Table 1  Clinically detected cases with ALK aberrations
No. Age at diagnosis/sex Origin INSS Base change Chr. 2p/ploidy Histology Serum NSE Urinary Therapy Outcome
predicted protein (ng/mL)y) VMA/HVA
change (ng/mgCr)
1. NB459 21 mo/male Ad 4 3520T>C F1174L. MNA/doploid Unfav 187.2 24.3/40.6  Cx —Res —»Cx Dead (11 mo)
2. NB484 26 mo/male Ad 4 3522C>A F1174L.  MNA/doploid Unfav 370 9.32/71.4  Cx —Res —Cx Alive (19 mo)
3. NB445 21 mo/male Ad 4 3735C>A F1245L.  MNA/doploid  Unfav 678.6 3.0/12.4 Cx—Res—Cx Dead (22 mo)
4.NB351 0 mo/male Med 4 3824G>A R1275Q —/aneuploid Fav 14 92.7/61.4  Pr. Res Alive (65 mo)
5. NB448 10 mo/male Cer 3 3824G>A R1275Q Gain/aneuploid Fav 23.1 43.4/34.6  Pr. Res—Cx Alive with tumor (12 mo)
6. NB451 6 mo/female Ret 1 3824G>A R1275Q —/diploid Fav 190 135/111 Pr. Res Alive (24 mo)
7.NB452 25 mo/male Ad 4 3824G>A R1275Q MNA/diploid Unfav 2414 56.1/76.1  Cx—Res.—Cx Dead (18 mo)
8. NB503 57 mo/male Ret 3 3824G>A R1275Q Gain/aneuploid Unfav 1376 69.3/91.1 Res.—Cx (relapse—Cx) Dead (4 mo)
9. NB055 14 mo/male Ad 3 ALK amplification MNA/diploid  Unfav 342.1 6.2/10.1 Res.—Cx Dead (2 mo)
10. NB511 22 mo/female Ad 4 ALK amplification MNA/diploid  Unfav 268.1 47.2/60.6  Cx—Res.—Cx Dead (28 mo)

Mo indicates months old; Ad, adrenal gland; Med, mediastinum; Cer, cervical; Ret, retroperitonium; Chr, chromosome; MNA, MYCN amplification; —, no remarkable changes of chr 2p; Gain, 3 to 5 copies of

chr. 2p; Unfav, unfavorable; Fav, favorable; Pr. Res., Primary tumor resection; Cx, chemotherapy; Res, resection.

Table 2  Mass screening detected cases with ALK aberrations
No. Age at diagnosis/sex Origin INSS Base change Chr. 2p/ploidy Histology Serum NSE Urinary Therapy Outcome
predicted protein (ng/mL)r) VMA/HVA
change (ug/mgCr)
11. NB058 6 mo/female Ad 1 3520T>G F1174V  Gain/aneuploid Unfav 35.2 118.4/ Pr. Res (relapse—Cx) Dead (12 mo)
100.4
12. NB229 6 mo/male Ad B 3521T>C F1174S  —/aneuploid Fav 41.9 210.9/41.9 Cx—Res—Cx Alive (25 mo)
13. NB169 6 mo/male Multifocal 1 3522C>A F1174L - or Gain/diploid or aneuploid Fav 30 127.4/40.3  Pr. Res—Cx Alive (74 mo)
14. NB303 8 mo./female Ad 3 3522C>A F1174L  Gain/aneuploid Fav 17 43.4/75.9  Pr. Res. (relapse—Cx) Alive (75 mo)
15. NB146 7 mo/male Med 1 3733T>A F12451 —/diploid Fav 49.6 50/34 Pr. Res Alive (89 mo)
16. NB524 8 mo/male Ad 1 3735C>A F1245L —/diploid Fav 26.4 46.7/29.8  Pr. Res Alive (51 mo)
17.NB204 8 mo/male Ad 1 3746A>G D1249G —/diploid Fav 14.7 76.4/37 Pr. Res Alive (90 mo)
18. NB367 6 mo/male Ad 3 3824G>A R1275Q Gain/aneuploid Fav 8.9 59.2/384  Pr. Res Alive (63 mo)
19. NB039 6 mo/male Ad 4S ALK amplification MNA/diploid Unfav 62.1 34.2/56.7 Cx—Res—Cx Dead (35 mo)

Mo indicates months old; Ad, adrenal gland; Med, mediastinum; Cer, cervical; Ret, retroperitonium; Chr, chromosome; MNA, MYCN amplification; —, no remarkable changes of chr 2p; Gain, 3 to 5 copies of
chr. 2p; Unfav, unfavorable; Fav, favorable; Pr. Res., Primary tumor resection; Cx, chemotherapy; Res, resection.
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Fig. 1 Copy number gains and high-level amplifications in the short arm of chromosome 2 and representative ALK mutations in
neuroblastoma. A, Each horizontal line indicates a region showing a simple copy number (CN) gain (CN <5, red bars, lower cases) and high-
level amplification (CN =5, pink bars, upper cases) in each case. Most high-level amplifications involved the MYCN locus at 2p24, whereas
the amplicons in 3 cases were found at 2p23, which contains the ALK locus. B, Representative cases with mutations in each exon of ALK TKD.
N indicates constitutive DNA derived from peripheral blood cells of each patient; T, tumor DNA.
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Fig. 2 Relative ALK and MYCN expression from neuroblastomas with ALK aberrations. The expression levels of 4LK and MYCN in each
sample were evaluated relative to the levels of GAPDH. The relative ALK expression levels in the tumors with ALK missense mutation were
significantly higher than in those without mutations (P <.01). The 3 tumors with ALK amplification showed extremely high ALK expression.
The relative MYCN expression levels were higher in the tumors with ALK aberrations but depended on MYCN amplification. A, MYCN
amplification; T, died of disease; mut, mutation.
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mutated ALK case (case 13) with multifocal tumors
involving bilateral adrenal glands, mediastinum, and retro-
peritoneal tumors, bilateral adrenal tumors were aneuploid,
whereas 2 extraadrenal tumors were diploid. Reviews of the
treatments provided to the patients detected by mass
screening found that primary resection was initially
performed except for 1 INSS4 case. According to the
Japanese infant neuroblastoma protocol, postoperative
chemotherapy was not performed except for the INSS 4
case and the multifocal case. Among them, 2 cases
(numbers 11 and 14) showed relapses of the tumor.

In the 3 cases with ALK amplifications, 1 INSS4 case
(case 19) was detected by mass screening, whereas the other
2 (numbers 9 and 10) included an INSS3 tumor diagnosed at
14 months of age and an INSS4 tumor diagnosed at 22
months of age. All 3 patients had MYCN amplification and
died. The survival curves of the patients with ALK
aberrations (including missense mutations and amplifica-
tions) are shown in Fig. 3. Comparison of the survival rates
of cases detected by mass screening showed progressive
malignancy in the cases with ALK aberrations (P = .002).
For the patients with ALK aberrations, survival rates of
clinically detected cases were significantly worse than those
detected by mass screening (P = .025). Three infants who
were clinically detected were aneuploid with MYCN
nonamplified tumors and showed favorable outcomes.

