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Abstract

Objective—Pleuropulmonary blastoma (PPB) is a childhood cancer arising from
pleuropulmonary mesenchyme. This neoplasm is a sentinel disease in a familial tumor syndrome
recently found to be associated with germline mutations in DICERL1. Observations of ovarian sex
cord-stromal tumors (OSCST) in PPB kindreds led to further study. We sought to characterize
ovarian tumors seen in probands and families with PPB and PPB-related conditions and define
germline DICERL status.

Methods—~Patient and family records of pathology-reviewed PPB cases enrolled in the
International PPB Registry (IPPBR) were searched for ovarian tumors. Ovarian tumor pathology
specimens were obtained and centrally-reviewed. Germline DNA from patients with ovarian
tumors was tested for DICER1 mutations. Three additional OSCST patients registered in the
IPPBR were also tested for mutations in DICERL1.

Results—Among 296 kindreds including 325 children with PPB, we observed 3 children with
both PPB and Sertoli-Leydig cell tumors (SLCT)/Sertoli cell tumors. Among family members of
PPB patients, we identified 6 OSCST (3 SLCT, 1 Sertoli cell tumor, 1 juvenile granulosa cell
tumor, 1 gynandroblastoma). Age at ovarian tumor diagnosis was youngest in PPB probands and
younger in family members than in OSCST in general. Germline DICER1 mutations were
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identified in 4 of 6 patients with OSCST from PPB kindreds and in 2 of 3 children with OSCST
and no personal or family history of PPB.

Conclusions—Primary ovarian neoplasms, particularly OSCST, are a manifestation of the
familial PPB syndrome and may be the initial clinical presentation of DICER1 mutations within a
family.
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BACKGROUND

Pleuropulmonary blastoma (PPB) is the most common primary lung cancer of childhood.[1]
It is the pulmonary analog of other dysontogenetic or embryonal neoplasms in this age
group such as Wilms' tumor, neuroblastoma, retinoblastoma and others. PPB is genetically
determined in approximately 70% of cases [2, 3] and is associated with a distinctive
inherited tumor predisposition syndrome. Approximately 30% — 35% of kindreds in which a
child has been diagnosed with PPB have findings consistent with the PPB Family Tumor
and Dysplasia Syndrome (OMIM #601200) which includes PPB, pulmonary cysts with
pathologic features of involuted or regressed PPBs, cystic nephroma, other soft tissue
sarcomas, nasal chondromesenchymal hamartoma, nodular hyperplasia and carcinoma of the
thyroid gland, ciliary body medulloepithelioma and embryonal rhabdomyosarcoma of the
uterine cervix [4-8].

Familial PPB is associated with germline mutations in DICER1 [9]. DICER1 encodes an
enzyme required for the production of mature microRNAs (miRNAs) [10]. miRNAs are
important regulators of gene expression and are critical in normal organ development [11].

The current study is based upon the identification of several cases of ovarian sex cord-
stromal tumors (OSCST) in PPB kindreds. OSCST arise from the mesenchymal or
interstitial stroma whose differentiated elements include granulosa cells and other
specialized supporting elements. The specific tumor types in the OSCST category are
Sertoli-Leydig cell tumors (SLCT), granulosa cell tumors (juvenile and adult), Sertoli cell
tumors, thecoma-fibroma and gynandroblastoma. Gynandroblastoma is a unique tumor,
having both SLCT and juvenile granulosa tumor components [12]. Both PPB and OSCST
are rare neoplasms and their precise incidence is difficult to determine from the literature.

In this study we present our investigation of the associations between PPB, OSCST and
germline DICER1 mutations.

METHODS

Human subjects sample collection

The records of families enrolled in the International PPB Registry (IPPBR,
www.ppbregistry.org) were reviewed for proband and/or family member history of ovarian
neoplasms. Central review of PPB pathology (LPD, DAH) was required for IPPBR
enrollment. Ovarian tumor histopathology was centrally-reviewed (MCP, LPD, DAH). All
study protocols were approved by participating institutional human subjects committees. All
participants providing germline samples for DICER1 sequencing provided written consent
for the molecular and family history studies as approved by the Human Research Protection
Offices at Washington University in St. Louis, MO and Children’s National Medical Center
in Washington, DC. Medical records, blood, saliva and tumor specimens were collected
from PPB probands, affected family members and other relatives. Genomic DNA was
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extracted from peripheral blood lymphocytes or saliva using standard protocols. Family
histories were obtained by treating physicians and IPPBR staff. Three children with OSCST
from two families without a history of PPB were also included in this report as they were
referred to the IPPBR based on clinical suspicion for genetically-determined OSCST.

