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Abstract

Purpose of Review Germline genetic variants contribute to a substantial proportion of cases of cancer in childhood. The purpose
of'this review is to describe two emerging pediatric cancer predisposition syndromes, including published surveillance protocols,
as well as the psychological impacts related to childhood cancer predisposition.

Recent Findings DICER] syndrome is pleotropic, predisposing to a variety of tumors and likely phenotypically broader than
currently realized. Rhabdoid tumor predisposition syndrome carries a risk for development of aggressive malignancies occurring
in nearly any tissue.

Summary New pediatric hereditary cancer syndromes are likely to be identified as genetic evaluation evolves. Advantages and
disadvantages of genetic testing and surveillance protocols need to be discussed with patients and families in a team-based
approach, with the input of a genetic counselor holding expertise in pediatric cancer predisposition. Finally, literature on

psychosocial impacts of hereditary cancer syndromes in pediatric patients is sparse, necessitating further research.

Keywords Cancer predisposition - DICER] - Rhabdoid tumor predisposition - SMARCBI - SMARCA4 - Surveillance

Introduction

Fifty years since one of the first descriptions of a familial
cancer syndrome by Li and Fraumeni [1], we now know that
genetic predisposition contributes to the development of can-
cer in children at strikingly higher rates than previously ap-
preciated [2¢+, 3, 4], and that the spectrum of cancer predispo-
sition syndromes is quite broad, with over 100 genes defined
as cancer predisposition genes. Furthermore, many of the can-
cer predisposition syndromes are now more fully character-
ized with the creation of syndrome-specific patient registries
and the description of larger cohorts of patients with these
syndromes. The increasing availability and implementation
of germline genetic testing create the opportunity to identify
children at highest risk for cancer and, moreover, the prospect
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of early cancer detection and reduced morbidity and mortality
[Se, 6]. It also raises questions about the benefits and risks of
testing children for mutations in cancer predisposition syn-
dromes, particularly as it relates to the psychosocial well-
being of the patient and the family. With this report, we review
two of the emerging childhood cancer predisposition syn-
dromes, DICER! syndrome and rhabdoid tumor predisposi-
tion syndrome, including the clinical phenotype and published
surveillance recommendations, as well as what is known
about the psychosocial implications of the diagnosis of a can-
cer predisposition syndrome in a child.

Cancer Predisposition in Children

Large gene sequencing panels, chromosomal microarrays, and
whole-exome sequencing are being used with increased fre-
quency in pediatric medical care. In combination with more
routine tumor genomic profiling, a greater number of pediatric
patients with cancer predisposition syndromes are being iden-
tified. Based on the recent publication by Zhang et al., it is
now estimated that germline variants play a role in ~ 8.5-10%
of all pediatric cancer diagnoses, a rate mirroring that seen in
adult cancer diagnoses, with TP53, APC, BRCA2, NF1I,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11912-019-0836-9&domain=pdf
mailto:chris.porter@emory.edu

85 Page2of7

Curr Oncol Rep (2019) 21: 85

PMS?2, RBI, and RUNXI highlighted as the most commonly
identified germline pathogenic mutations in their cohort [2¢¢].

Family history alone is not able to predict the presence or
absence of a predisposition syndrome. However, a number of
pediatric tumors are highly suggestive of hereditary cancer
and warrant referral for additional genetic evaluation includ-
ing, but not limited to, adrenocortical carcinoma and low hy-
podiploid acute lymphoblastic leukemia (Li-Fraumeni syn-
drome), malignant peripheral nerve sheath tumors and optic
pathway gliomas (neurofibromatosis), and retinoblastoma
(retinoblastoma syndrome) [2¢¢, 7¢]. Two additional pediatric
tumors often indicative of a pediatric cancer predisposition
syndrome, pleuropulmonary blastoma and malignant
rhabdoid tumors, will be further discussed below.