1.04 A'MS detected cases without ALK aberrations (n = 152)
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Fig. 3 Kaplan-Meier cumulative survival curves for neuroblas-
toma patients with mutant ALK or amplifications. A, For
neuroblastoma patients detected by mass screening (MS), survival
curve for those with tumors with ALK missense mutations or
amplification (n = 9). A’, Survival curve of the remaining patients
detected by mass screening (MS) (n = 152). Survival of patients
with aberrant ALK tumors was significantly worse than others
detected in the mass screening (P = .002). B, Survival curve of
clinically detected patients with tumors with ALK missense
mutations or amplifications (n = 10). B’, Survival curve of the
remaining patients detected clinically (n = 190). Survival of the
clinically detected patients with aberrant ALK tumors was worse
but not significantly (P = .13), but significantly worse than that of
the patients detected by mass screening (MS) with tumors with
ALK missense mutations or amplification (n = 9) (P = .025).
Lengths of follow-up phase in all cases were 62 £ 17 months
(n = 361).

Therefore, the tumors with ALK aberrations detected in
older patients (>18 months of age) showed high progres-
sive malignancy.

In cases identified by mass screening, the histology of
case 11 showed unfavorable histology because of a high
mitosis-karyorrhexis index (MKI), and this patient died.
Case 14 with INSS 3 also had a relapse, indicating that an
activated ALK mutation might play a role in aggressively
malignant transformation. To clarify the effects of an
activated ALK mutation on patient outcome, a Cox
regression analysis was carried out for all clinical cases
and cases detected by mass screening. An activated ALK
mutation was a significant independent prognostic factor in
mass screening cases (P =.029) but not in clinically detected
cases. Therefore, the activated ALK tumors that sometimes
develop in infants might have high recurrent capacity even if
detected by mass screening. Therefore, the early detection by
screening was effective at improving the outcome of the
patients with the activated ALK tumors.

3. Discussion

The ALK gene is involved in several chromosomal
translocations or inversions that contribute to oncogenesis
in several different tumor types, including anaplastic large
cell lymphoma and lung cancer [19]. In anaplastic large cell
lymphomas, the most common genetic aberration is a
translocation that gives rise to oncogenic fusion proteins.
On the other hand, recent analyses of neuroblastomas
suggested that ALK is activated and may contribute to
tumor development through gene amplification and specific
mutations targeting the TKD [11,12]. Most mutations in
ALK proteins are reportedly localized within the kinase
domain and are assumed to produce constitutively activated
proteins. ALK F1174L and ALK R1275Q mutants in Ba/F3
cells, a murine interleukin 3—dependent pro-B cell line,
induced constitutive activation of ALK kinase with activa-
tion of downstream targets of ALK signaling [20].
Sequencing analysis of the ALK TKD revealed that
mutations resulting in amino acid changes were found in
16 cases, and 12 of these 16 cases were detected in 2 hotspots
of ALK F1174 and R1275. Because neuroblastoma tissues
with other missense mutations (as well as these hot spot
mutations) in TKD showed high ALK expression, all these
missense mutations may lead to ALK activation. In patients
with ALK amplification, MYCN amplification was also
detected in the SNP arrays, suggesting that intragenic
rearrangements may have occurred in a subset of advanced
tumors from children with unfavorable outcomes [12].
Indeed, the expression levels of ALK in these 3 cases were
very high, suggesting that ALK overexpression might also
contribute to neuroblastoma progression. Passoni et al [21]
also found that ALK overexpression was correlated with
poor prognosis of neuroblastoma regardless of the TKD
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mutation and ALK amplification. Thus, overexpression of
ALK by activating mutation of the TKD or by amplification
must be correlated with neuroblastoma progression. Mean-
while, silent mutations found in 2 cases did not show high
ALK expression, suggesting that these silent mutations were
unlikely to correlate with tumor progression.

For tumors analyzed at all clinical stages, the frequency of
amino acid substitutions in the TKD or in ALK amplifica-
tions was 5.3%. These results were lower than those reported
by Mosse et al [11] (12.4%) and by Caren etal (11.1%) [12].
This difference might be caused by the characteristics of the
population analyzed in our report. That is, our study involved
large numbers of early-stage neuroblastomas, especially
those detected by mass screening projects. In the cases
detected by mass screening, 1 amplified ALK case and
8 cases with activated ALK mutations were found, which
constitute 5.6% of all cases detected by mass screening. This
ratio is equivalent to that of the clinically detected cases,
indicating that ALK mutation or amplification might be one
of the early events of neuroblastoma progression. Meta-
analysis of more than 700 neuroblastoma samples also
showed that ALK mutations occurred in equal frequencies
across all genomic subtypes, but F1174 mutations were
observed in a high proportion of MYCN-amplified tumors
[13]. In the present study, ALK F1174 mutations were
detected in 2 amplified MYCN cases that were clinically
diagnosed at more than 18 months of age and in 4
nonamplified MYCN cases that were detected by screening.
Infant occult tumors with ALK F1174 mutations might
readily develop into amplified MYCN tumors.

The clinical features of activated ALK neuroblastomas did
not seem to be markedly different from other neuroblasto-
mas. The outcomes of these patients seemed to depend
mainly on clinical prognostic factors such as age at
diagnosis, histology (INPC), stage (INSS), MYCN amplifi-
cation, and DNA ploidy pattern. However, among ten INSS
1 to 3 infant cases, which included 8 cases detected by mass
screening, underwent primary surgical resection, 3 suffered
relapses. Because relapse and reoccurrence of tumors are
very rare in infant neuroblastoma, ALK activation is one of
the distinguishing risk factors in early-stage neuroblastomas.
Moreover, the prognosis of patients with activated ALK
tumors detected by screening was significantly better than
that of the clinically detected activated ALK tumors. The
diminishing or maturing neuroblastoma were frequently
detected by screening in infancy, but early detection of
activated ALK tumors by screening was considered to
contribute to improvement in patient outcome. Therefore, in
infants with early detected tumors, those with activated ALK
tumors should undergo therapeutic strategies different from
other cases.

In the 7 older patients consisting of one INSS3 and 6
INSS4 advanced cases, including 2 amplified ALK cases, 6
patients died and 1 recent case is alive under treatment,
suggesting that ALK activation is also a risk factor in
advanced stage neuroblastomas [11]. Survival curves of the

clinically detected cases with aberrant ALK tumors seem to
be worse in comparison with those without ALK aberrations,
but not significantly.

