-up time for survivors was 35 months (range 3 to 91 months).
Each tumor specimen was assayed for TRKA expression by
Northern blot analysis and for AYCN amplification status by both
fluorescence in situ hybridization (FISH) and real-time quantita-
tive polymerase chain reaction (PCR).

Quantitative Real-time PCR

Total RNA prepared from primary neuroblastomas was reverse
transcribed into ¢cDNA (SuperScript II kit) and subjected to the
real-time PCR. The expression level of GAPDH was measured in
all samples to normalize LMO3 and Mash! expression according to
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Figure 6. LMO3 attenuates binding of HES1 to Mash1 promoter
and promotes that of HEN2. (A) Complex formation between LMO3
and HES1 in cells. Neuro2a cells were transiently transfected with the
indicated combinations of the expression plasmids. Forty-eight hours
after transfection, cell lysates were immunoprecipitated with anti-FLAG
antibody followed by immunoblotting with anti-Myc tag antibody (top
panel). Expressions of FLAG-LMO3 and Myc-HES1 are also shown (lower
panels). (B) ChIP assay. Cross-linked chromatin prepared from Neuro2a
cells transfected with the indicated combinations of expression
plasmids was sonicated and immunoprecipitated with normal rabbit
serum (NRS), polyclonal anti-Myc tag or with polyclonal anti-FLAG
antibody. The genomic DNA was purified from the immunoprecipitates
and amplified by PCR.

doi:10.1371/journal.pone.0019297.g006

the manufacturer’s instructions (Applied Biosystems, Foster City,
CA, USA). Oligonucleotide primers and TagMan probes, which
were labeled at the 5" end with the reporter dye 6-carboxyfluor-
escein (FAM) and at the 3’ end with the quencher dye 6-
carboxytetramethylrhodamine (TAMRA), were as follows: LMO3:
forward 5'-TCTGAGGCTCTTTGGTGTAACG-3', reverse 5'-
CCAGGTGGTAAACATTGTCCTTG-3" and probe 5'-FA-
M-AAACTGCGCTGCCTGTAGTAAGCTCATCC-TAMRA-3'.
Tagman(R) Gene Expression Assay (Applied Biosystems) was
purchased for Mashl with Assay ID Hs00269932-m1. Amplification
and detection were done using the ABI Prism 7700 Sequence
Detection System (Applied Biosystems).

Statistical Analysis

Student’s # tests were used to explore possible associations
between LMO3 expression and other factors. The distinction
between high and low levels of LMO3 and Mash] expression was
based on the mean value. Kaplan-Meier survival curves were
calculated, and survival distributions were compared using the log-
rank test. Cox regression models were used to explore associations
among LMO3 expression, Mashl expression, age, MYCN amplifi-
cation, tumor origin, Shimada classification and survival. Statis-
tical significance was declared if P<<0.05.

@ PLoS ONE | www.plosone.org
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HES1 binding sites
E-box

Figure 7. Model for LMO3 and HEN2 cooperation in transcrip-
tional regulation of Mash1 in Neuroblastoma. HES1 binds to
HES1 binding sites and E-box on Mash1 promoter and represses Mash1
transcription. LMO3 inhibits recruitment of HES1 onto HES1-binding
sites and E-box on Mash1 promoter by forming complex with HES1.
HEN2 interferes with recruitment of HES1 onto HES1-binding sites and
E-box on Mash1 promoter by forming complex with HES1 and
competing with HES1 in binding to these sites. LMO3 promotes
recruitment of HEN2 onto HES1-binding sites and E-box on Mash1
promoter by forming complex with HEN2 but inhibits negative effects
of HEN2 on Mash1 promoter. Thereby expression of Mashl is up-
regulated.

doi:10.1371/journal.pone.0019297.g007

Cell Culture and Transfection

SH-SY5Y (human neuroblastoma, ATCC number CRL-2266),
SK-N-BE (human neuroblastoma, ATCC number CRL-2271)
and Neuro2a (mouse neuroblastoma, ATCC number CCL-131)
cells were maintained in RPMI 1640 supplemented with 10%
heat-inactivated fetal bovine serum at 37°C in an atmosphere of
5% COg in the air. Cells were transfected with the indicated
expression plasmids using Lipofectamine 2000 transfection reagent
(Invitrogen, Carlsbad, CA, USA) as recommended by the
manufacturer.

Generation of Recombinant Retroviral Vector and
Retrovirus-mediated Gene Transfer

Human Mashl cDNA was subcloned into the Hpal restriction
site. of the pLXSN vector. pLXSN or pLXSN- Mashl was
transfected into the ¢2 packaging cells, and SH-SY5Y cells (1x10°
cells) infected with virus-containing culture medium were cultured
in the medium containing 500 pg/ml G418 (Sigma Chemical Co.,
St. Louis, MO, USA). Two weeks after the selection in G418,
drug-resistant clones were isolated and allowed to proliferate in
medium containing G418.