Genetic counseling has been defined as the “process of
helping people understand and adapt to the medical, psycho-
logical, and familial implications of genetic contributions to
disease” [8]. In the setting of hereditary cancer, this includes
education about one’s cancer risk based on personal and fam-
ily history, a discussion of testing and management options,
including risk-reducing surgeries and surveillance protocols,
and “counseling to promote informed choices and adaptation
to the risk and/or condition” [8]. Historically, cancer coun-
selors have worked with adults, evaluating for syndromes with
well-known cancer risks in adulthood, such as hereditary
breast and ovarian cancer (HBOC) or Lynch syndrome.
However, a growing number of genetic counselors are now
working in the pediatric oncology setting, in which lifetime
cancer risks have not been determined and the psychosocial
implications of genetic testing, including cancer risk percep-
tion and distress levels, have not been thoroughly evaluated.
This is particularly true for emerging syndromes such as
DICER]I syndrome and rhabdoid tumor predisposition
syndrome.

DICER1 Syndrome

The DICERI syndrome is a rare, autosomal dominant cancer
predisposition syndrome with a lifetime risk for a variety of
malignant and benign tumors, caused by germline loss-of-
function mutations in the tumor suppressor gene, DICERI.
While the clinical syndrome was described in the mid-
1990s, it was not until 2009 that DICERI mutations were
identified as a genetic link [9, 10]. The DICERI gene is a
member of the ribonuclease III (RNaselll) family and is in-
volved in the generation of microRNAs (miRNAs) that mod-
ulate post-transcriptional gene expression. It is postulated to
act as a haploinsufficient tumor suppressor gene, and typically
the wild-type copy is disrupted by a somatic hotspot variant
allowing some residual function. Complete loss of DICER] is
incompatible with life, leading to lethality early in fetal devel-
opment in mouse models [11-13].
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Clinical Phenotype

Pleuropulmonary blastoma, the most common primary lung
malignancy in childhood, is often regarded as a sentinel ma-
lignancy in DICERI carriers. Over 65-70% of patients with
PPB are found to have germline loss-of-function mutations in
DICER]I [14]. The malignancy, typically presenting in infants
and children before age 7, has been categorized into four path-
ologic subtypes hypothesized to represent an evolution of the
disease. These tumors acquire high-grade and often anaplastic
features during progression, from type I PPB (purely cystic) to
type II PPB (cystic/solid) to type III PPB (purely solid) [14,
15]. Type Ir PPB, a benign cystic lesion without a primitive
cell component, is often considered a type I lesion that did not
progress or has regressed, and has been found in DICERI
carriers of all ages [14, 16]. Treatment and overall survival
(OS) for PPB depend greatly on subtype, from an OS of
91% in type I and type Ir to the more aggressive types II and
III, with 5-year OS of 71% and 53%, respectively [14, 16].
As noted, the DICER! syndrome is pleiotropic, and the
International Pleruopulmonary Blastoma / DICERI Registry
has spearheaded efforts to describe the wide-ranging clinical
phenotype. A recent report documented a 5.3% risk for neo-
plasm by age 10 for the DICER! syndrome, and an overall
19.3% risk for neoplasm by age 50 (females 26.5%, males
10.2%) in DICERI carriers [17¢¢]. Additional tumor types
include cystic nephroma, ovarian Sertoli-Leydig cell tumor,
multinodular goiter, and cervical embryonal rhabdomyosarco-
ma. More rarely, differentiated thyroid carcinoma, Wilms tu-
mor, pituitary blastoma, pineoblastoma, nasal
chondromesenchymal hamartoma, juvenile hamartomatous
intestinal polyps, and ciliary body medulloepithelioma may
develop. Brain tumors, neuroblastoma, T cell-derived
Hodgkin lymphoma, and well-differentiated fetal adenocarci-
noma of the lung have also been reported [18°, 19, 20]. In their
2019 JCO paper, Stewart et al. published the first quantitative
analysis of site-specific neoplasm rates via standardized inci-
dence ratios (SIR) for 102 malignancies observed in a cohort
0f207 DICER] carriers. The most striking rates were noted in
PPB (SIR, 3.2 x 10°), gynandroblastoma (SIR, 1.4 x 10°), un-
differentiated ovarian sarcoma (SIR, 6.8 x 104), and Sertoli-
Leydig cell tumors (SIR, 2.2 x 10*). Lesser, though signifi-
cant, rates were documented for spindle cell carcinoma,
thymoma, rhabdomyosarcoma, malignant peripheral nerve
sheath tumor, teratoma, and thyroid cancer [17¢].
Individuals with DICER]I syndrome may have non-tumor
phenotypes, as well. In light of the relationship of cystic
nephroma with the DICER! syndrome, Khan et al. carried
out a family-based study to further evaluate for associated
structural renal abnormalities. They identified a significantly
increased percentage of affected individuals with ultrasound-
detected collecting system anomalies, nephrolithiasis, and/or
nephrocalcinosis (8/89; p =0.02) [21]. While Wilms tumor
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has been described in DICER] patients previously, this group
found no DICERI-associated genitourinary malignancies in
their cohort. Huryn et al. recently published a study on the
ocular phenotype of DICER! syndrome, identifying 22% of
DICER] carriers as affected by ocular abnormalities and two
patients with a ciliary body medulloepithelioma during the
routine ophthalmologic exam [22].