In a recent report [13], F1174 and R1275 mutations were
correlated with poor outcomes. In the 7 ALK mutated cases
detected by mass screening, 3 relapsed and all had a F1174 or
R1275 mutation, suggesting that F1174 and R1275 muta-
tions might have a higher transforming capacity. These
findings suggest that activated ALK tumors have high
malignant potential regardless of whether they are discov-
ered in infants or in screening procedures. The incidence of
ALK activation in the tumors detected by mass screening
was similar to that in clinically detected tumors. Therefore,
patients with activated ALK neuroblastomas may require
particularly aggressive treatments. In advanced neuroblasto-
mas with ALK activation, ALK might be an attractive target
for novel therapeutic strategies such as ALK kinase
inhibitors, which are in development for specific targeted
cancer therapy [22].

In the present series, one patient with multifocal
neuroblastoma had an 4LK-TKD activating mutation in his
constitutional DNA as well as all neuroblastoma tumors
derived from different sites. Since the ALK mutation is one
of the major genes conferring familial neuroblastoma
predisposition [11], ALK mutations may also cause multi-
focal neuroblastomas. To treat multifocal neuroblastoma
cases, we should analyze ALK aberrations and perform
genetic counseling to the family when an ALK germline
mutation is apparent.

Acknowledgments

This research was partially supported by Grant-in-Aids
for Scientific Research (B) (no. 21390474 and 22791709)
from the Ministry of Education, Culture, Sports, Science, and
Technology and for Cancer Research (13-20) from the
Ministry of Health, Labor, and Welfare of the Government
of Japan.

We thank Professor Megu Ohtaki for assistance with
multivariate analysis, and we extend our appreciation to
Japanese pediatric oncologists and surgeons for providing us
with the tissue specimens from neuroblastoma patients and
the clinical data under written informed consent.

References

[1] Gumey JG, Ross JA, Wall DA, et al. Infant cancer in the U.S.:
histology-specific incidence and trends, 1973 to 1992. I Pediatr
Hematol Oncol 1997;19:428-32.

[2] Hiyama E, Iehara T, Sugimoto T, et al. Effectiveness of screening for
neuroblastoma at 6 months of age: a retrospective population-based
cohort study. Lancet 2008;371:1173-80.

[3] Berthold F, Baillot A, Hero B, et al. Which cases are found and missed
by neuroblastoma screening at 1 year? Results from the 1992 to 1995
study in three federal states of Germany. J Clin Oncol 1999;17:1200.



1796

T. Ogura et al.

[4] Bessho F, Hashizume K, Nakajo T, et al. Mass screening in Japan
increased the detection of infants with neuroblastoma without a
decrease in cases in older children. J Pediatr 1991;119:237-41.

[5] Woods WG, Lemieux B, Tuchman M. Neuroblastoma represent
distinet clinical-biologic entities: a review and perspective from
Quebec neuroblastoma screening project. Pediatrics 1992;88:114-8.

[6] Brodeur GM, Maris JM, Yamashiro DJ, et al. Biology and genetics of
human neuroblastomas. J Pediatr Hematol Oncol 1997;19:93-101.

[7] Hiyama E, Hiyama K. Diagnostic and prognostic molecular markers
in neuroblastoma. 1st ed. Kerala: Transworld Research Network;
2009.

[8] Morris SW, Kirstein MN, Valentine MB, et al. Fusion of a kinase gene,
ALK, to a nucleolar protein gene, NPM, in non-Hodgkin’s lymphoma.
Science 1994;263:1281-4.

[9] Chen Y, Takita J, Choi YL, et al. Oncogenic mutations of ALK kinase
in neuroblastoma. Nature 2008;455:971-4.

[10] Janoueix-Lerosey I, Lequin D, Brugieres L, et al. Somatic and
germline activating mutations of the ALK kinase receptor in
neuroblastoma. Nature 2008;455:967-70.

[11] Mosse YP, Laudenslager M, Longo L, et al. Identification of ALK as a
major familial neuroblastoma predisposition gene. Nature 2008;455:
930-5.

[12] Caren H, Abel F, Kogner P, et al. High incidence of DNA mutations
and gene amplifications of the ALK gene in advanced sporadic
neuroblastoma tumours. Biochem J 2008;416:153-9.

[13] De Brouwer S, De Preter K, Kumps C, et al. Meta-analysis of
neuroblastomas reveals a skewed ALK mutation spectrum in tumors
with MYCN amplification. Clin Cancer Res 2010;16:4353-62.

[14] Ardini E, Magnaghi P, Orsini P, et al. Anaplastic lymphoma kinase:
role in specific tumours, and development of small molecule inhibitors
for cancer therapy. Cancer Lett 2010;299:81-94.

[15] Brodeur GM, Pritchard J, Berthold F, et al. Revisions of the
international criteria for neuroblastoma diagnosis, staging, and
response to treatment. J Clin Oncol 1993;11:1466-77.

[16] Shimada H, Ambros IM, Dehner LP, etal. Terminology and morphologic
criteria of neuroblastic tumors: recommendations by the International
Neuroblastoma Pathology Committee. Cancer 1999;86:349-63.

[17] Kaneko M, Tsuchida Y, Uchino J, et al. Treatment results of advanced
neuroblastoma with the first Japanese study group protocol. Study
Group of Japan for Treatment of Advanced Neuroblastoma. J Pediatr
Hematol Oncol 1999;21:190-7.

[18] Yuan E, Haghighi F, White S, et al. A single nucleotide polymorphism
chip-based method for combined genetic and epigenetic profiling:
validation in decitabine therapy and tumor/normal comparisons.
Cancer Res 2006;66:3443-51.

[19] Chiarle R, Martinengo C, Mastini C, et al. The anaplastic lymphoma
kinase is an effective oncoantigen for lymphoma vaccination. Nat Med
2008;14:676-80.

[20] George RE, Sanda T, Hanna M, et al. Activating mutations in ALK
provide a therapeutic target in neuroblastoma. Nature 2008;455:975-8.

[21] Passoni L, Longo L, Collini P, et al. Mutation-independent anaplastic
lymphoma kinase overexpression in poor prognosis neuroblastoma
patients. Cancer Res 2009;69:7338-46.

[22] LiR, Morris SW. Development of anaplastic lymphoma kinase (ALK)
small-molecule inhibitors for cancer therapy. Med Res Rev 2008;28:
372-412.



PEDIATRICS Offcil Journal of ‘S
I|NTEF’1NAT|ONAL Pedatic Society 3

428 M Korpal-Szczyrska et al.

Table 1 International Federation of Gynecology and Obstetrics classification of ovarian tumors'®

Stage Extent of disease
I Tumor limited to the ovaries
Ia Limited to one ovary; no ascites. No tumor on external surface; capsule intact
Ib Limited to both ovaries; no ascites. No tumor on external surfaces, capsule intact
Ic Limited to one or both ovaries but with tumor on surface of one or both ovaries; or with capsule ruptured; or with positive ascites or
positive peritoneal washings
1I Tumor involving one or both ovaries with pelvic extension
Ila Extension and/or metastases to uterus and/or tubes only
IIb Extension to other pelvic tissues
Ilc As in Ila or ITb but with positive ascites or positive peritoneal washings; or with capsule ruptured
111 Tumor involving one or both ovaries with peritoneal implants outside the pelvis and/or positive retroperitoneal or inguinal lymph

nodes; extension to small bowel or omentum; superficial liver metastases
IIla Limited to true pelvis grossly with negative nodes but histologically confirmed microscopic seeding of abdominal peritoneal surfaces
1IIb Limited to one or both ovaries with negative nodes but histologically confirmed implants of abdominal peritoneal surfaces,

none > 2 cm diameter

Il Abdominal implants > 2 cm diameter and/or positive retroperitoneal or inguinal nodes
v Tumor of one or both ovaries with distant metastases outside of peritoneal cavity; parenchymal liver metastases; pleural effusion, if

present, must have positive cytology

oncologic control for many years, because in patients with adult-
type GCT, relapses may occur even decades after diagnosis,
although the survival rate is 95% if diagnosed in the early stages.

