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Abstract
Introduction Although current guidelines prefer the use of targeted testing or small-scale gene panels for identification of
genetic susceptibility of hereditary endocrine tumour syndromes, next generation sequencing based strategies have been
widely introduced into every day clinical practice. The application of next generation sequencing allows rapid testing of
multiple genes in a cost effective manner. Increasing knowledge about these techniques and the demand from health care
providers and society, shift the molecular genetic testing towards using high-throughput approaches.
Purpose In this expert opinion, the authors consider the molecular diagnostic workflow step by step, evaluating options
and challenges of gathering family information, pre- and post-test genetic counselling, technical and bioinformatical
analysis related issues and difficulties in clinical interpretation focusing on molecular genetic testing of hereditary endocrine
tumour syndromes.
Result and conclusion Considering all these factors, a diagnostic genetic workflow is also proposed for selection of the best
approach for testing of patients with hereditary genetic tumour syndromes in order to minimalize difficult interpretation,
unwanted patient anxiety, unnecessary medical interventions and cost. There are potential benefits of utilizing high
throughput approaches however, important limitations have to be considered and should discussed towards the clinicians
and patients.
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Introduction

A joint position paper of the European Reneference Net-
work on rare endocrine diseases (Endo-ERN) was recently
published about genetic testing in inherited endocrine dis-
orders [1]. This guideline addressed the opportunities,
challenges, limitations and relevance of comprehensive

genetic diagnostic testing in rare endocrine conditions in
order to achieve an early molecular diagnosis [1]. In this
present expert opinion, we summarise the currently valid
guidelines relevant for molecular genetic diagnostic work-
flow used in clinical investigation of hereditary endocrine
tumour syndromes. In this group of conditions, genetic
counsellors, specialists in endocrinology and oncology
must cooperate closely to achieve the best outcome for
patients [2].

Generally, whole-exome sequencing results in definitive
diagnosis in ~11–40% of the patients depending on disease
type [3]. Many rare hereditary cancer syndromes have been
identified, however, overall genetic susceptibility is esti-
mated only in 5–10% of all cancer cases [4]. Features that
suggest genetic susceptibility are: early age of onset, mul-
tiple primary tumours, multifocal sites, bilateral tumour
appearance in paired organs, same type of tumour in first or
second-degree relatives or same tumour type clustering
within a family, rare tumour types (e.g., adrenocortical
carcinoma, medullary thyroid cancer, pheochromocytoma),
and rare tumours associated with birth defects [5].
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In endocrinology, germline mutations are found in the
background of diseases at a relatively higher proportion
(Table 1) [6–16]. Hence, genetic counselling should be
offered for patients and their family members at the pre-
sentation of certain tumours (e.g., pheochromocytoma,
medullary thyroid, adrenocortical cancer, pancreas neu-
roendocrine tumours), or if the presentation is at an early
age. Patients with endocrine tumour syndromes are under
the care of both endocrinologists and oncologists, and
optimal treatment requires delivery of care by an endocrine-
oncology tumour board. Referral indications for endocrine
cancer predisposition assessment are recommended by
individual disease guidelines [1, 17–20] but also sum-
marised by the American College of Medical Genetics and
Genomics (ACMG) and the national society of genetic
counsellors in a practice guideline [21].

Germline genetic testing influences the proband’s disease
on the one hand (actual treatment: e.g., surgical approach,
early diagnosis of the potential appearance of multiple
tumours by surveillance) and the proband’s family (estab-
lishment of the heritability of the disease, family screening/
cascade testing and family planning) on the other hand.
Therefore, germline genetic testing has an important role in
tumour syndromes considering all the relevant legal reg-
ulations in force in each country.

Genetic counselling

The importance of genetic counselling in oncology is
highlighted by several guidelines from ACMG, American
society of clinical oncology (ASCO) and national compre-
hensive cancer network (NCCN) ([4, 21], https://www.nccn.
org/professionals/physician_gls/default.aspx#detection). For
assessment of potential hereditary cancer risk, probands’
medical history and expanded family history have to be
investigated.

Proband history

All information about previous medical history and poten-
tial environmental exposition should be gathered including
laboratory/histology results, imaging studies, physical and
other examination findings and previous medical interven-
tions/treatments focusing on cancer types, cancer site, age
of onset and results of potential previous genetic testing.

Family history

The minimum information required for an adequate cancer
family history is defined by ASCO expert statement [4].
Briefly, a three-generation pedigree should be generated
indicating all important information relevant to the diseases

and potential previously identified familial mutations [4].
The occurrence of bilateral, multiple tumours or tumours
characteristic of a certain tumour syndrome affecting dif-
ferent members of the same family requires special atten-
tion. Also, clusters of tumours in the family should affect
individuals within either the maternal or paternal side [2].
Ethnicity is an important factor influencing the decision to
undertake genetic testing as certain populations harbour
founder mutations (e.g. BRCA1/BRCA2 pathogenic variants
in the Ashkenazi Jewish population, SDHD mutation in
Dutch, VHL mutation in Germany, Freiburg area, TP53
mutation in Brasil etc.).

However, most guidelines are based on studies per-
formed predominantly on white populations and may have
limited validity in other ethnicities [5, 22].

A genetic test should be offered if—apart from sus-
ceptibility based on personal and family history—the fol-
lowing criteria are met: (1) a genetic test is available that
has sufficient sensitivity and specificity; (2) the result can be
correctly interpreted; (3) a positive result will influence the
proband’s diagnosis, therapeutic or cancer risk manage-
ment; and/or (4) give useful information about cancer risk
for family members [2, 5].

The aim of the pre-test counselling is to assess the
probability of hereditary cancer predisposition syndrome, to
help clinicians develop a differential diagnosis, and offer
genetic testing if it is justified. During counselling, it is
determined which the most appropriate test is and what
information can be expected based on the result. Counsel-
lors explain the benefits and limitations of genetic testing
(including possible outcomes) and the possibility of not
testing as well. This information helps patients to decide
whether or not to have a genetic test and to give informed
consent, including signing a consent form [2].

Once a genetic diagnosis is made, counsellors provide
recommendations for surveillance, prevention and potential
management informed by ref. [5]. They inform patients
about personal cancer and recurrence risk, mode of inheri-
tance and give advice about family planning. They also
indicate the necessity of additional genetic counselling and
genetic testing for at-risk relatives.

Genetic testing performed without appropriate pre- and
post-test genetic counselling can result in unnecessary
genetic testing, misinterpretation of genetic test results
leading to potentially inappropriate medical management
(prevention/surveillance/intervention) [23–25]. As human
genetic information is sensitive, inheritable and it influences
lives of patients and relatives, the absence of genetic
counselling can violate ethical standards and result in
uninformed decision making about the individuals’ life
management [23–25].

Even during genetic counselling, there are limitations in
cancer risk assessment. In the family history, there are
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several factors: small family size, lack of knowledge of
family history, deaths in early age, gender imbalance,
consanguinity or misattributed parentage that complicate
the recognition of inheritance pattern [5, 26, 27]. Apart from
family, genetic factors can also challenge the identification
of inheritance, such as late-onset tumour manifestation,
decreased penetrance and expression, de novo variant,
mosaicism and genetic heterogeneity (several genes asso-
ciated with a certain tumour type) [5, 26, 27]. Due to these
limitations, genetic testing is most beneficial when it is
performed on the proband affected.

Genetic testing

Different tests of the same gene have varying levels of
sensitivity and specificity. In addition, genetic heterogeneity
makes the selection of the best genetic test challenging
(Table 2) [28–36].