Surveillance Recommendations

In 2016, during the International DICER! Symposium, recom-
mendations for genetic testing and surveillance studies were put
forth, summarized after group consensus during the 2016 AACR
Childhood Cancer Predisposition Workshop [14, 18¢].
Surveillance recommendations for patients with the DICER]
syndrome are based on typical age of onset for the associated
disease process as well as risks and benefits of early detection. To
date, genotype-phenotype correlations have not been defined, so
no altered surveillance recommendations have been made based
on specific mutation type. Neonates at risk should have a chest x-
ray to screen for pulmonary cysts. For PPB screening in those
with germline DICER] mutation, consideration should be given
to ongoing chest x-rays on an every-6-month schedule until age
8, and then annual chest x-rays from age 8 to age 12. Further, as a
more sensitive study for PPB detection, a baseline chest CT
should be obtained between 3 and 6 months of age. If normal,
a second chest CT at age 2.5 to 3 years is advised. With regard to
renal surveillance, abdominal ultrasound is recommended bian-
nually from birth until age 8, and annually thereafter. Pelvic
ultrasound should be added to the annual ultrasound evaluation
for female DICERI carriers starting at age 8 and continue
through adulthood. Exact timing for the end of female reproduc-
tive tract surveillance is not yet determined, though the oldest
known patient with DICER-associated Sertoli-Leydig cell tu-
mor was 61 [14]. Due to the DICERI-associated risk for thyroid
nodules and malignancy, a baseline thyroid ultrasound is advised
at age 8. If normal, repeat ultrasounds every 3 years are suffi-
cient, with adjustment to the schedule based on the development
of symptoms or exam findings [18¢]. Due to the potential for
ciliary body medulloepithelioma, DICER! carriers should also
undergo annual dilated ophthalmologic exams as part of their
disease surveillance [22]. Women whose fetuses are at risk for
the inheritance of a pathogenic DICER mutation should have a
third trimester ultrasound to evaluate for large lung cysts, which
may require early intervention after delivery [14].

In addition to the surveillance imaging studies,
concerning signs and symptoms of DICERI-associated
disease conditions should be reviewed with patients
and families, in order to facilitate the timely seeking
of medical attention. Family and healthcare provider ed-
ucation is key for early diagnosis and treatment.

Rhabdoid Tumor Predisposition Syndrome

Rhabdoid tumors are rare, aggressive, soft tissue malignancies
typically diagnosed in infants and young children, before the
age of 3 [237]. Initially identified as a distinct pathological
entity in 1978 and first reported in a large patient case series
in 1989, the tumors are named for their “rhabdoid” cells, his-
tologically comprised of eosinophilic cytoplasm and resem-
bling rhabdomyoblasts [24-26]. These tumors occur primarily
in the central nervous system (atypical teratoid/rhabdoid tu-
mor [AT/RT]) and kidney (rhabdoid tumor of the kidney
[RTK]), though they have been documented in nearly every
anatomic location, including but not limited to soft tissue,
lung, ovary, and liver (termed extracranial malignant rhabdoid
tumors [eMRT]) [27].