The presented case indicates the need to emphasize the pos-
sibility of occurrence of endocrinological disorders as a symptom
of hormone-secreting tumors in children. GnRh-independent pre-
cocious puberty may be the first symptom of hormone-secreting
ovarian tumors in children, even if tumors are not detectable in
preliminary radiologic examinations. In such cases, profound
diagnostics with systematic ultrasound examination are essential.
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Hepatoblastoma (HB) is the most common primary hepatic
tumor in children. Most HB cases are sporadic, but this tumor has
been reported in association with Beckwith—-Wiedmann syn-
drome, hemi-hypertrophy, Prader-Willi syndrome, familial
adenomatous polyposis, and trisomy 18. Trisomy 18 is a
devastating genetic disorder that is characterized by multiple



congenital anomalies. The mortality rate among infants with
trisomy 18 is high as a result of cardiac and renal malformations,
feeding difficulties, sepsis, and central apnea caused by nervous
system defects. Although 90% of trisomy 18 patients die within
the first year of life, a few cases of relatively long-term survival
have been previously reported.'

Here we present a case of HB in a 1-year old boy with trisomy
18, cardiac malformation, and renal malformation.

Case report

A male neonate was born to a primigravida, 35-year-old mother
and unrelated 40-year-old father, at 40 weeks 6 days of gestation.
The pregnancy was uneventful and there was no remarkable
family history. The infant’s birthweight was 2538 g. He had
several anomalies such as club foot, hyperdactyly, overlapping
fingers and low-set fawn-like ears. On admission, ultrasonogra-
phy (US) showed coarctation of the aorta and horseshoe kidney.
On chromosome analysis the peripheral blood cells were found to
be 47,XY, +18 chromosome (20/20).

At 14 months of age, he was referred to Nihon University
Hospital with a mass in the right upper arm, which was pulsatile,
with strong bruit sounds. On color Doppler US brachial artery
aneurysm was diagnosed. It was improved by compression. His
height was 62.4 cm (-5.6 SD), and bodyweight (BW) was 4820 g
(-5.0 SD). His vital signs were stable. Abdominal examination
indicated a firm mass in the upper abdomen. The mass was
moderately tender with voluntary guarding but no peritoneal
signs and no bruit sounds. Laboratory data were as follows: white
blood cell count, 14 100/uL; red blood cell count, 214 x 10%/uL;
hemoglobin, 6.1 g/dL; hematocrit, 18.6%; platelet count, 39.7 x
10°/uL; aspartate aminotransferase, 142 U/L; Total protein, total
bilirubin, amylase, alkaline phosphatase, alanine aminotrans-
ferase, lactate dehydrogenase, and electrolytes were within
normal range. Serum levels of carcinoembryonic antigen and
carbohydrate antigen 19-9 and neuron-specific enolase were
within normal range, but a-fetoprotein (AFP) was considerably
elevated (141 900 ng/mL; normal range, <10 ng/mL). 24 h crea-
tinine clearance (24 h Cer) was low (47.6 mL/min). The ejection
fraction of the heart was normal.

Abdominal US and computed tomography (CT) confirmed
a solid mass (11.7 x 10.7 cm) in the right liver lobe. Doppler
US showed lowered renal blood flow due to pressure of the
tumor. Under suspicion of HB (pretreatment extent of disease;
PRETEXT III), we started induction therapy according to the
(Japanese Study Group for Pediatric Liver Tumor (JPLT) protocol.
The doses of chemotherapy were modified by the BW conversion,
while considering the renal function and cardiac function. At
first, two courses of tetrahydropyranyl adriamycin (THP-ADR;
1 mg/kg BW x 0.3 on day 1) were given, and tumor size and AFP
carefully evaluated for the effect of treatment. Cisplatin (CDDP;
1.33 mg/kg BW % 0.3 0.66 on days 1 and 2) was given as the third
course. Because CDDP monotherapy did not seem as effective, a
combination of THP-ADR and CDDP was given as the fourth
chemotherapy course. At this point, we performed complete tumor
resection by right hepatectomy. The resected specimen was a mass
of 102 g, measuring 6.0 x 4.5 x 4.0 cm. A histological diagnosis of
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Tumor resection

AFPF @0 @ ® Bodyweight

Pl

18
Month after admission

Admission
(1 year and 2 months of age)

Fig.1 Clinical course of the present patient. 1-6, chemotherapy
courses. (A) o-fetoprotein (AFP); (M) bodyweight. The gray boxes
refer to the size of the tumor.

well-differentiated, fetal-type HB was made. Flow cytometry
indicated a diploid pattern, and the karyotype of the tumor cells
was 47,XY, +18. The patient’s postoperative recovery was
uneventful. Postoperatively the patient received two additional
courses of THP-ADR/CDDP at the same dosage. AFP level was
normalized within 7 weeks after surgery. He has remained well
during 1.5 years of follow sup with no evidence of renal and
cardiac failure. His growth and weight patterns are comparable to
those of the pretreatment period (height —3.5 SD, weight —3.3 SD;
Fig. 1). He is severely mentally affected.

Discussion

We describe a case of HB in a 1-year-old boy with trisomy 18,
cardiac and renal malformation, who was successfully treated
with modified chemotherapy and surgery. The brachial artery
aneurysm diagnosed in the present patient has not previously
been reported, but some reports on arterial aneurysm of umbili-
cal cord with trisomy 18 can be found in the literature.” Nine
case reports including the present one, describe HB in trisomy
18 (Table 1).*'® Median age at diagnosis was 13.8 months
(range, 3-33 months). Two patients were male and seven were
female. The median birthweight was 2258 g (range, 1630-
3300 g). Six patients had visceral anomalies and one had a
renal anomaly. Only the present patient was treated with che-
motherapy and surgery. Among published cases in four patients
(3, 4, 5 and 8), complete tumor resection was performed. Three
of them (patients 3, 5 and 8) and the present patient were free
of the disease and were alive >1 year after surgery. Two patients
(2 and 6) died of heart failure and three patients (1, 4 and 7)
died of the disease. On histologic subtype, six patients had fetal
type, one patient had embryonal type, and one patient had
fetal-embryonal type. In recent years, several national and
international cooperative studies have shown that the prognosis
of HB can be improved dramatically by combining surgery and
chemotherapy, such as CDDP and THP-ADR." In Japan, the
chemotherapy protocol using CDDP and THP-ADR (JPLT) has
been the standard treatment since 1991. Due to the lack of