Targeted gene testing—pros and cons

For targeted gene testing, conventional Sanger sequencing
is the most widely used as a gold standard method [23].
Small regions (~150–800 base pairs) are amplified first by
polymerase chain reaction then following a clean-up of the
amplification product, sequencing PCR reactions are per-
formed based on dideoxy termination [37]. In the last step,
the product of the sequencing reaction is run by capillary
electrophoresis where each base is detected by its fluor-
escent tag after laser excitation. This approach is considered
to be a relatively fast and inexpensive strategy if the
genomic region of interest is small. Although copy number
alterations cannot be assessed it is a very reliable technol-
ogy for investigating gene sequences base by base. This is a
low throughput technique, if long or numerous genes should
be tested, it is labour-intensive, time-consuming and costly.
Therefore its applicability during the diagnosis phase has
been debated. On the other hand, in family screening (or so-
called cascade testing) when asymptomatic individuals are
tested for an already identified genetic alteration, a targeted
genetic test of the characteristic pathogenic variant should
be used.

Next-generation sequencing (NGS)—pros
and cons

Pros

NGS is able to investigate more than 50 genes simulta-
neously, often at a lower cost than single-gene testing inTa
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terms of cost/gene. When NGS multigene panels are plan-
ned it is important to include discussion of which genes will
be tested during counselling [38]. In addition, when genetic
heterogeneity, decreased penetrance and variable expression
are likely, or in case of an atypical clinical presentation of a
particular cancer syndrome, NGS approaches can save both
time and money [39].

Cons

Although laboratories now offer various cancer suscept-
ibility gene panels, not all genes included in the panels are
of unequivocal clinical relevance. Findings identified in
genes without clearly established clinical value may be
difficult to interpret (see below).

NGS—technical challenges

NGS comprises of library preparation, sequencing and data
analysis (see details in [40]). Each platform has different
characteristics regarding reading length, output read a
number, cost, and run time [40], and technical standards
should meet the recommendations from both the ACMG
and European society of human genetics (ESHG) [41, 42].
Repetitive sequences, copy-number variations, long inser-
tion-deletions, structural variants, aneuploidy or epigenetic
alterations are usually missed by NGS [23]. In addition,
genes having one or multiple pseudo-genes, allele drop-out
need special attention. Some of these can also be detected
by NGS however, only using additional special steps that
have to be clarified by the laboratory performing the test for
clear clinical interpretation.

NGS—bioinformatical challenges

During NGS a huge amount of sequence data is produced
that requires special bioinformatics handling and analysis,

hence bioinformatics probably represents more challenges
compared to the sample analysis [40, 43–45]. Data analysis
consists of primary (base calling, read generation), sec-
ondary (read alignment and variant calling) and tertiary
(variant annotation and interpretation) analysis [43]. Read
alignment, variant calling and the depth of sequence cov-
erage influence accuracy significantly [44, 46–49].

NGS—challenges during variant interpretation

During a WES test 15,000–20,000 variants can be expected
[50]. This list has to be narrowed and prioritised to find the
one or two disease-causing variant(s). Criteria of interpreta-
tion of sequence variants as ‘pathogenic’, ‘likely pathogenic’,
‘variant of uncertain significance’, ‘likely benign’, and
‘benign’ are defined by ACMG in a joint consensus [51].
Based on the classification the term ‘sequence variant’ is
recommended in preference to the term ‘mutation’. The
ACMG evidence framework for classification uses popula-
tion data, computational prediction, functional data, segre-
gation, de novo occurrence, allelic data (please find it
detailed in [51]). The assessment of co-segregation of a
certain variant with a phenotype (tumour occurrence) should
be done by the clinical geneticist. This adds further evidence
for the classification of variants, however incomplete pene-
trance, late-onset disease presentation, or variable phenotype
can lead to lack of segregation [51]. So-called trio-sequen-
cing (affected proband and both parents) is a useful tool in
interpretation [52] as it helps to exclude heterozygous rare
variants based on the genotype of the parents [52].

It is possible that a pathogenic variant is not identified in
an affected individual. Apart from technical problems, the
reasons for this include a pathogenic variant in another gene
that was not tested or in a gene not yet identified, pheno-
copy and additionally, sporadic occurrence. In these cases,
affected probands and first-degree relatives can be kept
under clinical surveillance.

Table 2 Genetic heterogeneity of apparently sporadic endocrine tumours

Organ Tumour Potential genetic cause

Pituitary [29] Adenoma MEN1, CDKN1B, AIP, PRKAKR1A, GNAS, GPR101, TSC1-2,
NF1, SDHx

Blastoma DICER1

Thyroid gland [30, 31] Medullary thyroid cancer RET

Non-medullary adenoma/carcinoma PRKAR1A, PTEN, GNAS, STK11, APC, SLC26A4, WRN

Parathyroid gland [32] Hyperplasia/adenoma/carcinoma MEN1, CDKN1B, RET, CDC73, CaSR

Bronchial/gastrointestinal
chromaffin cells [33]

Neuroendocrine tumour MEN1, VHL, NF1, RET, TSC1-2

Adrenal gland [34–36] Adrenocortical hyperplasia/adenoma/
carcinoma

MEN1, PRKAR1A, GNAS, TP53, ARMC5, FH, APC, IGF2
(11p15 imprinting), PDE11A, PDE8B, PRKACA

pheochromocytoma RET, VHL, NF1, SDHA, SDHB, SDHC, SDHD, SDHAF2, MAX,
TMEM127, KIF1B, EGLN1, HIF2A, FH, PHD1-2, HRAS, ATRX
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To estimate the relevance of variants of uncertain sig-
nificance (VUS) is challenging [48, 51, 53]. The functional
effect of a VUS can be characterised by RNA testing (splice
effect), loss of heterozygosity testing in tumour tissue and
by investigating healthy first-degree relatives (primarily
parents) [51].

Due to constantly increasing data and knowledge, ree-
valuation and reanalysis of genetic test results are possible.
Moreover, laboratories should have a protocol regarding
variant-level and case-level reevaluation that is supported
by ACMG guidelines [54].

Laboratories should also have a communicated policy
about reporting incidental (secondary) findings [55] guided
by ACMG recommendations (including a minimum list of
59 medically actionable genes for reporting) [55].

Screening for hereditary cancer syndromes is only
recommended in high-risk patients due to higher VUS rate,
the equivocal clinical value of variants with low-penetrance
or newly discovered genes and secondary findings [56].

Cautions for high throughput testing, which
platform to choose

As noted above, handling large data sets generated by high-
throughput technologies can result in high numbers of false-
positive results and incidental findings. This risk correlates
with the number of genes tested simultaneously. As a
consequence overtesting, overdiagnosis, and overtreatment
were described as major side effects of high-throughput
approaches [57].

Whole-genome sequencing (WGS) covers the whole
coding and noncoding regions of the genome, and for this
reason, it may be the preferred genetic test. However,
among NGS approaches it gives the least average coverage
and it is the most expensive technology. In addition, the
interpretation of noncoding variants and VUSs results in the
most uncertainty. Whole-exome sequencing (WES) covers
all protein-coding regions of the human genome. Although
this comprises ~1–2% of the genome, it includes approxi-
mately 85% of known disease-causing mutations, making it
a more feasible option [58]. It can provide an average
exome coverage of 90–95% due to sequence complexity,
and due to the uneven depth of coverage, its sensitivity is
usually lower than targeted disease panels. Targeted gene
panels by NGS are therefore the most widely used approach
in clinical practice [42]. By focusing on a smaller, limited
set of genes it provides higher analytical sensitivity.
Because the role of genes included in these panels are
known to be associated with a particular condition the
detection rate (positive finding) is also higher compared to
WES [23]. However, it should be mentioned that for various
commercially available services the gene panels are ‘virtual’

because WES is performed and, based on clinical data,
virtual panels are evaluated.