Sequence analysis of germline or tumor DNA

RESULTS

DICERL1 sequences were extracted from the public draft human genome database
(NM_177438) and used as a reference sequence for assembly and primer construction.
Primers were designed to amplify all of the coding exons including intron-exon boundaries
(Supplemental Table 1). PCR reactions were performed using genomic DNA. The resultant
products were purified and directly sequenced using BigDye Terminator chemistry (v3.1
Applied Biosystems, Valencia CA) and the ABI3730 sequencer (Applied Biosystems). For a
subset of cases, we used high throughput sequencing services (Agencourt, BeckmanCoulter
Genomics, Danvers MA). The sequence traces were assembled and scanned for variations
using Sequencher version 4.8 (Gene Codes, Ann Arbor, MI) and visual inspection of
chromatograms. Variants were queried against the SNP database
(http://lwww.ncbi.nlm.nih.gov/projects/SNP/). SIFT and Polyphen algorithms were used to
assess the potential significance of predicted novel amino acid substitutions
(http://blocks.fherc.org/sift/SIFT.html) [13].

Clinical Characteristics

Among 325 patients from 296 families with PPB enrolled in the IPPBR, we identified 9
patients or close relatives with an OSCST(Table 1). These included seven Sertoli-Leydig
tumors, one juvenile granulosa cell tumor and one gynandroblastoma. In three families, the
proband with PPB was also diagnosed with an ovarian Sertoli-Leydig tumor (ages at
diagnosis 6, 8 and 13 years). These three children had received chemotherapy and surgery
for PPB 5, 6 and 11 years prior to ovarian tumor diagnosis respectively. Six OSCST were
diagnosed in first or second-degree relatives of a child with PPB. Ages at diagnosis for
OSCST in these family members were 2, 4, 7, 15, 18 and 32 years (median, 11 years) (Table
1). An ovarian dysgerminoma was seen in a third-degree relative of a PPB patient. No other
ovarian tumors were confirmed.

For the children with no personal or family history of PPB, two were sisters, one diagnosed
with juvenile granulosa cell tumor and the other with gynandroblastoma (Table 1).
Interestingly, a lung cyst was identified in the sister with juvenile granulosa cell tumor (Fig.
1). The third child developed bilateral ovarian tumors: a poorly differentiated sarcoma with
limited myogenic differentiation (age 10 years) and subsequently a Sertoli-Leydig tumor of
the contralateral ovary without heterologous elements (age 14 years).

All three children with PPB and OSCST underwent complete surgical resection of SLCT;
one child also received chemotherapy. All are alive and without evidence of PPB or SLCT
at 1.5 to 6.5 years following the SLCT diagnosis (Table 1). Fewer clinical records are
available for family members, however, all underwent surgical excision and at least one
received chemotherapy. One of these individuals had recurrence of SLCT in lymph nodes
and peritoneal surfaces one year after diagnosis, underwent surgery alone and was alive at
last contact, 25 years after the diagnosis of SLCT. All family members with OSCST are
alive without evidence of disease at a median of 20.5 years (range, 13 — 45 years) following
the ovarian tumor diagnosis.
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Pathology and Genetics

The nine OSCST in individuals with PPB (3 cases) or in relatives of those with PPB (6
cases) were all unilateral neoplasms without a predilection for either the right or left ovary.
The tumors included five SLCT, two Sertoli cell tumors, one juvenile granulosa cell tumor
and one gynandroblastoma (Fig. 2). The SLCT were intermediate to poorly-differentiated.
One of the SLCT had heterologous elements with enteric-like glands and sarcomatous
stroma. One of the two Sertoli cell tumors presented at the age of six years with abdominal
pain secondary to torsion of a 8 x 4 x 2 cm hemorrhagic mass in the left ovary (Fig. 3). This
child was diagnosed with multiple Type | PPBs at five months of age and a cystic nephroma
of the left kidney at eleven months of age. A juvenile granulosa cell tumor was diagnosed at
the age of two years in a second degree relative.