© 2012 The Authors
Pediatrics International © 2012 Japan Pediatric Society
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kidney

ADR, doxorubicin; AS, aortic stenosis; ASD, atrial septal defesct; CA, coarctation of the aorta; CDDP, cisplatin; 5-FU, 5-fluorouracil; LTX, liver transplant; NA, not available; PDA, patent ductus arteriosus;

PS, pulmonary stenosis; THP-ADR, tetrahydropyrany! adriamycin; VCR, vincristine; VSD, ventricular septal defect.

experience of chemotherapy use in patients with trisomy 18, it
was hard to predict the effects or side-effects of chemotherapy
in the present patient. During chemotherapy we regularly fol-
lowed heart and renal function and were able to use dosage-
modified chemotherapy safely enough to achieve complete
tumor resection. According to our limited experience, even in
patients with trisomy 18 and organ anomalies, HB can some-
times be treated safely enough with modified chemotherapy and
the patient can be cured. But the decision as to whether to treat
HB in a patient with trisomy 18, is always a major ethical issue.
We report the efficacy and safety of the treatment strategy
involving chemotherapy and surgery for a patient with HB and
trisomy 18.
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A Case of Hepatoblastoma With Wilson-Mikity Syndrome
and Beckwith-Wiedemann Syndrome in an Extremely Low Birth-Weight Infant

Shinsuke Yoshizawa*, Kiminobu Sugito*, Akiko Soga*, Shota Uekusa*, Hide Kaneda®,
Takeshi Furuya*, Kensuke Ohashi*, Mikiya Inoue*, Taro Tkeda*, and Tsugumichi Koshinaga™

* Department of Pediatric Suvgery, Nihon University School of Medicine

We report a case of hepatoblastoma with Wilson-Mikity
syndrome and Beckwith-Wiedemann syndrome (BWS) in an
extremely low birth-weight infant. At 8 months of age, she
was referred to our hospital due to liver tumor and elevated
serum alpha-fetoprotein (AFP) levels upon screening for
tumors with BWS. We started chemotherapy (CITA regi-

Key words: hepatoblastoma, serum alpha-fetoprotein (AFP),
lectin-reactive serum alpha-fetoprotein (AFP-L3), extremely
low birth weight infant, Beckwith-Wiedemann syndrome
*30-1, Ohyaguchikami-cho, Itabashi-ku, Tokyo, 173-8610 JAPAN

men) without an open biopsy, because of unstable condi-
tions due to emphysema and pulmonary hypertension.
After two courses of CITA regimen, she received tumor
resection. Postoperatively, she received four courses of low
CITA regimen. In this case, we carefully observed not only
the level of AFP but lectin-reactive AFP (AFP-L3) because
the levels of AFP and AFP-L3 showed gradual decreases
with transient increases after complete tumor resection.
Here we discussed changes of AFP and AFP-L3 levels after
tumor resection in hepatoblastomas.
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Rhabdomyosarcoma is a rare soft tissue sarcoma that typically affects children, adolescents, and young adults.
Despite treatment via a multidisciplinary approach, the prognosis of advance-stage rhabdomyosarcomas
remains poor, and a new treatment strategy is needed. Anaplastic lymphoma kinase (ALK) is a receptor tyrosine
kinase that is a potential target for specific inhibitors. In this study, we investigated 116 rhabdomyosarcomas
using a polymer-based ALK immunostaining method and correlated the results with clinicopathological
parameters. In addition, we examined ALK status using dual-color fluorescence in situ hybridization, PCR, and
sequencing. In immunohistochemical analysis, ALK was detected in 2 (6%) of 33 embryonal rhabdomyosarco-
mas, 42 (69%) of 61 alveolar rhabdomyosarcomas, and 0 (0%) of 22 other subtypes, including pleomorphic,
adult-spindle-cell/sclerosing, and epithelioid variants. Compared with ALK-negative alveolar rhabdomyosarco-
mas, ALK-positive ones are presented with metastatic spread more frequently and showed a greater extent of
myogenin reactivity. Overall survival was not associated with ALK expression. FOXO1 rearrangement was
significantly associated with ALK immunoreactivity. The median ALK copy number was greater in ALK-positive
tumors than in ALK-negative tumors. Most (93%) cases tested showed no selective increase in the ALK gene
dosage. ALK selective amplification and low-level selective gain were noted in one and three cases,
respectively. Further, a high-polysomy pattern (>4 ALK copies in >40% of cells) was observed in seven cases.
A significant increase in the ALK copy number was exclusive to the ALK-immunopositive cohort, but it was
uncommon, accounting for only 30% of the 37 ALK-positive rhabdomyosarcomas. ALK gene rearrangement
was not observed in either cohort, while an ALK somatic mutation (11277T) was found in one ALK-negative
embryonal case. Although it remains controversial whether ALK expression without gene rearrangement is
therapeutically relevant, this comprehensive analysis may help future studies on the utility of ALK-targeted

therapy for patients with rhabdomyosarcoma.
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Rhabdomyosarcoma is a rare sarcoma with skeletal
muscle differentiation that typically affects
children, adolescents, and young adults. It is
histologically classified into the embryonal, alveo-
lar, and pleomorphic subtypes,’=® although other
rare variants like sclerosing, adult-spindle-cell, and
epithelioid rhabdomyosarcomas have also been
proposed.*” Each subtype is characterized by a
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distinct epidemiology, clinical behavior, and genetic
background.’-® For example, alveolar thabdomyo-
sarcoma affects older patients compared with
the embryonal subtype, is associated with poor
survival, and in most cases, is characterized by a
specific t(2;13) or t(1;13) translocation, which
results in the PAX3-FOXO1 or PAX7-FOXO1 fusion
gene, respectively.® Although multidisciplinary
treatment has dramatically improved prognosis,
the survival rate of those affected by metastatic
rhabdomyosarcoma remains low. Therefore, a new
treatment strategy is needed.