Reverse Transcription-PCR Analysis

Total RNA was prepared from cultured cells by using the
RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Reverse
transcription  was carried out using random primers and
SuperScript Il (Invitrogen). Following the reverse transcription,
the resultant cDNA was subjected to PCR-based amplification.
PCR primers used were as follows: human LMO3, forward 5'-
ATGCTCTCAGTCCAGCCAGA-3' and reverse 5'-TCAGC-
GAACCTGGGGTGCAT-3'; human HENZ2, forward 5'-AAG-
CAGCAGATTCGGACCAT-3" and reverse 5'-CTTCTCCT-
CGCGGCTCAG-3'; human Mashl, forward 5'-GCGTTCAG-
CACTGACTTTTG-3" and reverse 5-CCCCGGGAGACTT-
CTTAGAG-3’; human HESI, forward 5-TGAGCCAGCT-
GAAAACACTG-3" and reverse 5'-GTCACCTCGTTCATG-
CACTC-3; human glyceraldehydes-3-phosphate dehydrogenase (GAPDH),
forward 5'-ACCTGACCTGCCGTCTAGAA-3' and reverse 5'-
TCCACCACCCTGTTGCTGTA-3'.
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RNA Interference Experiments

Human LMO3 RNAi vector was made using the original
plasmid that is gift from A.K. Munirajan (Chiba Cancer Center
Research Institute). The targeted sequence is 5'- GTAG-
TAAGCTCATCCCTGC -3'. RNAI construct was transiently
transfected into SH-SY5Y cells using Lipofectamine 2000
transfection reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instruction.

Generation of Recombinant Adenoviral Vector

For construction of the adenovirus expression vector, an HA-
tagged human LMO3 ¢cDNA or a FLAG-tagged human HEN2
cDNA were inserted into the shuttle vector pHMCMV6 [24].
Efficient construction of a recombinant adenovirus vector by an
improved én #itro ligation method [25]. The resultant shuttle vector
was digested with I-Ceul and PI-Scel and subcloned into the
identical restriction sites of the adenovirus expression vector
pAdHM4. The recombinant adenovirus construct was digested
with Pacl and transfected into 293 cells to generate recombinant
adenovirus.

Luciferase Reporter Assay

The reporter plasmid contains a 1.2-kb fragment of the human
Mashl promoter that was subcloned into the pGL3-Basic Vector
(Promega Corp., Madison, WI, USA) upstream of the luciferase
reporter gene. Cells were seeded in triplicates into 24-well plates
(1x10° cells/well) 24 h prior to transfection. Cells were cotrans-
fected with 100 ng of the reporter plasmid, 0.2 ng of pRL-CMV
encoding Renilla luciferase ¢cDNA, 5 ng of rat HESlexpression
vector, 150 ng of HA-LMO3, 100 to 300 ng of FLAG-HEN2
expression vectors, Total amount of plasmid DNA per transfection
was kept constant with pcDNA3 (Inviogen). At 48 h after
transfection, luciferase activity was measured by a Dual-Luciferase
Reporter Assay System (Promega), and the transfection efficiency
was standardized against Renilla luciferase activity.

Chromatin Immunoprecipitation (ChiP) Assays

ChIP assay was performed according to the protocol recom-
mended by Upstate (Lake Placid, NY, USA). Cross-linked
chromatin prepared from Neuro2a cells transfected with expres-
sion plasmids was sonicated and immunoprecipitated with normal
rabbit serum (NRS), polyclonal anti-Myc tag (Medical &
Biological Laboratories, Nagoya, Japan) or with polyclonal ant-
FLAG (Sigma, St. Louis, MO, USA) antibody. The genomic DNA
was purified from the immunoprecipitates and amplified by PCR.

The primers used to amplify the mouse Mash! promoters were
as follows: HES] binding site (PCR-1), forward 5'-ATTTCTA-
GAGCCACCCCCTG-3' and reverse 5’-TTGTTGCAGTGCG-
TGCGCC-3"; HES! binding site (PCR-2), forward 5'-
AGTGCGCTCGGCACTGACTT-3' and reverse 5-CGCG-
GTTGGCTTCGGGAGCC-3'; E-box (PCR-3), forward 5'-
ATGGAGAGTTTGCAAGGAGC-3’ and reverse 5'-CAGCCC-
CACGCGCAGCCCTG-3'.