Therapy for rhabdoid tumors is multimodal, including che-
motherapy, radiation, and surgery. However, despite aggres-
sive treatment, outcomes for patients with rhabdoid tumors are
poor, with a 1-year survival estimated at ~31% [27]. Key
prognostic factors include stage at diagnosis (4-year OS ~
42% for stage I and II tumors vs 16% for stage III, IV, and
V tumors) as well as age at diagnosis (4-year OS ~9% for
infants 0—5 months vs 41% for children > 24 months) [28].

Rhabdoid tumor predisposition syndrome (RTPS), first
named as such in 1999, is an autosomal dominant cancer
predisposition syndrome characterized by the development
of these aggressive rhabdoid malignancies. The syndrome,
associated with germline mutations in the SMARCBI (also
known as INI1) and SMARCA4 tumor suppressor genes, is
now classified into two subsets based on clinical phenotype
and genetic link. An estimated 35% of rhabdoid tumor pa-
tients will be found to have a germline mutation in one of
the two genes. Thus, genetic testing for SMARCBI and
SMARCA4 mutations should be considered for any patient
presenting with a rhabdoid tumor. It is important to note,
and key in genetic counseling, that disease risk has not been
classified based on specific mutation [29].

SMARCB1 and SMARCA4 are components of the
chromatin-remodeling SWI/SNF complex. SMARCBI stabilizes
the complex, enabling SWI/SNF to bind and facilitate enhancer
formation and function [30]. SMARCA4 encodes a SWI/SNF
catalytic ATPase subunit. However, the mechanism by which
SMARCA4 loss drives tumorigenesis is still unclear [31].

Rhabdoid tumor predisposition syndrome, type 1 (RTPSI;
OMIM No. 609322), caused by loss-of-function germline
SMARCBI mutations, accounts for the vast majority of famil-
ial rhabdoid tumors. Not only do SMARCBI carriers develop
rhabdoid tumors much earlier than patients with the same
malignancy of sporadic nature, they are at risk for developing
multiple rhabdoid malignancies. A number of reports of chil-
dren with RTPS type 1 affected by both AT/RT and eMRT or
RTK exist [32, 33]. In more recent years, the clinical spectrum
has been expanded to include not only AT/RT and extracranial
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rhabdoid tumors but also the rare development of malignant
peripheral nerve sheath tumors and multiple, typically benign
schwannomas, called schwannomatosis [23¢, 34, 35¢].

Rhabdoid tumor predisposition syndrome, type 2 (RTPS2;
OMIM No. 613325) is caused by germline SMARCA4 muta-
tions. These carriers are at risk for malignant rhabdoid tumors
of the ovary, more commonly designated as small-cell carci-
noma of the ovary-hypercalcemic type (SCCOHT), a highly
lethal tumor occurring in young women (average age 24) [36].
AT/RT development has been observed in these patients,
though much less commonly than in RTPS1, and there are
only a few reports of extracranial rhabdoid tumors [35¢,
37-39].

Surveillance Recommendations

To date, there is little evidence regarding effective surveillance
strategies for patients with either RTPS1 or RTPS2. The pen-
etrance of tumors in these syndromes is unknown, and
rhabdoid tumors can arise in nearly any tissue. However,
due to the aggressive nature of the tumors with significant
lethality and young age of onset, particularly in SMARCBI
carriers with truncating mutations, the following consensus
imaging recommendations were recently put forth as a result
of the 2016 AACR Childhood Cancer Predisposition
Workshop. For SMARCBI carriers, a brain MRI every
3 months is recommended from birth (or diagnosis) until age
5. Abdominal ultrasounds are also advised every 3 months.
Whole-body MRI until age 5 has been proposed, though the
frequency for such imaging is not defined, and additional fac-
tors, including the need for sedation, should be discussed with
the patient and family [23¢]. For SMARCA4 carriers, routine
brain and abdomen imaging is not definitively advised, given
the presumed low risk for rhabdoid tumor development in
these anatomic sites. Consideration for every-6-month pelvic
ultrasound should be entertained for ovarian surveillance; the
role for pelvic MRI is not clear [23¢].