Anaplastic lymphoma kinase (ALK) is a receptor
tyrosine kinase whose gene ALK is located on
chromosome 2. The ALK gene is rearranged in
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anaplastic large cell lymphoma,® ALK-positive
B-cell lymphoma,® inflammatory myofibroblastic
tumor,'® and a small subset of lung carcinoma®!
and renal cell carcinoma,?'% while it is mutated in
neuroblastoma’* and in rare thyroid cancers.’® The
ALK protein is constitutively expressed in these
ALK-associated cancers, whereby it has a critical
oncogenic role. ALK has recently received
significant clinical attention because it is targetable
by small molecule kinase inhibitors. The ALK
inhibitor crizotinib showed a marked overall
response and good disease control rates in patients
with ALK-rearranged lung cancers,'® and similar
encouraging results were reported for this drug in
the case of an inflammatory myofibroblastic tumor?”
and anaplastic large cell lymphomas.®

Considering several reports that have documented
ALK expression in rhabdomyosarcomas,'®* we
speculated that ALK may also have an oncogenic
role in these sarcomas, and that they may be treatable
with ALK inhibitors. We first decided to clarify the
incidence of ALK expression and genomic changes in
rhabdomyosarcomas in relation to clinicopathological
parameters. We investigated ALK expression in a
large number of cases using a previously validated
ALK immunostaining method? and correlated the
results with the tumor subtype, FOXO1 rearrange-
ment, and clinicopathological findings. In addition,
we determined ALK gene status (rearrangement,
changes in copy number, and somatic mutations} in
these sarcomas.

Materials and methods
Case Selection

This study was approved by the institutional review
board. We retrieved 116 rhabdomyosarcoma speci-
mens, each from a unique patient, from the
pathology files of the National Cancer Center
Hospital and the University of Tokyo Hospital (both
in Tokyo, Japan). All hematoxylin and eosin-stained
sections were reviewed along with the relevant
immunostaining data, and the diagnoses were
confirmed. All the tumors were positive for desmin
and one or both of the myoregulatory proteins
(myogenin and myoD1).?®* Of note, our study
population predominantly included adults: 60% of
the patients were >18 years of age (median age,
20 years). All the tumors were reclassified on the
basis of the latest World Health Organization
scheme!® and the recent literature,*7 into
embryonal (n=33), alveolar (n=61), pleomorphic
(n=28), adult-spindle-cell/sclerosing (n=12), and
epithelioid rhabdomyosarcomas (n=2). The
adult-spindle-cell type was separately categorized
because it is considered distinct from pediatric
homonymous tumor (ie, a subset of the embryonal
type) because of its more aggressive behavior and
frequent association with sclerosing features.”
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ALK Immunohistochemistry

Four-micrometer-thick sections of the tumors were
deparaffinized. Heat-induced epitope retrieval was
performed using the targeted retrieval solution pH9
(Dako, Carpinteria, CA, USA). The slides were
treated with 3% hydrogen peroxide for 20min to
block endogenous peroxidase activity. They were
then incubated with primary antibody against ALK
protein (1:40, 5A4; Abcam, Cambridge, UK) for
30min at room temperature. Immunoreactions were
detected using EnVision-FLEX 4+ (Dako). The reac-
tions were. visualized using 3,3’ diaminobenzidine
followed by counterstaining with hematoxylin. We
had previously shown that this staining condition
yielded perfect concordance between immunoreac-
tivity and the ALK rearrangement status in lung
cancers.?* The staining results were categorized as
negative (<5%), focally positive (5—50%), and
diffusely positive (>50%), whereas the staining
intensity was graded as weak, moderate, or strong.

Correlation with Clinical Parameters

The clinical data were correlated with the ALK
immunoexpression status in the case of alveolar
rhabdomyosarcoma. The clinical parameters studied
were age, sex, primary tumor site (head and neck,
urogenital/perianal, extremity, or trunk), whether the
tumor initially presented with metastatic spread to the
lymph nodes or distant sites, whether the tested
specimen had been obtained before or after chemother-
apy, whether the tested specimen was sampled from
the primary site or metastatic site, and overall survival.

Correlation with Histological Parameters

Select histological parameters were correlated with
the ALK immunoexpression status in the case of
alveolar rhabdomyosarcoma. The histological
parameters studied were the presence of a pure
solid growth pattern, the presence of a mixture with
additional = embryonal rhabdomyosarcomatous
morphology, the presence of nuclear pleomorphism
(at least at a focal level), and the percentage of
myogenin-immunopositive cells.

FOXO1 and ALK Gene Rearrangement Status

Fluorescence in situ hybridization (FISH) analysis
to detect gene rearrangement was performed on
formalin-fixed, paraffin-embedded, 4-um-thick
tumor sections. Break-apart probes were used for
the FOXO1 (Vysis LSI FOX0O1 Dual Color, Abbott
Molecular, Abbott Park, IL, USA) and ALK genes
(Vysis LSI ALK Dual Color, Abbott Molecular) in
accordance with the manufacturer’s instructions. At
least 50 nonoverlapping tumor cells were examined.
Cases in which >20% of the cells showed split
signals or isolated 3’ signals were considered
positive for gene rearrangement.



ALK Copy Number Evaluation

Changes in the ALK copy number were determined
using FISH on formalin-fixed, paraffin-embedded
4-pum-thick tumor sections. A dual-color probe set
was used, in which the ALK gene was labeled with
Texas Red (red) and the paracentromeric sequence of
the chromosome 2 (CEN2p) was labeled with FITC
(green) (GSP laboratory, Kawasaki, Kanagawa,
Japan). FISH images were captured using the
Metafer Slide Scanning Platform (MetaSystems,
Altlussheim, Germany) to facilitate analysis. In
order to minimize the influence of truncation
artifacts, we evaluated 50— 100 nonoverlapping
tumor cells with an adequate nuclear area that
exhibited at least one each of green and red signals.
The specific ALK gene copy number was analyzed
by determining the ratio of the copy number of
ALK to that of CEN2p, and copy number gain
was classified as no selective gain (median ALK/
CEN2p=1), low-level selective gain (1<median
ALK/CEN2p<2), or selective amplification (median
ALK/CEN2p =2). When there was no selective copy
number gain (ie, median ALK/CEN2p=1), we
focused on the absolute ALK copy number per cell.
An increase in this parameter was categorized as no
polysomy (>4 ALK gene copy in <10% of cells),
low polysomy (=4 ALK gene copy in 10— <40%
of cells), and high polysomy (=4 ALK gene copy
in >40% cells), similar to the criteria widely used
in thoracic oncology.?®

ALK Mutation Analysis

We extracted DNA from formalin-fixed paraffin-
embedded tumor sections. Exons 23 and 25 of the
ALK gene, which harbor hotspots of activating
mutations, were amplified by PCR using EX Tagq
HS polymerase (TAKARA, Otsu, Shiga, Japan).
The primers used were ALK-EX23F, 5-GCCTTTAT
ACATTGTAGCTGC-3"; ALK-EX23R, 5'-TCGGAGGA
AGGACTTGAGGTC-3'; ALK-EX25F, 5'-TCTTCCCA
GAGACATTGCTGC-3'; and ALK-EX25R, 5-GGTAG
AAAGTTGACAGGGTAC-3' The PCR products were
purified (QIAquick PCR purification kit; Qiagen,
Valencia, CA, USA) and analyzed by sequencing
with the same primers (Big Dye sequencing kit;
Applied Biosystems, Carlsbad, CA, USA). Somatic
mutations were evaluated by sequencing matched
normal DNA extracted from muscle tissues. Somatic
amino acid substitution was functionally evaluated
using the Polyphen2 and MutationAssessor algo-
rithms (http://genetics.bwh.harvard.edu/pph2/ and
http://mutationassessor.org/, respectively).