Consequently, based on the guideline recommended by
the ESHG ‘for diagnostic purpose, only genes with a known
(i.e., published and confirmed) relationship between the
aberrant genotype and the pathology should be included in
the analysis’ and ‘for the sake of comparison, to avoid
irresponsible testing, for the benefit of the patients, ‘core
disease gene lists’ should be established by the clinical and
laboratory experts’ [42]. The addition of low penetrance or
newly identified genes to diagnostic targeted panels without
specific actionability is unethical and can be problematic for
interpretation [2, 42]. These tests should be performed in
research settings and patients have to be correctly informed
in advance [42].

Therefore, although high-throughput sequencing (WGS,
WES, ‘experimental’ panels) are technically available and
have many advantages they still represent diagnostic chal-
lenges that have to be considered in clinical practice
[53, 59].

Clinical relevance of genetic testing in
hereditary endocrine tumour syndromes

The clinical value (diagnosis, tumour risk assessment,
therapy, surveillance, family screening/planning) of genetic
testing differs among endocrine tumour syndromes, hence
disease-specific guidelines have to be followed.

Establishing a diagnosis is usually based on clinical
criteria in a proband, and confirmed by the result of the
genetic test. Also, in atypical cases (for example due to
decreased penetrance or variable expression) genetic testing
can be an important part of the diagnosis. However, genetic
testing in asymptomatic family members (so-called cascade
testing), establishes an early diagnosis which may have
significant consequences.

While genetic tests in nearly all endocrine tumour
syndromes contribute to tumour risk assessment, overall,
therapeutic decisions in endocrine tumour syndromes are
rarely based on germline genetics. Therapy includes
chemo-, hormone, targeted- radio-, radionuclide therapy
and surgical interventions (both preventive and ther-
apeutical). Targeted oncological therapy—if used in indi-
vidual cases—is rather based on somatic alterations.
However, germline variants can influence surgical
approaches and timing for specific surgeries. For instance,
in a patient with renal cell carcinoma when a pathogenic
germline VHL variant is confirmed surgeons prefer
nephron-sparing surgery over total nephrectomy in order
to spare organ function as long as possible since tumour
re-occurrence in the same or on the other side is more
likely compared to sporadic cases [60].
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When genotype-phenotype correlation is strong, sur-
veillance and preventive measures can be based on genetic
findings. In MEN2 syndrome, the timing of prophylactic
thyroidectomy is based on the particular RET mutation [61].
On the other hand, in MEN1 syndrome, there is no clear
genotype-phenotype correlation, hence no individualised
mutation-dependent surveillance is present. The actual
clinical practice guideline for MEN1 syndrome recom-
mends a comprehensive surveillance scheme starting at the
age of 5 years in order to early detect and manage MEN1-
associated tumours [62]. Starting age is usually determined
by the earliest case reported with each manifestation,
however, the sensitivity of some of the surveillance tests are
questionable and their application has not been proven to be
effective in early diagnosis or long term prognosis [35, 63].

Regarding family screening or so-called cascade testing,
knowing the pathogenic variant characteristic for a family,
targeted genetic tests provide a simple and cheap method
for cascade testing. Family screening has to be voluntary no
one can be forced against his/her will. Advantages and
disadvantages have to be discussed during genetic coun-
selling. However, cascade testing has an indisputable role in
prevention. Involving asymptomatic carriers in relevant
surveillance protocols helps the early diagnosis and favours
early medical interventions. Also, it gives the opportunity to
decide about family planning. Each person has the right to
make informed decisions regarding his/her life management
in the light of potential carrier status of a pathogenic
germline variant [23, 24]. The mode of inheritance, the
onset of the disease, outcome/prognosis, therapeutic and
preventive measures all influence the decisions individuals
make with regards to family planning and should be dis-
cussed during genetic counselling [64]. For carriers or
probands with autosomal dominant tumour syndromes
options for prenatal (by chorionic villus sampling and
amniocentesis) and preimplantational genetic testing (by
assisted reproduction) should be also discussed following
regulations available in different countries [65].

To assess the clinical relevance of a VUS is challenging
[66]. This can be further complicated because reporting of
genetic test results may differ among laboratories in spite of
the relevant guidelines [51, 66]. Regular re-classification
can be asked or should be provided by the laboratories
[51, 66]. Variant-phenotype segregation in the family
assessed by the clinical geneticist can help to estimate the
clinical relevance [51]. As not all VUS are equal regarding
risk estimation, the ACGS Best Practice Guidelines for
Variant Classification in Rare Disease can also be used
[67, 68]. Therefore, genetic counsellors have to individually
decide in each case about the clinical relevance associating
with a VUS. According to the IARC classification system
[68, 69], VUS should not be used for predictive testing in
at-risk individuals and the surveillance should be based on

family history. Moreover, the therapeutical decision is not
recommended to be chosen based on a VUS finding [70].

The genetic test is only one criterion in the establishment
of the diagnosis of tumour syndromes. In some cases, a
patient despite having a clear phenotype characteristic for
an endocrine tumour syndrome the genetic test fails to
identify the pathogenic alteration. This phenomenon is
called a phenocopy. Of endocrine tumour syndromes, it
frequently occurs in relation to MEN1 [71]. If the clinical
diagnosis—based on phenotype—is clear then the patient
should be treated accordingly. These patients and their
family members at risk should also participate in the
recommended surveillance programs following the relevant
guideline of the particular tumour syndrome.

Proposed diagnostic workflow in endocrine
tumour syndromes

As we described above, the more genes we test the more
uncertainty we have to deal with. Selection of the proper test is
the task of genetic counsellors after patients are referred to
genetic consultation by clinicians (endocrinologist, oncologist).

Whenever it is possible (e.g. typical clinical presentation)
targeted gene testing (usually by conventional Sanger
sequencing and/or MLPA for detection of copy number
alteration) is suggested (Fig. 1). Targeted tests are the
fastest and the most cost-efficient option. However, when
genetic heterogeneity can be raised (one tumour can be part
of several tumour syndromes, Table 1) or more than a few
genes can be in the background (e.g., in paraganglioma-
pheochromocytoma syndrome) disease-specific/endocrine
(targeted) gene panel testing can be recommended with all
the advantages listed above [2]. Endocrine tumour syn-
dromes are quite well defined, however, there are overlaps
with other tumour syndromes, where endocrine tumours are
not obligatory but can be part of the syndromes (e.g., Li-
Fraumeni syndrome, familial adenomatous polyposis etc.).
Therefore, when other tumour syndromes are possible, or
clinical features are atypical comprehensive cancer panel
can be offered (being aware of potential uncertain and
secondary findings—e.g., a VUS in TP53 gene—that can
complicate the picture) [2, 72, 73]. If no pathogenic variant
is identified but the clinical suspicion is still strong, in
atypical cases, or in case of seeking potential low/moderate
penetrance genes WES could be performed keeping in mind
detection rates and all uncertainties listed above.