When SCCOHT does occur, it is typically identified in
much younger patients than the more common, though equal-
ly as lethal, high-grade serous ovarian malignancies. No cases
of SCCOHT have been reported in women over the age of 45
[40]. The NCCN Guidelines for HBOC conclude that there is
“insufficient evidence” to make definitive recommendations
for a risk-reducing salpingo-oophorectomy for a number of
lower-penetrance ovarian cancer susceptibility genes, includ-
ing SMARCA4 [41]. However, prophylactic oophorectomy
should be discussed for SMARCA4 carriers and is reasonable
for individuals to consider, even before childbearing age has
been surpassed. For those patients who are not ready to con-
ceive children, ovarian hyperstimulation and oocyte harvest
may be realistic options [40]. Genetic counselors have an es-
sential role in these conversations, due to their expertise in
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patient education and supportive counseling techniques, as
well as evaluation of patients’ risk perception, anxiety, and
distress levels. These have been shown to be key factors in
patients’ decision-making process about preventative surgery,
as reported in multiple studies in adult women with HBOC
[42-44].

Finally, as with DICERI syndrome, patient and family ed-
ucation on signs and symptoms of these often—rapidly grow-
ing tumors should be discussed, focusing on the seeking of
early medical attention.

Psychosocial Impacts

As the number of pediatric patients diagnosed with cancer
predisposition syndromes increases, so will psychosocial im-
pacts on these patients and their families. However, these ef-
fects have largely been studied in the adult cancer population,
specifically as they pertain to patients with more commonly
diagnosed hereditary cancer syndromes such as HBOC and
hereditary colon cancer (Lynch syndrome and familial adeno-
matous polyposis). Further, a disproportionately low number
of men, as well as racial and ethnic minority patients, have
historically been included in such studies.

Testing Impacts

Anxiety regarding genetic testing, positive, negative, or equiv-
ocal results as well as personal and family impact, is a com-
mon psychosocial theme. Many early studies focused on
adults, most often women, and assessed the short-term psy-
chological effect of testing for BRCA 1/2 within the first month
post-test. Results indicated that non-carriers experienced re-
duction in overall anxiety while carriers did not seem to derive
psychological benefit [45]. In fact, one study documented sig-
nificantly higher levels of cancer-specific worry in carriers
than in non-carriers at all follow-up intervals, up to a year
post-testing [45]. With regard to pediatric patients and testing
anxiety, literature is sparse. Questions arise surrounding in-
formed consent and assent for minors undergoing cancer ge-
netic testing, determining the optimal timing of testing for at-
risk pediatric patients, and the disclosure of genetic test results
after a child has died from cancer. Additionally, concern has
been raised regarding potential loss of autonomy for the child,
disruption of parent-child or sibling-sibling relationships, and,
especially in adolescence, feelings of guilt and self-blame for
disease [46].

In a recent study interviewing adolescents and young adults
who had undergone testing for Li-Fraumeni syndrome, all
participants believed that genetic testing should be offered to
children, identifying the “learning of risk status or genetic
predisposition to disease” as an advantage to testing. Half of
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participants felt that knowing one’s risk status allowed one to
prepare, reduced anxiety, and increased one’s power in the
situation. When asked about testing and how the results af-
fected their general life outlook, all participants indicated ei-
ther no change or a positive change [47¢].

Another recent study investigated the use of whole-exome
sequencing (WES) of parent-child trios as a tool in identifying
cancer predisposition syndromes, specifically evaluating the
interest in and acceptance of such comprehensive molecular
testing as compared with more targeted testing. Of a total of 94
eligible families over a period of 2 years, 83 (88.3%) agreed to
participate in the study. The authors concluded that the over-
whelming majority of families were seeking knowledge re-
garding a possible underlying cancer predisposition syn-
drome. Many families cited determining a reason for why their
child had developed pediatric cancer, an incredibly rare dis-
ease, as well as possible risks for recurrence in other children.
Further, most parents and children agreed to participate in this
comprehensive genetic evaluation almost immediately,
supporting the group’s notion that families held great enthusi-
asm for genetic knowledge. On the other hand, reasons for
refusal included fear of results (six families, four of these with
family history of malignancy), current stress level/mental
overload, and cultural objection [48].