Statistical Analysis

All data analyses were performed using SPSS
version 20.0 (IBM Corporation, Somers, NY, USA).
Fisher’s exact test was used for categorical data, and
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Mann-Whitney’s U test was used for continuous
data. Overall survival, measured from the date of
clinical presentation, was calculated using the
Kaplan-Meier method, and survival difference was
compared using the log-rank test. All P values were
two tailed, and P<0.05 was considered significant.

Results

Correlation between ALK Expression and Tumor
Subtype

As shown in Table 1, ALK expression was detected
in 2 (6%) of 33 embryonal, 42 (69%) of 61 alveolar,
0 (0%) of 8 pleomorphic, 0 (0%) of 12 adult-
spindle-cell/sclerosing, and 0 (0%) of 2 epithelioid
rhabdomyosarcomas. ALK expression was signifi-
cantly associated with tumor subtype (P<0.001).
Among the 44 ALK-positive cases, 11 showed strong
staining intensity, 14 showed moderate intensity,
and 19 showed weak intensity (Figure 1). The
staining extent was diffuse in 40 cases and focal in
4 cases. The median rate of positive cells was 80%.
In immunopositive cases, the reaction was at
the plasma membrane and/or cytoplasm with
frequent paranuclear Golgi accentuation; no nuclear
reactivity was seen.

Correlation between ALK Expression and
Clinicopathologic Parameters in Alveolar
Rhabdomyosarcoma

As shown in Table 2, the age, sex, primary tumor
site, chemotherapy status, and sample type were not
significantly associated with ALK immunoreactiv-
ity. ALK-positive and ALK-negative alveolar rhab-
domyosarcomas initially presented with metastasis
in 67% and 32% of the cases, respectively, and the
difference was statistically significant (P=0.014).
Further, overall survival did not differ between the
groups (P=0.96, Figure 2). Among the histological
parameters, pure solid growth pattern and mixture
with embryonal morphology were not significantly
associated with ALK status. All three alveolar
rhabdomyosarcomas with at least focal nuclear pleo-
morphism were ALK immunonegative (P=0.027).

Table 1 ALK immunoreactivity in thabdomyosarcoma subtypes

Subtype ALK ALK Total
Positive Negative
Embryonal 2 (6%) 31 33
Alveolar 42 (69%) 19 61
Pleomorphic 0 (0%) 8 8
Adult-spindle-cell/sclerosing 0 (0%) 12 12
Epithelioid 0 (0%) 2 2

Abbreviation: ALK, anaplastic lymphoma kinase.
P<0.001 (alveolar vs non-alveolar).
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Figure 1 ALK immunoreactivity in rhabdomyosarcomas. The staining was (a) strongly positive, (b) moderately positive, (¢) weakly

positive, or (d) negative.

Table 2 Correlation between ALK immunoreactivity and clinicopathological parameters in alveolar rhabdomyosarcoma

Clinicopathological Characteristics ALK positive ALK negative P
(N=42) (N=19)
Age (years) Median 19 18 0.97
Range 2-49 4-53
Sex Male:female 20: 22 9: 10 1.00
Site Head and neck 20 6 0.19
Urogenital/perianal g 3
Extremity 12 7
Trunk 1 3
Metastasis at presentation 28 6 0.014
Status post chemotherapy 16 g9 0.58
Primary:metastasis 22:20 12:7 0.58
Solid growth pattern only 8 2 0.49
Nuclear pleomorphism 0 3 0.027
Mixture with embryonal morphology 1 2 0.23
Median myogenin-positive cells (%) 95 60 0.001

Abbreviation: ALK, anaplastic lymphoma kinase.

The median rate of myogenin-immunopositive  Correlation between ALK Expression and FOXO1

cells in the ALK-positive alveolar rhabdomyo-  Status in Alveolar rhabdomyosarcoma
sarcomas was 95%, which was significantly

higher than that (60%) in ALK-negative ones FOXOT1 gene rearrangement status was examined in
(P=0.001). all the alveolar rhabdomyosarcomas and select
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Figure 2 Kaplan-Meier analysis of overall survival of 42 patients

with ALK-positive alveolar rhabdomyosarcoma and 19 patients

with ALK-negative alveolar rhabdomyosarcoma. No significant

difference in survival was observed between the groups as

determined by the log-rank test (P=0.96).

Table 3 Correlation between ALK immunoreactivity and FOXO1
rearrangement status in alveolar rhabdomyosarcoma

ALK positive ALK negative
FOXO1 rearranged 33 8
FOXO1 non-rearranged 0 6

Abbreviation: ALK, anaplastic lymphoma kinase.
P<0.001.

non-alveolar cases. Among 47 alveolar tumors
successfully studied, 41 cases (87%) showed
FOXO1 rearrangement, while 6 cases were negative
for FOXO1 rearrangement. In contrast, none of the
18 non-alveolar tumors studied, including both
ALK-positive embryonal cases, showed FOXO1
rearrangement. All the 33 ALK-positive alveolar
tumors and 8 of the 14 ALK-negative alveolar
tumors showed FOXO1 rearrangement (Table 3).
Thus, ALK immunoexpression and FOXO1 status
were significantly correlated (P<0.001).

ALK Rearrangement Status

The ALK gene rearrangement status was determined
in select ALK-positive and ALK-negative cases.
None of the 24 cases (12 ALK positive, 12 ALK
negative) tested showed ALK rearrangement.

Changes in ALK Copy Number

Changes in the ALK copy number were examined
in all the alveolar rthabdomyosarcomas and select
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Figure 3 The median ALK copy number per cell determined by
FISH in 37 ALK-positive and 23 ALK-negative rhabdomyosarco-
mas. A indicates the alveolar subtype, and O indicates non-
alveolar subtypes. ALK-positive tumors carried a significantly
greater number of ALK gene copies than ALK-negative tumors did
(P=0.005).

non-alveolar cases. Both ALK-positive embryonal
rhabdomyosarcomas were included in the analysis.
FISH was successful for 47 alveolar (35 ALK
positive and 12 ALK negative) and 13 non-alveolar
(2 ALK positive and 11 ALK negative) tumors. The
median ALK copy number per cell was significantly
greater in the ALK-positive tumors than the ALK-
negative ones (P=0.005, Figure 3). However, the
median ALK/CEN2p ratio did not differ significantly
between these tumors (P=0.106, Figure 4), and
most cases (56 cases, 93%) showed no selective
increase in the ALK gene dosage (median ALK/
CENZ2p =1, Figure 5a). Selective amplification was
seen in one alveolar rhabdomyosarcoma (median
ALK/CEN2p =7, Figure 5b), which was that of a
post-chemotherapy metastatic tumor that primarily
occurred in the finger of an adult man, and the
tumor showed strong diffuse ALK expression. Low
selective gain was identified in one alveolar and two
embryonal tumors (Figure 5c), and all three cases
were positive for ALK expression. Tumor cells with
>4 ALK copies were significantly more common in
ALK-positive tumors than in ALK-negative tumors
(P=0.013, Figure 6). Among the 56 cases that
showed no selective increase in the ALK copy
number, 29 showed no polysomy, 20 showed low
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Figure 4 The median ALK/CEN2p ratio determined by FISH in
37 ALK-positive and 23 ALK-negative rhabdomyosarcomas.
A indicates the alveolar subtype, and O indicates non-alveolar
subtypes. The vast majority (93%) of tumors showed a median
ALK/CEN2p ratio of 1, and collectively, the ratioc was not
significantly different between the ALK-positive and ALK-
negative groups (P=0.106). However, all four cases with a
median ALK/CEN2p >1 were ALK immunopositive.