Conclusions

In the last decade, NGS based strategies have been revo-
lutionised genetic testing and high-throughput techniques
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are widely introduced into every day clinical practice. The
application of NGS allows rapid and cost-effective testing
of multiple genes. Therefore, an increased demand from
health care providers and society has been pressing to shift
genetic tests towards high-throughput approaches. Besides
all advantages, however, the application of NGS is asso-
ciated with increased uncertainty in result interpretation.
Challenges in technical, bioinformatical processes and in
interpretation presented in this work highlight the increased
uncertainty of the clinical value of the results. Therefore,
following ACMG and ESHG guidelines, it is still recom-
mended phenotype-based targeted testing and to use as
small-scale approach as possible in order to minimalize
difficult interpretation (e.g., VUS), unwanted patient anxi-
ety, unnecessary medical interventions and cost. Selecting
the most suitable genetic test is the part of the work of
clinical geneticists. Fortunately, endocrine tumour syn-
dromes are quite well defined, and only selected cases

require WES. Still, genetic heterogeneity, decreased pene-
trance, variable expression or mosaicism can challenge
diagnostic workflow. As the result of germline genetic test
influences the life of the proband, including treatment and
surveillance and the life of his–her family through family
screening/cascade testing and family planning, germline
genetic testing has an important role in the management of
endocrine tumour syndromes.

Author contributions Conceptualisation: H.B., A.P.; literature search
and original draft preparation: H.B.; critical review, editing, super-
vision: A.P.; J.B.

Funding Open Access funding provided by Semmelweis University.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict
of interest.

Fig. 1 Proposed workflow of molecular genetic testing of endocrine tumour syndromes. *hereditary PPGL genes, see details in the text

648 Endocrine (2021) 71:641–652



Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. T. Eggermann, M. Elbracht, I. Kurth, A. Juul, T.H. Johannsen, I.
Netchine, G. Mastorakos, G. Johannsson, T.J. Musholt, M. Zen-
ker, D. Prawitt, A.M. Pereira, O. Hiort, European reference net-
work on rare endocrine conditions (ENDO-ERN) genetic testing
in inherited endocrine disorders: joint position paper of the Eur-
opean reference network on rare endocrine conditions (Endo-
ERN). Orphanet J. Rare Dis. 15, 144 (2020). https://doi.org/10.
1186/s13023-020-01420-w.

2. C. Stanislaw, Y. Xue, W.R. Wilcox, Genetic evaluation and
testing for hereditary forms of cancer in the era of next-generation
sequencing. Cancer Biol. Med. 13, 55–67 (2016). https://doi.org/
10.28092/j.issn.2095-3941.2016.0002

3. S.L. Sawyer, T. Hartley, D.A. Dyment, C.L. Beaulieu, J.
Schwartzentruber, A. Smith, H.M. Bedford, G. Bernard, F.P.
Bernier, B. Brais, D.E. Bulman, J. Warman Chardon, D. Chitayat,
J. Deladoëy, B.A. Fernandez, P. Frosk, M.T. Geraghty, B. Gerull,
W. Gibson, R.M. Gow, G.E. Graham, J.S. Green, E. Heon, G.
Horvath, A.M. Innes, N. Jabado, R.H. Kim, R.K. Koenekoop, A.
Khan, O.J. Lehmann, R. Mendoza-Londono, J.L. Michaud, S.M.
Nikkel, L.S. Penney, C. Polychronakos, J. Richer, G.A. Rouleau,
M.E. Samuels, V.M. Siu, O. Suchowersky, M.A. Tarnopolsky, G.
Yoon, F.R. Zahir; FORGE Canada Consortium, Care4Rare
Canada Consortium, J. Majewski, K.M. Boycott, Utility of whole-
exome sequencing for those near the end of the diagnostic odys-
sey: time to address gaps in care: whole-exome sequencing for
rare disease diagnosis. Clin. Genet. 89, 275–284 (2016). https://
doi.org/10.1111/cge.12654

4. K.H. Lu, M.E. Wood, M. Daniels, C. Burke, J. Ford, N.D. Kauff, W.
Kohlmann, N.M. Lindor, T.M. Mulvey, L. Robinson, W.S. Rubin-
stein, E.M. Stoffel, C. Snyder, S. Syngal, J.K. Merrill, D.S. Wollins,
K.S. Hughes, American society of clinical oncology, American
society of clinical oncology expert statement: collection and use of a
cancer family history for oncology providers. J. Clin. Oncol. 32,
833–840 (2014). https://doi.org/10.1200/JCO.2013.50.9257

5. PDQ Cancer Genetics Editorial Board, Cancer Genetics Risk
Assessment and Counseling (PDQ®): Health Professional Version,
in PDQ Cancer Information Summaries, National Cancer Insti-
tute (US), Bethesda, MD (2002). http://www.ncbi.nlm.nih.gov/
books/NBK65817/ Accessed 4 Dec 2020.

6. F. Giusti, F. Marini, M. L. Brandi, in Multiple Endocrine Neo-
plasia Type 1, ed. by M.P. Adam, H.H. Ardinger, R.A. Pagon, S.
E. Wallace, L.J. Bean, K. Stephens, A. Amemiya. GeneReviews®,
University of Washington, Seattle, WA (1993). http://www.ncbi.
nlm.nih.gov/books/NBK1538/ Accessed 4 Dec 2020.

7. C. Eng, in Multiple Endocrine Neoplasia Type 2, ed. by M.P.
Adam, H.H. Ardinger, R.A. Pagon, S.E. Wallace, L.J. Bean, K.
Stephens, A. Amemiya. GeneReviews®, University of Washing-
ton, Seattle, WA (1993). http://www.ncbi.nlm.nih.gov/books/
NBK1257/ Accessed 4 Dec 2020.

8. S.M. Hyde, T.A. Rich, S.G. Waguespack, N.D. Perrier, M. I. Hu,
in CDC73-Related Disorders, ed. by M. P. Adam, H.H. Ardinger,
R.A. Pagon, S.E. Wallace, L.J. Bean, K. Stephens, A. Amemiya.
GeneReviews®, University of Washington, Seattle, WA (1993).
http://www.ncbi.nlm.nih.gov/books/NBK3789/ Accessed 4 Dec
2020.

9. C. Eng, in PTEN Hamartoma Tumor Syndrome, ed. by M.P.
Adam, H.H. Ardinger, R.A. Pagon, S.E. Wallace, L.J. Bean, K.
Stephens, A. Amemiya. GeneReviews®, University of Washing-
ton, Seattle, WA (1993). http://www.ncbi.nlm.nih.gov/books/
NBK1488/ Accessed 4 Dec 2020.

10. A.M. Boyce, P. Florenzano, L.F. de Castro, M.T. Collins, in
Fibrous Dysplasia/McCune-Albright Syndrome, ed. by M.P.
Adam, H.H. Ardinger, R.A. Pagon, S.E. Wallace, L. J. Bean, K.
Stephens, A. Amemiya. GeneReviews®, University of Washing-
ton, Seattle, WA (1993). http://www.ncbi.nlm.nih.gov/books/
NBK274564/ Accessed 4 Dec 2020.

11. C.A. Stratakis, M. Raygada, in Carney Complex, ed. bu M.P.
Adam, H.H. Ardinger, R.A. Pagon, S.E. Wallace, L.J. Bean, K.
Stephens, A. Amemiya. GeneReviews®, University of Washing-
ton, Seattle, WA (1993). http://www.ncbi.nlm.nih.gov/books/
NBK1286/ Accessed 4 Dec 2020.

12. T.J. McGarrity, C.I. Amos, M.J. Baker, in Peutz-Jeghers Syn-
drome, ed. by M.P. Adam, H.H. Ardinger, R.A. Pagon, S.E.
Wallace, L.J. Bean, K. Stephens, A. Amemiya. GeneReviews®,
University of Washington, Seattle, WA (1993). http://www.ncbi.
nlm.nih.gov/books/NBK1266/ Accessed 4 Dec 2020.