There were three additional cases of OSCST: a SLCT, a juvenile granulosa cell tumor and a
gynandroblastoma, in patients who had no history of a PPB in their family, but had clinical
findings suggestive of familial disease; two of these patients had germline DICER1
mutations.

Germline DNA samples were available for 8 of 12 patients described in this report. Six of
these eight were found to have a DICER1 mutation. One additional patient with SLCT was
found to have an intronic variant of uncertain clinical significance. Because these cases are
unusual and clinically distinct and some genetic results were obtained in the research setting,
results have been aggregated where appropriate to prevent unintentional specific disclosure
of results. Mutation analysis results are detailed in Table 2. Importantly, germline DICER1
mutations were seen in patients with SLCT, juvenile granulosa cell tumors and
gynandoblastoma.

DISCUSSION

We identified nine individuals with OSCST among PPB probands and their relatives in the
IPPBR. Germline DICER1 mutations were seen in 6 of 8 patients in this report.

Because the precise incidence of OSCST and PPB are difficult to ascertain, we cannot
determine the expected incidence of these conditions together in a single patient or in a
family kindred. Both conditions are inadequately tabulated in national registries such as
Surveillance, Epidemiology and End Results (SEER) [14]. Between 25 and 50 children are
diagnosed with PPB annually in the United States. SLCT comprise less than 1% of ovarian
tumors seen in children and adults. It is a reasonable presumption that these two rare cancers
occurring in individuals or relatives have a related pathogenesis. Also, the ovarian tumors
seen are predominantly limited to the otherwise rare specific histologic subtype of OSCST
with a predominance of SLCT. The ages at diagnosis of SLCT/Sertoli cell tumors for PPB
patients (6, 8 and 13 years) and family members (4, 7, 15 and 32 years) are generally
younger than the age of diagnosis of “sporadic” SLCT (mean 25 years) [15]. Although our
numbers are small, these data suggest that SLCTs associated with PPB occur at a younger
age than sporadic examples, as is typical of hereditary tumor predisposition. All of the
patients described are alive without evidence of disease, including one patient who relapsed
and underwent surgery, although the numbers are too small to draw conclusions regarding
prognosis.

In addition to the PPB-associated cases, we identified three children with OSCST for whom
there was no personal or family history of PPB, however clinical findings were suggestive of
a genetic tumor predisposition. Two were sisters with OSCST (one with a lung cyst); the
third patient had ovarian sarcoma with contralateral OSCST. DICER1 mutations were also
seen in this group.
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In general, the pathogenesis of OSCST is unknown, in part because of the tumor’s rarity.
Genetic analyses of tumor tissue have generally shown balanced karyotypes, with
chromosomal imbalances in up to 25%, occasionally gain of chromosome 12 [16]. Trisomy
8 was seen in one case of metastasizing SLCT [17]. Sex cord-stromal tumors have been
described in other genetic syndromes, suggesting that genetic predisposition is important.
Sex cord-stromal tumor with annular tubules are associated with Peutz Jeghers syndrome
characterized by the STK11 gene mutation but STK11 gene mutations have not been
observed in sporadic OSCST [18]. Juvenile granulosa cell tumors have been described in
association with Ollier enchondromatosis and Maffucci syndrome [19].

Four OSCST patients we report had nodular thyroid hyperplasia (NTH) (Table 1). The
association of NTH with SLCT has recently been shown to be related to germline mutations
in DICERL [20, 21] lending further support to the association described here. Our research
expands these findings to include cases of juvenile granulosa cell tumor and
gynandroblastoma and defines a link between PPB, OSCST and germline DICER1
mutations.

Germ-cell tumors are a separate entity from OSCST. We observed one case of ovarian
dysgerminoma in a third-degree relative of a PPB patient. Three seminomas have also been
observed in relatives of PPB patients. Germline mutations results were available for one
patient with seminoma; we did not find DICER1 mutation. Of 71 patients with seminoma,
Slade et al. identified one DICER1 mutation.[22] It is currently unclear whether the
dysgerminoma/seminoma group of gonadal tumors is part of the PPB-related spectrum of
diseases.