Western Blot Analysis and Immunoprecipitation

After transfection, Neuro2a cells were placed on ice, washed
twice with phosphate-buffered saline, and lysed in lysis buffer
containing 25 mM Tris-HCI (pH 8.0), 137 mM NaCl, 2.7 mM
KCl, 1% TritonX-100, 1 mM phenylmethylsulfonyl fluoride and
protease inhibitor mixture (Sigma). Lysates were placed on ice for
30 min, sonicated briefly, and clarified by cenwrifugation at
15,000x ¢ for 5 min at 4°C. Protein concentrations of the
supernatants were determined by using a Bio-Rad protein assay.
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For immunoblot analysis, proteins were resolved by sodium
dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE)
and electrotransferred onto a nitrocellulose membrane. The
membrane filter was blocked with 2% gelatin in Tris-buffered
saline (TBS) for 3 h at room temperature and then incubated with
a primary antibody including monoclonal anti-rat HES1 (Medical
& Biological Laboratories, Nagoya, Japan), monoclonal anti-
FLAG (M2; Sigma) or monoclonal anti-Myc (9B11; Cell Signaling
Technology, Danvers, MA, USA) antibody over night at 4°C. The
membrane filter was then incubated with a goat anti-mouse
secondary antibody conjugated to horseradish peroxidase (Cell
Signaling Technology, Danvers, MA, USA) or goat anti-rat
secondary antibody conjugated to horseradish peroxidase (Beck-
man Coulter, Marseille, France) for 1 h at room temperature and
bound secondary antibody was detected by enhanced chemilumi-
nescence (Amersham Pharmacia Biotech) according to the
manufacturer’s protocol. For Immunoprecipitation, equal
amounts of cell lysates (2 mg) were precleared with 25 | of
protein G-Sepharose (Amersham Bioscience, Uppsala, Sweden).
After brief centrifugation, immunoprecipitation was carried out by
incubating the supernatant with anti-FLAG polyclonal (Sigma, St.
Louis, MO, USA) or anti-Myc tag polyclonal antibody (Medical &
Biological Laboratories, Nagoya, Japan) over night at 4°C.
Immunocomplexes were precipitated with protein G-Sepharose
beads (Amersham Biosciences) for 3 hours at 4°C. The immuno-
precipitated proteins were resolved by SDS-PAGE and analyzed
by Western blotting.

In vitro Pull-down Assay

Radio-labeled FLAG-HEN2 was generated by using in wiro
transcription/translation systemn (Promega) and incubated with cell
lysates prepared from Neuro2a cells transfected with Myc-HES1
expression plasmid. The reaction mixture was immunoprecipitat-
ed with normal rabbit serum (NRS) or with polyclonal anti-Myc
tag antibody (Medical & Biological Laboratories, Nagoya, Japan)
and separated by SDS-PAGE followed by autoradiography.

Data Analysis and Statistics

All values for statistical significance represent mean * SD. We
carried out comparisons between means using the Student’s #test.
Statistical significance implies P<<0.05.

Supporting Information

Figure S1 Mashl-mediated growth promeotion and
LMO3/HEN2-mediated transcriptional induction of
Mashl in SK-N-BE cells. (A) siRNA-mediated knockdown of
LMO3. SK-N-BE cells were transfected with empty plasmid (4 pg)
or with expression plasmid for siRNA targeting LMO3 (4 pg).
Forty-eight hours after transfection, total RNA was prepared and
analyzed for expression levels of LMO3 and Mask! by RT-PCR.
(B) Decreased growth rate in LMO3-knocked down cells. SK-N-
BE cells (4.5% 10° cells/ well, 96 well culture plate) were transfected
with empty plasmid (0.2 pg) or with expression plasmid for siRNA
targeting LMO3 (0.2 pig). Forty-eight hours after transfection, cells
were transferred into fresh medium. At the indicated time points,
cell growth was measured by MTT assay (Cell Counting Kit-8,
DQOJINDQ). (C) RT-PCR. SK-N-BE cells were transfected with
pcDNA3 empty plasmid or with the indicated combinations of
expression plasmid HA-LMO3 or FLAG-HEN2. At 72 hours
after transfection, total RINA was analyzed for expression levels of
LMO3, HEN2 and Mashl by RT-PCR. GAPDH was used as an
internal control. (D) siRNA-mediated knockdown of LMO3
reduces the promoter activity of Mashl. SK-N-BE cells were co-
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transfected with constant amount of pluc-Mashl (100 ng) and
pRL-CMV (0.2 ng) in the presence or absence of increasing
amounts of expression plasmid for siRNA against human LMO3
(100 or 400 ng). Forty-eight hours after transfection, cells were
lysed and their luciferase activities were measured.

(TTF)

Figure 52 Expression of LMO3, HEN2, Mashl or HESI
in neuroblastoma cell lines. Semiquantitative RT-PCR
analysis for expression of LAM03, HEN3, Mashl or HESI in
neuroblastoma cell lines is performed under linear amplification
conditions. Expression of GAPDH is shown as a control.

(TF)

Figure 83 Model for LMO3 and HEN2 cooperation in
transcriptional regulation of Mashl in Neuroblastoma.
(A) HES] binds to HES] binding sites and E- box on AMash/
promoter and represses Mashl transcription. (B) LMOS3 inhibits
recruitment of HES] onto HESI-binding sites and E-box on
Mashl promoter by forming complex with HESI, and thereby
inducing the expression of Mashl. (C) HEN2 interferes with
recruitment of HES! onto HESI1-binding sites and E-box on
Mashl promoter by forming complex with HES] and competing
with HES] in binding to these sites. HEN2 also represses Mash/
transcription but the inhibitory effects are weaker than that of
HESI, and so up-regulating transcription of Maskl. (D) LMO3
promotes recruitment of HEN2 onto HESI-binding sites and E-
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