13. T. Else, A.C. Kim, A. Sabolch, V.M. Raymond, A. Kandathil, E.
M. Caoili, S. Jolly, B.S. Miller, T.J. Giordano, G.D. Hammer,
Adrenocortical carcinoma. Endocr. Rev. 35, 282–326 (2014).
https://doi.org/10.1210/er.2013-1029

14. W. Alobuia, J. Annes, E. Kebebew, Genetic testing in endocrine
surgery: opportunities for precision surgery. Surgery 168,
328–334 (2020). https://doi.org/10.1016/j.surg.2020.03.009

15. R.S. van Leeuwaarde, S. Ahmad, T.P. Links, R.H. Giles, in Von
Hippel-Lindau Syndrome, ed. by M.P. Adam, H.H. Ardinger, R.
A. Pagon, S.E. Wallace, L.J. Bean, K. Stephens, A. Amemiya.
GeneReviews®, University of Washington, Seattle, WA (1993).
http://www.ncbi.nlm.nih.gov/books/NBK1463/ Accessed 4 Dec
2020.

16. C.E. Stiles, M. Korbonits, in Familial Isolated Pituitary Adenoma,
eds. by K.R. Feingold, B. Anawalt, A. Boyce, G. Chrousos, W.W.
de Herder, K. Dungan, A. Grossman, J. M. Hershman, H. J.
Hofland, G. Kaltsas, C. Koch, P. Kopp, M. Korbonits, R.
McLachlan, J.E. Morley, M. New, J. Purnell, F. Singer, C.A.
Stratakis, D.L. Trence, D.P. Wilson. Endotext, MDText.com, Inc.,
South Dartmouth, MA (2000). http://www.ncbi.nlm.nih.gov/
books/NBK278949/ Accessed 4 Dec 2020.

17. M. Fassnacht, G. Assie, E. Baudin, G. Eisenhofer, C. de la Fou-
chardiere, H.R. Haak, R. de Krijger, F. Porpiglia, M. Terzolo, A.
Berruti; ESMO Guidelines Committee, Adrenocortical carcinomas
and malignant phaeochromocytomas: ESMO-EURACAN clinical
practice guidelines for diagnosis, treatment and follow-up. Ann.
Oncol. 31, 1476–1490 (2020). https://doi.org/10.1016/j.annonc.
2020.08.2099

18. S. Filetti, C. Durante, D. Hartl, S. Leboulleux, L.D. Locati, K.
Newbold, M.G. Papotti, A. Berruti, ESMO Guidelines Commit-
tee, Thyroid cancer: ESMO clinical practice guidelines for diag-
nosis, treatment and follow-up. Ann. Oncol. 30, 1856–1883
(2019). https://doi.org/10.1093/annonc/mdz400.

Endocrine (2021) 71:641–652 649

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s13023-020-01420-w
https://doi.org/10.1186/s13023-020-01420-w
https://doi.org/10.28092/j.issn.2095-3941.2016.0002
https://doi.org/10.28092/j.issn.2095-3941.2016.0002
https://doi.org/10.1111/cge.12654
https://doi.org/10.1111/cge.12654
https://doi.org/10.1200/JCO.2013.50.9257
http://www.ncbi.nlm.nih.gov/books/NBK65817/
http://www.ncbi.nlm.nih.gov/books/NBK65817/
http://www.ncbi.nlm.nih.gov/books/NBK1538/
http://www.ncbi.nlm.nih.gov/books/NBK1538/
http://www.ncbi.nlm.nih.gov/books/NBK1257/
http://www.ncbi.nlm.nih.gov/books/NBK1257/
http://www.ncbi.nlm.nih.gov/books/NBK3789/
http://www.ncbi.nlm.nih.gov/books/NBK1488/
http://www.ncbi.nlm.nih.gov/books/NBK1488/
http://www.ncbi.nlm.nih.gov/books/NBK274564/
http://www.ncbi.nlm.nih.gov/books/NBK274564/
http://www.ncbi.nlm.nih.gov/books/NBK1286/
http://www.ncbi.nlm.nih.gov/books/NBK1286/
http://www.ncbi.nlm.nih.gov/books/NBK1266/
http://www.ncbi.nlm.nih.gov/books/NBK1266/
https://doi.org/10.1210/er.2013-1029
https://doi.org/10.1016/j.surg.2020.03.009
http://www.ncbi.nlm.nih.gov/books/NBK1463/
http://www.ncbi.nlm.nih.gov/books/NBK278949/
http://www.ncbi.nlm.nih.gov/books/NBK278949/
https://doi.org/10.1016/j.annonc.2020.08.2099
https://doi.org/10.1016/j.annonc.2020.08.2099
https://doi.org/10.1093/annonc/mdz400


19. M. Pavel, K. Öberg, M. Falconi, E.P. Krenning, A. Sundin, A.
Perren, A. Berruti; ESMO Guidelines Committee, Gastro-
enteropancreatic neuroendocrine neoplasms: ESMO clinical
practice guidelines for diagnosis, treatment and follow-up. Ann.
Oncol. 31, 844–860 (2020). https://doi.org/10.1016/j.annonc.
2020.03.304

20. K. Öberg, P. Hellman, P. Ferolla, M. Papotti; ESMO Guidelines
Working Group, Neuroendocrine bronchial and thymic tumors:
ESMO clinical practice guidelines for diagnosis, treatment and
follow-up. Ann. Oncol. 23(Suppl 7), vii120–vii123 (2012).
https://doi.org/10.1093/annonc/mds267

21. H. Hampel, R.L. Bennett, A. Buchanan, R. Pearlman, G.L.
Wiesner; Guideline Development Group, American college of
medical genetics and genomics professional practice and guide-
lines committee and national society of genetic counselors practice
guidelines committee, a practice guideline from the American
college of medical genetics and genomics and the national society
of genetic counselors: referral indications for cancer predisposi-
tion assessment. Genet. Med. 17, 70–87 (2015). https://doi.org/10.
1038/gim.2014.147

22. L.L. Adams-Campbell, K.H. Makambi, J.R. Palmer, L. Rosen-
berg, Diagnostic accuracy of the Gail model in the Black women’s
health study. Breast J. 13, 332–336 (2007). https://doi.org/10.
1111/j.1524-4741.2007.00439.x

23. S.H. Katsanis, N. Katsanis, Molecular genetic testing and the
future of clinical genomics. Nat. Rev. Genet. 14, 415–426 (2013).
https://doi.org/10.1038/nrg3493

24. K.L. Brierley, E. Blouch, W. Cogswell, J.P. Homer, D. Pencar-
inha, C.L. Stanislaw, E.T. Matloff, Adverse events in cancer
genetic testing: medical, ethical, legal, and financial implications.
Cancer J. 18, 303–309 (2012). https://doi.org/10.1097/PPO.
0b013e3182609490

25. M.B. Farmer, D.C. Bonadies, S.M. Mahon, M.J. Baker, S.M.
Ghate, C. Munro, C.B. Nagaraj, A.G. Besser, K. Bui, C.M. Csuy,
B. Kirkpatrick, A.J. McCarty, S.W. McQuaid, J. Sebastian, D.L.
Sternen, L.K. Walsh, E.T. Matloff, Adverse events in genetic
testing: the fourth case series. Cancer J. 25, 231–236 (2019).
https://doi.org/10.1097/PPO.0000000000000391

26. N.D. Kauff, K. Offit, Modeling genetic risk of breast cancer.
JAMA 297, 2637–2639 (2007). https://doi.org/10.1001/jama.297.
23.2637

27. J.N. Weitzel, V.I. Lagos, C.A. Cullinane, P.J. Gambol, J.O.
Culver, K.R. Blazer, M.R. Palomares, K.J. Lowstuter, D.J. Mac-
Donald, Limited family structure and BRCA gene mutation status
in single cases of breast cancer. JAMA 297, 2587–2595 (2007).
https://doi.org/10.1001/jama.297.23.2587

28. L. Persani, T. de Filippis, C. Colombo, D. Gentilini, Genetics in
endocrinology: genetic diagnosis of endocrine diseases by NGS:
novel scenarios and unpredictable results and risks. Eur. J.
Endocrinol. 179, R111–R123 (2018). https://doi.org/10.1530/EJE-
18-0379

29. C. Tatsi, C.A. Stratakis, The genetics of pituitary adenomas, J.
Clin. Med. 9 (2019). https://doi.org/10.3390/jcm9010030.