Our sequence analysis identified heterozygous germline loss of function DICER1 mutations
in 4 of 6 patients with PPB-associated OSCST. We also identified a DICER1 mutation in
two young sisters with OSCST and no known family or personal history of PPB. On staging
chest CT one sister was also found to have a lung cyst (Figure 1), likely an occult
manifestation of the cystic variant of PPB. [23]. The finding of a lung cyst or one of the
PPB-related tumors in a patient or close family member with OSCST should suggest the
possibility of germline DICER1 mutation. DICER1 mutations were first identified in PPB
patients [9] and have subsequently been seen in other conditions seen in familial PPB cases
[3, 8, 21, 24]. Clinical testing for DICER1 mutation status is available.

Mutations in DICER1 are hypothesized to alter production of mature miRNAs leading to
dysregulated gene expression [9, 11]. Because miRNAs are important in controlling many
biological functions, the effects of reduced DICERL expression in different tissues at
different stages of growth, development or homeostasis may be expected to lead to
pleiotropic effects. DICER1 may function as a haploinsufficient tumor suppressor [25].
Decreased DICERL1 expression in tumor tissue has recently been shown to be associated
with poorer prognosis in adults with epithelial ovarian cancer [13]. The role of germline
DICER1 mutations and downstream implications for miRNA expression in presumed
sporadic OSCST is not yet clear. DICER1 mutations are not found in all cases of PPB or
OSCST and many carriers of DICER1 mutations are phenotypically normal, thus other
genetic factors are also likely to be important in these conditions.

The PPB Family Tumor and Dysplasia Syndrome phenotype includes PPB, lung cysts,
cystic nephroma, OSCST (especially SLCT) as described here, thyroid nodular hyperplasia
(NTH) and differentiated carcinomas, nasal chondomesenchymal hamartoma, ciliary body
medulloepitheioma and sarcoma botryoides of the uterine cervix as well as more familiar
childhood cancers and dysplasias [3]. The importance of detailed family histories is thus
apparent, and co-occurrence in a child or family of any of the PPB-associated illnesses raises
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the possibility of genetically-determined disease. DICER1 sequencing may be indicated and
if such a genetic marker is found, the at-risk family members can be identified. Because
PPB-related diseases affect many organs over the first 20-30 years of life and because
disease penetrance is low, disease screening must be very carefully considered. On the other
hand, families and medical professionals should be aware of familial diseases associated
with OSCST. Obtaining detailed family histories from patients with OSCST may lead to
timely diagnosis of a familial cancer syndrome with important implications for young
children within the family. For very young children who carry DICER1 gene mutations,
screening with chest CT scan may be most helpful in early identification of PPB, which is
by far the most lethal tumor seen within this familial tumor syndrome and a tumor in which
early detection provides the best opportunity for cure. [26] Clinicians and family members
should be alert for signs of an abdominal mass, pain or signs of hormone production such as
precocity or virilization that may herald the presence of an ovarian sex cord-stromal tumor.

From this group of patients we cannot determine the prevalence of germline DICER1
mutations in patients with OSCST in general. Medical or family history of lung cysts, lung
tumors diagnosed at a young age (especially PPB), hyperplastic thyroid disease, gonadal
tumors, cystic nephroma, intestinal hamartomas, childhood benign or malignant tumors or
SLCT/OSCST diagnosed at a younger than expected age strongly suggest the need for
genetic counseling and consideration of DICERL1 testing. Studies underway and in
development will offer further insights into these important questions.

CONCLUSIONS

We have shown that germline DICER1 mutations may be found in PPB-associated OSCST
cases. DICER1 mutations may also be found in other OSCST patients, including those with
SLCT, juvenile granulosa cell tumor and gynandroblastoma whose clinical presentation
suggests genetic predisposition. With this insight, we seek to gain a better understanding of
tumor pathogenesis; thus leading to improved treatments and outcome for women with
sporadic OSCST, which continue to have significant morbidity. Although we have no
specific recommendations for screening at this time, recognition of this clinical association
may promote early recognition of ovarian tumor symptoms in a predisposed child or family
member.
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Fig. 1.