ALK negative

polysomy, and 7 showed high polysomy (Figure 5d).
The latter pattern did not seem to merely represent
the near-tetraploidy typical of alveolar rhabdomyo-
sarcoma,?”-?8 because six of the seven tumors with
this pattern consisted of >10% cells with >5 ALK
copies. All seven cases with the high-polysomy
pattern were ALK immunopositive, while 26
Al K-positive and 23 ALK-negative tumors showed
the no- or low-polysomy pattern. In summary,
all 11 cases with selective ALK amplification,
low selective gain, or high polysomy were ALK
immunopositive. Overall, these genomic abnormali-
ties were uncommon, accounting for 18% of the 60
rhabdomyosarcomas tested and 30% of the 37 ALK-
positive rhabdomyosarcomas.

ALK Mutation Status

ALK mutation was examined in 34 cases, and the
analysis was successful in 19 cases (7 ALK positive,
12 ALK negative). Only one case, a metastatic
embryonal rhabdomyosarcoma in an adult male,
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showed a heterozygous somatic mutation
(c.3830G>A, p.I1277T) of the receptor tyrosine
kinase domain. This tumor was immunonegative
for ALK and was located primarily in the heart.
Functional evaluation of amino acid substitution
using Polyphen2 and MutationAssessor predicted
that this mutation may cause harmful effects
(probably damaging or medium functional impact).
This substitution is not found in the Catalog of
Somatic Mutations in Cancer (http://www.sanger.
ac.uk/genetics/CGP/cosmic/).

Discussion

Previous studies showed that alveolar thabdomyo-
sarcomas were more commonly immunopositive for
ALK than other subtypes were (Table 4). Our series
showed an even sharper difference in ALK reactivity
between alveolar (69%) and other (4%) subtypes,
which may be because of the differences in the
staining protocol. Specifically, we used the 5A4
antibody and a polymer-based system, whereas most
prior studies applied a more conventional method
using the ALK1 antibody and the avidin-biotin
system. Recent reports have suggested that ALK1/
avidin-biotin method may result in suboptimal
concordance between immunoreactivity and geno-
mic status.2®3! The differential ALK staining
in rhabdomyosarcoma may carry diagnostic value.
Subtyping rhabdomyosarcoma can be challenging,
particularly when alveolar tumor shows a solid
pattern and embryonal tumor shows dense
cellularity without an apparent myxoid matrix.3?
In addition, sclerosing rhabdomyosarcoma may
mimic the alveolar subtype.*® Although FOXO1
rearrangement assays may be useful for classi-
fication, immunochistochemical analysis is more
accessible and cost effective. ALK staining has
already gained wide application in diagnostic
pathology, and optimized staining protocols like
the one used here may become prevalent given the
increased interest in ALK-targeted therapy. Our data
suggest that ALK may be a useful marker for
distinguishing the alveolar subtype from other
subtypes of rhabdomyosarcomas, and this finding
needs to be confirmed in a larger cohort.
ALK-positive and ALK-negative alveolar rhabdo-
myosarcomas were not clinicopathologically
different in many respects, including overall survi-
val. However, we found that ALK-positive cases
presented with metastasis more commonly than
ALK-negative cases. Although additional studies
are needed for confirmation, it appears that ALK
immunoreactivity may identify a subset of alveolar
rhabdomyosarcoma that has a higher proclivity to
metastatic spread. On histological examination,
nuclear pleomorphism was exclusively observed
in ALK-negative alveolar rhabdomyosarcomas,
and ALK-negative alveolar cases harbored a
smaller proportion of myogenin-positive cells than
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Figure 5 Changes in the ALK copy number in rhabdomyosarcomas determined by dual-color FISH. Red signals represent the ALK gene
and green signals represent the reference sequence (CEN2p). (a) Most tumors tested showed no selective increase in ALK gene dosage
(ALK/CEN2p =1). (b) One tumor showed selective ALK amplification. (c) Three tumors showed low selective gain defined as 1 <median
ALK/CEN2p<2. (d) Seven tumors showed a high-polysomy pattern defined as >4 ALK copies in >40% cells with ALK/CEN2p=1.

ALK-positive ones. Classic alveolar rhabdomyosar-
coma is characterized by uniform cytology and a
greater extent of myogenin staining compared with
non-alveolar subtype.?‘r"se' Therefore, the presence of
pleomorphic tumors and less extensive myogenin
positivity in the ALK-negative alveolar cases may
suggest that this subgroup includes non-classical
examples. Some of these might be close to (or might
actually represent) the non-alveolar subtype that is
indistinguishable from alveolar rhabdomyosarcoma
on the basis of morphological criteria alone.

ALK immunoreactivity and FOXO1 status were
strongly correlated in our cohort. This result is in
agreement with several array-based analyses3*37 in
which ALK was found to be one of the most
differentially expressed genes in FOXO1 fusion-
positive alveolar rhabdomyosarcoma as compared
with fusion-negative alveolar and embryonal
rhabdomyosarcoma. This association indicates that
ALK may be a target of the PAX-FOXO1 chimeric
protein. In support of this hypothesis, Davicioni
et al’® showed that ALK was upregulated when
PAX-FOXO1 was transfected into a fusion-negative

cell line. Cao and associates®® also showed
that introducing small hairpin RNA against PAX3-
FOXO1 into a fusion-positive cell line down-
regulated ALK expression. Further, the regulatory
sequences of the ALK gene were shown to contain a
high-affinity binding site to the PAX3-FOXO1
protein.?8 Although a previous study? found no
association between FOXO1 rearrangement and
ALK immunoreactivity, this discordance may be
owing to the difference in the number of cases
studied, the ALK staining protocol used, and the
molecular method employed to determine the gene
rearrangement status.

The ALK immunoreactivity and ALK gene
copy number were also found to be significantly
correlated in our series. Notably, ALK selective
amplification, low selective gain, and high polys-
omy were observed exclusively in ALK-immunopo-
sitive cases. Nevertheless, these significant copy
number changes were relatively uncommon and
were observed only in 30% of the ALK-positive
tumors. In particular, true selective gene amplifica-
tion was rare: it was observed in only 3% of the
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