30. K. Hińcza, A. Kowalik, A. Kowalska, Current knowledge of
germline genetic risk factors for the development of non-
medullary thyroid cancer, Genes 10 (2019). https://doi.org/10.
3390/genes10070482.

31. M.L. Richards, Familial syndromes associated with thyroid cancer
in the era of personalized medicine. Thyroid 20, 707–713 (2010).
https://doi.org/10.1089/thy.2010.1641

32. R.V. Thakker, Genetics of parathyroid tumours. J. Intern. Med.
280, 574–583 (2016). https://doi.org/10.1111/joim.12523

33. T. O’Shea, M. Druce, When should genetic testing be performed
in patients with neuroendocrine tumours? Rev. Endocr. Metab.
Disord. 18, 499–515 (2017). https://doi.org/10.1007/s11154-
017-9430-3

34. M. Lodish, Genetics of adrenocortical development and tumors.
Endocrinol. Metab. Clin. N. Am. 46, 419–433 (2017). https://doi.
org/10.1016/j.ecl.2017.01.007

35. C.D.C. Kamilaris, C.A. Stratakis, An update on adrenal endocri-
nology: significant discoveries in the last 10 years and where the
field is heading in the next decade. Hormones 17, 479–490
(2018). https://doi.org/10.1007/s42000-018-0072-y

36. B. Dias Pereira, T. Nunes da Silva, A.T. Bernardo, R. César, H.
Vara Luiz, K. Pacak, L. Mota-Vieira, A clinical roadmap to
investigate the genetic basis of pediatric pheochromocytoma:
which genes should physicians think about? Int J. Endocrinol.
2018, 8470642 (2018). https://doi.org/10.1155/2018/8470642

37. H. Butz, MikroRNS-ek szerepe a hypophysis daganatok pato-
genezisében (2010).

38. M.E. Robson, A.R. Bradbury, B. Arun, S.M. Domchek, J.M.
Ford, H.L. Hampel, S.M. Lipkin, S. Syngal, D.S. Wollins, N.M.
Lindor, American society of clinical oncology policy statement
update: genetic and genomic testing for cancer susceptibility. J.
Clin. Oncol. 33, 3660–3667 (2015). https://doi.org/10.1200/JCO.
2015.63.0996

39. H. Fecteau, K.J. Vogel, K. Hanson, S. Morrill-Cornelius, The
evolution of cancer risk assessment in the era of next generation
sequencing. J. Genet Couns. 23, 633–639 (2014). https://doi.org/
10.1007/s10897-014-9714-7

40. H. Butz, A. Patócs, Brief summary of the most important mole-
cular genetic methods (PCR, qPCR, microarray, next-generation
sequencing, etc.). Genet. Endocr. Dis. Syndr. 111, 33–52 (2019).
https://doi.org/10.1007/978-3-030-25905-1_4

41. H.L. Rehm, S.J. Bale, P. Bayrak-Toydemir, J.S. Berg, K.K.
Brown, J.L. Deignan, M.J. Friez, B.H. Funke, M.R. Hegde, E.
Lyon; Working Group of the American College of Medical
Genetics and Genomics Laboratory Quality Assurance Commitee,
ACMG clinical laboratory standards for next-generation sequen-
cing. Genet. Med. 15, 733–747 (2013). https://doi.org/10.1038/
gim.2013.92

42. G. Matthijs, E. Souche, M. Alders, A. Corveleyn, S. Eck, I.
Feenstra, V. Race, E. Sistermans, M. Sturm, M. Weiss, H.
Yntema, E. Bakker, H. Scheffer, P. Bauer, Guidelines for diag-
nostic next-generation sequencing. Eur. J. Hum. Genet. 24, 2–5
(2016). https://doi.org/10.1038/ejhg.2015.226

43. G.R. Oliver, S.N. Hart, E.W. Klee, Bioinformatics for clinical next
generation sequencing. Clin. Chem. 61, 124–135 (2015). https://
doi.org/10.1373/clinchem.2014.224360

44. R. Pereira, J. Oliveira, M. Sousa, bioinformatics and compu-
tational tools for next-generation sequencing analysis in clinical
genetics, J. Clin. Med. 9 (2020). https://doi.org/10.3390/
jcm9010132.

45. J. Crona, A.D. Verdugo, D. Granberg, S. Welin, P. Stålberg, P.
Hellman, P. Björklund, Next-generation sequencing in the clinical
genetic screening of patients with pheochromocytoma and para-
ganglioma. Endocr. Connect. 2, 104–111 (2013). https://doi.org/
10.1530/EC-13-0009

46. M. Ruffalo, T. LaFramboise, M. Koyutürk, Comparative analysis
of algorithms for next-generation sequencing read alignment.
Bioinformatics 27, 2790–2796 (2011). https://doi.org/10.1093/
bioinformatics/btr477

47. J. Shang, F. Zhu, W. Vongsangnak, Y. Tang, W. Zhang, B. Shen,
Evaluation and comparison of multiple aligners for next-
generation sequencing data analysis. BioMed. Res. Int. 2014,
e309650 (2014). https://doi.org/10.1155/2014/309650

48. M. Sayitoğlu, Clinical interpretation of genomic variations. Tjh
33, 172–179 (2016). https://doi.org/10.4274/tjh.2016.0149

49. V. Trubetskoy, A. Rodriguez, U. Dave, N. Campbell, E.L.
Crawford, E.H. Cook, J.S. Sutcliffe, I. Foster, R. Madduri, N.J.
Cox, L.K. Davis, Consensus genotyper for exome sequencing
(CGES): improving the quality of exome variant genotypes.