Weber et al. recently published their data from seven ado-
lescents with various childhood-onset cancer predisposition
syndromes and their experiences with syndrome diagnosis,
available support systems, and perceived risks versus benefits
surrounding their diagnoses. Based on their study, it was con-
cluded that these adolescents believed knowledge benefit
outweighed any associated negative effects and their self-
concept could be influenced, but not defined, by diagnosis
and related tumor risk [49].

Children’s psychological needs change with growth and
development [7¢]. Thus, developmentally appropriate conver-
sations between children, their parents, and healthcare pro-
viders are imperative. As genetic counseling is a longitudinal
process, it is recommended to revisit counseling for patients
with pathogenic mutations in pre-teen and teenage years, prior
to transition from pediatric to adult care, and at the time of
family planning [7¢].

Surveillance Impacts

“Scanxiety” is a term coined as a reference to cancer-related
distress secondary to diagnostic and surveillance imaging, and
has been shown to impair quality of life in patients with non-
small-cell lung cancer [50]. In his 2011 Time magazine article,
Bruce Feiler described it as “a uniquely modern malady.. .that
arises because we’re experiencing something entirely new to
human beings. For millennia, doctors and patients would have
given almost anything to be able to look inside the human

body. Now we have an ailment for the fear of what we might
find when we do.”

Despite this potential effect, the medical and psychological
benefits of surveillance have been described for a number of
predisposition syndromes. In 2016, Villani et al. published a pro-
spective observational study on individuals with Li-Fraumeni
syndrome who chose either to undergo a comprehensive surveil-
lance protocol (involving physical exam; labwork; whole-body,
breast, brain MRI; mammography; abdominopelvic ultrasound;
colonoscopy) or not. Their results documented a statistically sig-
nificant higher 5-year overall survival in the surveillance group
versus the non-surveillance group (88.8% versus 59.6%; p =
0.0132) [See]. For patients with von Hippel-Lindau syndrome,
especially those with truncating mutations who carry the highest
risk of renal cell carcinoma and CNS hemangioblastomas, sur-
veillance imaging has been reported as especially beneficial [51].
Gopie et al. determined that surveillance for most hereditary can-
cers was associated with good psychological outcomes, with a
caveat being from individuals with a personal history of cancer or
a first degree relative with cancer, some of whom reported in-
creased distress [52]. Additional perceived benefits of surveil-
lance, based on the MD Anderson Cancer Center’s Li-
Fraumeni Education and Early Detection (LEAD) program, in-
clude early malignancy detection, peace of mind due to knowl-
edge regarding current health status, centralized surveillance
oversight, and a “knowledge is power”” mentality [53].

In relation to pediatric surveillance, literature has focused
primarily on parental perspectives. Duffy et al. recently pub-
lished data on a survey completed by parents of children with
Beckwith-Wiedemann syndrome or isolated hemihypertrophy.
Screening was determined to decrease parental worry and did
not create added burden. Further, the majority of parents agreed
that potential of finding their child’s tumor early outweighed
any stress associated with surveillance [54¢]. Parents have also
reported improved emotional well-being through a sense of
expectation and control along with lower surgical morbidity
and less intensive systemic therapy as advantages of tumor
screening. Conversely, false positive results leading to addition-
al testing or procedures, increased medical visits, and a lack of
proven benefit of screening in many disorders have been
highlighted by parents as surveillance disadvantages [55].

Conclusions

In conclusion, as large-scale genetic testing becomes com-
monplace in pediatric medical care, an increased number of
pediatric patients with hereditary cancer syndromes will be
identified, and it is likely the spectrum of these syndromes
will evolve. Genetic counselors play a key role on the pediat-
ric cancer predisposition team, helping families interpret test-
ing results, understand tumor-related risk, and review options
for risk reduction. Surveillance protocols for patients with
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cancer predisposition syndromes typically focus on the early
identification of tumors, presumably when treatment options
are available and with a goal of reducing disease-related mor-
bidity and mortality. In general, these protocols have been
well-received by both patients and parents, with perceived
benefits including early disease detection, peace of mind re-
lated to knowledge of current disease status, and an increased
sense of control. Finally, literature is sparse on the psychoso-
cial impacts of pediatric cancer predisposition syndromes, and
there is an important need for further study on this topic from
both the patient and parent perspectives.
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