Lung cyst discovered at age 16 years in child with juvenile granulosa cell tumor (Case 11).
Such cysts discovered after age 8 years in patients with PPB-associated conditions are very
likely benign cystic variants of PPB [3].
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Fig. 2.

(4 panel photomicrographs). A. Sertoli cell tumor of the ovary (case 2) shows the pattern of
solid cords of uniform basophilic cells. B. Other patterns in the same tumor (case 2)
demonstrate small tubules adjacent to retiform or papillary profiles. C. Sertoli-Leydig cell
tumor (case 4) was largely necrotic and hemorrhagic but the viable areas show the presence
of small basophilic cells in cord-like structures with intermixed clusters of larger, pale
staining cells representing Leydig cells. D. Juvenile granulosa cell tumor (case 8) with a
cystic structure resembling a graffian follicle is surrounded by a densely cellular stroma.
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Fig. 3.

(gross). Sertoli cell tumor of the ovary (case 2) presented with persistent abdominal pain in a
6-year-old female with the previous history of multiple PPBs and a cystic nephroma of the
kidney. The hemorrhagic appearance of this 8 cm ovarian mass reflects the torsion with
hemorrhagic infarction.
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Case Ovarian Diagnosis Other Diagnoses in This Ovarian Qutcome
Relationship to PPB (age at diagnosis, years) Patient Tumor since
(age at diagnosis, years) Treatment Ovarian
Diagnosis
(duration,
years)
PPB Patients with Ovarian Tumors
1 SLCT - poorly differentiated, with Congenital phthisis bulbi (0) surgery NED, 6.5
PPB patient heterologous elements (13) PPB (2)
NCMH (12)
2 Sertoli cell - SLCT (6) PPB (0.5) surgery NED, 2
PPB patient CN (1)
3 SLCT - retiform (8) PPB (2) surgery, chemotherapy | NED, 1.5
PPB patient
Relatives of PPB Patients with Ovarian Tumors
4 SLCT (15) none surgery x 3 NED* 25
second degree '
5 SLCT - retiform (7) NTH (18) surgery NED, 16
second degree
6 SLCT (32) NTH (12) surgery NED, 16
second degree Pituitary adenoma (25)
7 Sertoli cell tumor with torsion (likely none surgery NED, 45
first degree SLCT) (4)
8 JGCT (2) none surgery NED, 33
second degree
9 Gynandroblastoma (18) none surgery NED, 13
first degree
Patients with diseases associated with PPB without PPB in the family
10 SLCT (10) Ovarian embyonal surgery, chemotherapy NED, 11
rhabdomyosarcoma with
anaplasia (14)
11 JGCT (16) NTH (16) surgery, chemotherapy | NED, 1.5
Lung cyst (16)
12 Gynandroblastoma (16) NTH (15) surgery NED, 5

Evidence of hormone

production:

Case 9: elevated serum testosterone & serum CA-125; Case 6: virilization

Abbreviations: Dx: diagnosis; NED: no evidence of disease; PPB: pleuropulmonary blastoma; NCMH: nasal chondromesenchymal hamartoma;
CN: cystic nephroma; SLCT: Sertoli-Leydig cell tumor; jGCT: juvenile granulosa cell tumor; NTH nodular thyroid hyperplasia

*
Recurred 1 year after SLCT diagnosis: nodes, bowel, uterus
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Table 2

DICER1 mutations in patients described in this report.

Ovarian Diagnosis

Mutation

SLCT ¢.1507G>T; p.E503X
SLCT €.2243_2244insCTAA, p.C748fs
SLCT .1376+1G>T; splice site
SLCT *

juvenile granulosa cell tumor ¢.3073G>T; p.GIu1025X™

*

Gynandroblastoma

€.3777dupC; p.V1260fs

Gynandroblastoma

*

¢.3073G>T; p.GIu1025X ™

Abbreviation: SLCT: Sertoli-Leydig cell tumor

*

intronic variant of uncertain clinical significance;

*k
sisters
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