650 Endocrine (2021) 71:641–652

https://doi.org/10.1016/j.annonc.2020.03.304
https://doi.org/10.1016/j.annonc.2020.03.304
https://doi.org/10.1093/annonc/mds267
https://doi.org/10.1038/gim.2014.147
https://doi.org/10.1038/gim.2014.147
https://doi.org/10.1111/j.1524-4741.2007.00439.x
https://doi.org/10.1111/j.1524-4741.2007.00439.x
https://doi.org/10.1038/nrg3493
https://doi.org/10.1097/PPO.0b013e3182609490
https://doi.org/10.1097/PPO.0b013e3182609490
https://doi.org/10.1097/PPO.0000000000000391
https://doi.org/10.1001/jama.297.23.2637
https://doi.org/10.1001/jama.297.23.2637
https://doi.org/10.1001/jama.297.23.2587
https://doi.org/10.1530/EJE-18-0379
https://doi.org/10.1530/EJE-18-0379
https://doi.org/10.3390/jcm9010030
https://doi.org/10.3390/genes10070482
https://doi.org/10.3390/genes10070482
https://doi.org/10.1089/thy.2010.1641
https://doi.org/10.1111/joim.12523
https://doi.org/10.1007/s11154-017-9430-3
https://doi.org/10.1007/s11154-017-9430-3
https://doi.org/10.1016/j.ecl.2017.01.007
https://doi.org/10.1016/j.ecl.2017.01.007
https://doi.org/10.1007/s42000-018-0072-y
https://doi.org/10.1155/2018/8470642
https://doi.org/10.1200/JCO.2015.63.0996
https://doi.org/10.1200/JCO.2015.63.0996
https://doi.org/10.1007/s10897-014-9714-7
https://doi.org/10.1007/s10897-014-9714-7
https://doi.org/10.1007/978-3-030-25905-1_4
https://doi.org/10.1038/gim.2013.92
https://doi.org/10.1038/gim.2013.92
https://doi.org/10.1038/ejhg.2015.226
https://doi.org/10.1373/clinchem.2014.224360
https://doi.org/10.1373/clinchem.2014.224360
https://doi.org/10.3390/jcm9010132
https://doi.org/10.3390/jcm9010132
https://doi.org/10.1530/EC-13-0009
https://doi.org/10.1530/EC-13-0009
https://doi.org/10.1093/bioinformatics/btr477
https://doi.org/10.1093/bioinformatics/btr477
https://doi.org/10.1155/2014/309650
https://doi.org/10.4274/tjh.2016.0149


Bioinformatics 31, 187–193 (2015). https://doi.org/10.1093/
bioinformatics/btu591

50. D.M. Milewicz, E. Regalado, J. Shendure, D.A. Nickerson, D.
Guo, Successes and challenges of using whole exome sequencing
to identify novel genes underlying an inherited predisposition for
thoracic aortic aneurysms and acute aortic dissections. Trends
Cardiovasc. Med. 24, 53–60 (2014). https://doi.org/10.1016/j.tcm.
2013.06.004

51. S. Richards, N. Aziz, S. Bale, D. Bick, S. Das, J. Gastier-Foster,
W.W. Grody, M. Hegde, E. Lyon, E. Spector, K. Voelkerding, H.
L. Rehm; ACMG Laboratory Quality Assurance Committee,
Standards and guidelines for the interpretation of sequence var-
iants: a joint consensus recommendation of the American college
of medical genetics and genomics and the association for mole-
cular pathology. Genet. Med. 17, 405–424 (2015). https://doi.org/
10.1038/gim.2015.30

52. H. Lee, J.L. Deignan, N. Dorrani, S.P. Strom, S. Kantarci, F.
Quintero-Rivera, K. Das, T. Toy, B. Harry, M. Yourshaw, M.
Fox, B.L. Fogel, J.A. Martinez-Agosto, D.A. Wong, V.Y. Chang,
P.B. Shieh, C.G.S. Palmer, K.M. Dipple, W.W. Grody, E. Vilain,
S.F. Nelson, Clinical exome sequencing for genetic identification
of rare Mendelian disorders. JAMA 312, 1880–1887 (2014).
https://doi.org/10.1001/jama.2014.14604

53. B. Quintáns, A. Ordóñez-Ugalde, P. Cacheiro, A. Carracedo, M.J.
Sobrido, Medical genomics: the intricate path from genetic variant
identification to clinical interpretation. Appl Transl. Genom. 3,
60–67 (2014). https://doi.org/10.1016/j.atg.2014.06.001

54. J.L. Deignan, W.K. Chung, H.M. Kearney, K.G. Monaghan, C.W.
Rehder, E.C. Chao, Points to consider in the reevaluation and
reanalysis of genomic test results: a statement of the American
college of medical genetics and genomics (ACMG). Genet. Med.
21, 1267–1270 (2019). https://doi.org/10.1038/s41436-019-0478-1

55. S.S. Kalia, K. Adelman, S.J. Bale, W.K. Chung, C. Eng, J.P.
Evans, G.E. Herman, S.B. Hufnagel, T.E. Klein, B.R. Korf, K.D.
McKelvey, K.E. Ormond, C.S. Richards, C.N. Vlangos, M.
Watson, C.L. Martin, D.T. Miller, Recommendations for reporting
of secondary findings in clinical exome and genome sequencing,
2016 update (ACMG SF v2.0): a policy statement of the Amer-
ican college of medical genetics and genomics. Genet. Med. 19,
249–255 (2017). https://doi.org/10.1038/gim.2016.190

56. S.P. Strom, Current practices and guidelines for clinical next-
generation sequencing oncology testing. Cancer Biol. Med. 13,
3–11 (2016). https://doi.org/10.28092/j.issn.2095-3941.2016.0004

57. R. Ibrahim, M. Pasic, G.M. Yousef, Omics for personalized
medicine: defining the current we swim in. Expert Rev. Mol.
Diagn. 16, 719–722 (2016). https://doi.org/10.1586/14737159.
2016.1164601

58. Y. Sun, C.A.L. Ruivenkamp, M.J.V. Hoffer, T. Vrijenhoek, M.
Kriek, C.J. van Asperen, J.T. den Dunnen, G.W.E. Santen, Next-
generation diagnostics: gene panel, exome, or whole genome?
Hum. Mutat. 36, 648–655 (2015). https://doi.org/10.1002/humu.
22783

59. C. Di Resta, S. Galbiati, P. Carrera, M. Ferrari, Next-generation
sequencing approach for the diagnosis of human diseases: open
challenges and new opportunities. EJIFCC 29, 4–14 (2018)

60. A.R. Metwalli, W.M. Linehan, Nephron-sparing surgery for mul-
tifocal and hereditary renal tumors. Curr. Opin. Urol. 24, 466–473
(2014). https://doi.org/10.1097/MOU.0000000000000094

61. S.A. Wells, S.L. Asa, H. Dralle, R. Elisei, D.B. Evans, R.F. Gagel,
N. Lee, A. Machens, J.F. Moley, F. Pacini, F. Raue, K. Frank-
Raue, B. Robinson, M.S. Rosenthal, M. Santoro, M. Schlumber-
ger, M. Shah, S.G. Waguespack, Revised American thyroid
association guidelines for the management of medullary thyroid
carcinoma. Thyroid 25, 567–610 (2015). https://doi.org/10.1089/
thy.2014.0335

62. R.V. Thakker, P.J. Newey, G.V. Walls, J. Bilezikian, H. Dralle, P.
R. Ebeling, S. Melmed, A. Sakurai, F. Tonelli, M.L. Brandi;
Endocrine Society, Clinical practice guidelines for multiple
endocrine neoplasia type 1 (MEN1). J. Clin. Endocrinol. Metab.
97, 2990–3011 (2012). https://doi.org/10.1210/jc.2012-1230

63. W. Qiu, I. Christakis, A. Silva, R.L. Bassett, L. Cao, Q.H. Meng,
E.G. Grubbs, H. Zhao, J.C. Yao, J.E. Lee, N.D. Perrier, Utility of
chromogranin A, pancreatic polypeptide, glucagon and gastrin in
the diagnosis and follow-up of pancreatic neuroendocrine tumours
in multiple endocrine neoplasia type 1 patients. Clin. Endocrinol.
85, 400–407 (2016). https://doi.org/10.1111/cen.13119

64. K. Offit, M. Sagi, K. Hurley, Preimplantation genetic diagnosis for
cancer syndromes: a new challenge for preventive medicine.
JAMA 296, 2727–2730 (2006). https://doi.org/10.1001/jama.296.
22.2727

65. C.-W. Wang, E.C. Hui, Ethical, legal and social implications of
prenatal and preimplantation genetic testing for cancer suscept-
ibility. Reprod. Biomed. 19(Suppl 2), 23–33 (2009). https://doi.
org/10.1016/s1472-6483(10)60274-x

66. G. Federici, S. Soddu, Variants of uncertain significance in the era
of high-throughput genome sequencing: a lesson from breast and
ovary cancers. J. Exp. Clin. Cancer Res. 39, 46 (2020). https://doi.
org/10.1186/s13046-020-01554-6.

67. S. Ellard, E. L. Baple, A. Callaway, I. Berry, N. Forrester, C.
Turnbull, M. Owens, D.M. Eccles, S. Abbs, R. Scott, Z.C. Deans,
T. Lester, J. Campbell, W.G. Newman, S. Ramsden, D.J.
McMullan, ACGS Best Practice Guidelines for Variant Classifi-
cation in Rare Disease (2020). https://www.acgs.uk.com/media/
11631/uk-practice-guidelines-for-variant-classification-v4-01-
2020.pdf

68. S. Moghadasi, D.M. Eccles, P. Devilee, M.P. Vreeswijk, C.J. van
Asperen, Classification and clinical management of variants of
uncertain significance in high penetrance cancer predisposition
genes. Hum. Mutat. 37, 331–336 (2016). https://doi.org/10.1002/
humu.22956

69. S.E. Plon, D.M. Eccles, D. Easton, W.D. Foulkes, M. Genuardi,
M.S. Greenblatt, F.B. Hogervorst, N. Hoogerbrugge, A.B. Spur-
dle, S.V. Tavtigian; IARC Unclassified Genetic Variants Working
Group, Sequence variant classification and reporting: recommen-
dations for improving the interpretation of cancer susceptibility
genetic test results. Hum. Mutat. 29, 1282–1291 (2008). https://
doi.org/10.1002/humu.20880

70. C.F. Singer, J. Balmaña, N. Bürki, S. Delaloge, M.E. Filieri, A.M.
Gerdes, E.M. Grindedal, S. Han, O. Johansson, B. Kaufman, M.
Krajc, N. Loman, E. Olah, S. Paluch-Shimon, N.D. Plavetic, K.
Pohlodek, K. Rhiem, M. Teixeira, D.G. Evans, Genetic counsel-
ling and testing of susceptibility genes for therapeutic decision-
making in breast cancer-an European consensus statement and
expert recommendations. Eur. J. Cancer 106, 54–60 (2019).
https://doi.org/10.1016/j.ejca.2018.10.007

71. A. Kövesdi, M. Tóth, H. Butz, N. Szücs, B. Sármán, P. Pusztai, J.
Tőke, P. Reismann, M. Fáklya, G. Tóth, A. Somogyi, K. Borka,
A. Erdei, E.V. Nagy, V. Deák, Z. Valkusz, P. Igaz, A. Patócs, V.
K. Grolmusz, True MEN1 or phenocopy? Evidence for geno-
phenotypic correlations in MEN1 syndrome. Endocrine 65(2),
451–459 (2019). https://doi.org/10.1007/s12020-019-01932-x.
AugEpub 2019 May 1

72. H. LaDuca, E.C. Polley, A. Yussuf, L. Hoang, S. Gutierrez, S.N.
Hart, S. Yadav, C. Hu, J. Na, D.E. Goldgar, K. Fulk, L.P. Smith,
C. Horton, J. Profato, T. Pesaran, C.-L. Gau, M. Pronold, B.T.
Davis, E.C. Chao, F.J. Couch, J.S. Dolinsky, A clinical guide to
hereditary cancer panel testing: evaluation of gene-specific cancer
associations and sensitivity of genetic testing criteria in a cohort of
165,000 high-risk patients. Genet. Med. 22, 407–415 (2020).
https://doi.org/10.1038/s41436-019-0633-8

Endocrine (2021) 71:641–652 651

https://doi.org/10.1093/bioinformatics/btu591
https://doi.org/10.1093/bioinformatics/btu591
https://doi.org/10.1016/j.tcm.2013.06.004
https://doi.org/10.1016/j.tcm.2013.06.004
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1001/jama.2014.14604
https://doi.org/10.1016/j.atg.2014.06.001
https://doi.org/10.1038/s41436-019-0478-1
https://doi.org/10.1038/gim.2016.190
https://doi.org/10.28092/j.issn.2095-3941.2016.0004
https://doi.org/10.1586/14737159.2016.1164601
https://doi.org/10.1586/14737159.2016.1164601
https://doi.org/10.1002/humu.22783
https://doi.org/10.1002/humu.22783
https://doi.org/10.1097/MOU.0000000000000094
https://doi.org/10.1089/thy.2014.0335
https://doi.org/10.1089/thy.2014.0335
https://doi.org/10.1210/jc.2012-1230
https://doi.org/10.1111/cen.13119
https://doi.org/10.1001/jama.296.22.2727
https://doi.org/10.1001/jama.296.22.2727
https://doi.org/10.1016/s1472-6483(10)60274-x
https://doi.org/10.1016/s1472-6483(10)60274-x
https://doi.org/10.1186/s13046-020-01554-6.
https://doi.org/10.1186/s13046-020-01554-6.
https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf
https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf
https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf
https://doi.org/10.1002/humu.22956
https://doi.org/10.1002/humu.22956
https://doi.org/10.1002/humu.20880
https://doi.org/10.1002/humu.20880
https://doi.org/10.1016/j.ejca.2018.10.007
https://doi.org/10.1007/s12020-019-01932-x
https://doi.org/10.1038/s41436-019-0633-8


73. J. Whitworth, P.S. Smith, J.-E. Martin, H. West, A. Luchetti, F.
Rodger, G. Clark, K. Carss, J. Stephens, K. Stirrups, C. Penkett,
R. Mapeta, S. Ashford, K. Megy, H. Shakeel, M. Ahmed, J.
Adlard, J. Barwell, C. Brewer, R.T. Casey, R. Armstrong, T. Cole,
D.G. Evans, F. Fostira, L. Greenhalgh, H. Hanson, A. Henderson,
J. Hoffman, L. Izatt, A. Kumar, A. Kwong, F. Lalloo, K.R.
Ong, J. Paterson, S.-M. Park, R. Chen-Shtoyerman, C. Searle, L.

Side, A.-B. Skytte, K. Snape, E.R. Woodward; NIHR BioR-
esource Rare Diseases Consortium, M.D. Tischkowitz, E.R.
Maher, Comprehensive cancer-predisposition gene testing in an
adult multiple primary tumor series shows a broad range of
deleterious variants and atypical tumor phenotypes. Am. J.
Hum. Genet. 103, 3–18 (2018). https://doi.org/10.1016/j.ajhg.
2018.04.013

652 Endocrine (2021) 71:641–652

https://doi.org/10.1016/j.ajhg.2018.04.013
https://doi.org/10.1016/j.ajhg.2018.04.013

	Molecular genetic testing strategies used in diagnostic flow for hereditary endocrine tumour syndromes
	Abstract
	Introduction
	Genetic counselling
	Proband history
	Family history

	Genetic testing
	Targeted gene testing—pros and cons
	Next-generation sequencing (NGS)—pros and cons
	Pros
	Cons
	NGS—technical challenges
	NGS—bioinformatical challenges
	NGS—challenges during variant interpretation

	Cautions for high throughput testing, which platform to choose
	Clinical relevance of genetic testing in hereditary endocrine tumour syndromes
	Proposed diagnostic workflow in endocrine tumour syndromes
	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS
	References




