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Summary

Metastatic pheochromocytoma/paraganglioma (PPGL) represents a major clinical challenge
due to limitations in accurate diagnostic tools and effective treatments. Currently, patients
classified at high-risk by means of clinical, biochemical and genetic criteria, require a lifelong
monitoring, while it remains difficult to determine the metastatic potential of PPGL only on the
basis of histopathological features. Thus, tumor molecular markers that improve the risk
stratification of these patients are needed. In the past few years, we have witnessed an
unprecedented molecular characterization of PPGL, which led to the emergence of promising
candidate biomarkers predictive of metastatic behavior. Here, we briefly discuss these
breakthroughs and provide some insights for the prospective implementation of molecular

markers of metastatic PPGL in the clinical setting in years to come.

Résumé

Les phéochromocytomes et paragangliomes (PPGL) métastatiques posent de difficiles
probléemes de diagnostic, pronostic, traitement et surveillance a long terme. La découverte
de marqueurs moléculaires tumoraux est donc essentielle pour mieux définir le risque
d’évolution métastatique des patients. Au cours des dernieres années, nous avons assisté a
une caractérisation moléculaire sans précédent des PPGL, qui a conduit a I'émergence de
biomarqueurs candidats prometteurs, prédictifs du comportement métastatique. Dans cette
revue, nous exposons et discutons ces avancées et I'application clinique potentielle de ces

biomarqueurs moléculaires de PPGL métastatiques dans un futur proche.



Clinicopathological aspects of metastatic PPGL

Pheochromocytoma and paraganglioma (PPGL) are rare neuroendocrine tumors which arise
in the sympathetic and parasympathetic paraganglia. Most of these tumors are not life-
threatening and can be easily cured by surgery, whereas up to 20% may become metastatic
'. The clinical outcome of patients with metastatic PPGL is highly variable. More than 40% of
patients present with metastases at the time of diagnosis while others up to 50 years
afterwards 2 3. The overall 5-year survival rate of these patients varies between 34% and
60% “. Surgery can improve the prognosis 5, but if the primary tumor is unresectable, rapid
disease progression is observed 3. Standard chemotherapeutic regimen with
cyclophosphamide, vincristine, and dacarbazine, or radionuclide therapy with 3! lodine-
radiolabelled metaiodobenzylguanidine only result in partial responses © 7. Thus, clinical trials

testing targeted therapies such as tyrosine kinase inhibitors are underway é.

Clinical, biochemical and genetic factors associated with metastatic PPGL comprise tumor
location (extra-adrenal), large tumor size, high levels of plasma methoxytyramine and urinary
dopamine, and germline mutations in SDHB, FH and SLC25A11 genes "> %'2, Carriers of
mutations in other PPGL susceptibility genes have a lower risk > 4. Higher mortality is
associated with male sex, older age at the time of diagnosis, synchronous metastases, large
tumor size, elevated dopamine, SDHB status and not undergoing primary tumor resection *
15 Of note, the implementation of genetic testing in routine has greatly improved the
management and clinical outcome of patients with SDHx/ VHL mutations . In marked
contrast, there is no accurate mean to estimate the risk of developing a metastatic disease in
patients with apparently sporadic PPGL, which would be helpful to guide their clinical

management.

Histopathological features suggestive of metastatic behavior are the basis of the grade score
systems PASS (Pheochromocytoma of the Adrenal Gland Scaled Score) '7 and GAPP (The
Grading system for Adrenal Pheochromocytoma and Paraganglioma) '8. However low

sensitivity and specificity '° as well as significant inter and intra-observer variabilities preclude



their implementation. The recent WHO classification of endocrine tumors pointed out that
given the absence of reliable histopathologic criteria to distinguish “malignant” from “benign”
PPGL, these two historically used terms should be abolished %°. It was also emphasized that
only the evidence of metastatic lesions, but not locally invasive or recurrent tumors defines
metastatic PPGL2. Since all PPGL presumably have a metastatic potential, molecular

markers able to predict tumor aggressiveness are urgently needed.
Earliest molecular markers

Initial efforts made use of immunohistochemistry and RT-qPCR to evaluate the expression of
candidate markers including cell proliferation antigen Ki-67/MIB-1 2! 2223 ¢c-Erb2 23 24,
angiogenic factors EPAS1 and VEGF 2°26, CD34 (for assessment of vascular architecture) %,
TERT 2227 metastasis suppressors nm23-H1, TIMP-4, BRMS-1, TXNIP, CRSP-3 and E-Cad
28,29 gpithelial-to-mesenchymal transition (EMT) inducers (Snail and Twist) 03! stemness
factor OCT4 32, activation of the mammalian target of rapamycin mTOR pathway 3 and
neuroendocrine gene transcripts in liquid biopsies 34. In addition, fewer number of S-100+
sustentacular cells *°, hypermethylation of the p16INK4A promoter 3¢ 7, albeit modestly
correlated with expression at mRNA and protein levels, and a CpG island methylator
phenotype (CIMP) determined by examination of a panel of genes using pyrosequencing

have been also suggested as markers of metastatic PPGL.

Although these exploratory studies indicated that metastatic PPGL may undergo increased
proliferation and alterations of both differentiation and tissue architecture, they presented
several methodological, technical and analytical limitations to draw conclusions. For
instance, in most of them, the number of biosamples included was too small, and in the
cases in which the genotype could be determined, the SDHB status appeared as a potential
confounding factor. Markers evaluated by immunohistochemistry such as c-Erb2, CD34,
OCT4 and S-100 could not be reproduced in subsequent independent series 3°42,
Dependency on the experience of the observer and antibodies differences may account for

discrepancies when using this technique. Automated quantitative pathology imaging systems



should be used for a more objective evaluation of these markers. Variability of results based
on RT-gPCR, on the other hand, is high, particularly when assessing low abundant
transcripts such as the metastasis suppressor genes or the transcripts present in the
circulation. Droplet digital PCR (ddPCR), a highly sensitive technique for assessment of gene
expression, is recommended nowadays to circumvent this problem. Nonetheless, detection
of transcripts such as TERT may render a false-positive result due to tumor lymphocytic
infiltration. The potential utility of some of these earliest biomarkers as well as the discovery
of new ones started to emerge upon the arrival of more comprehensive studies of large

cohorts of PPGL intended to perform an unbiased molecular characterization.
Emergent molecular markers

Recent integrative genomic studies enabled to propose a molecular classification of PPGL
into two main subtypes (cluster 1 and cluster 2) characterized by germline or somatic
mutations in susceptibility genes or in recently identified drivers 3. SDHx/FH/SLC25A11-
related PPGL, which is the group of genetically defined tumors with the higher metastatic
potential, exhibit global DNA hypermethylation, transcriptional signatures of EMT and
angiogenesis/hypoxia signaling pathways and overexpression of miRNA cluster 182/96/183,
miR-210 and miR-483. VHL/EPAS1-related tumors have intermediate methylation levels, a
glycolytic profile, and similar to SDHx-related PPGL, also display a pseudohypoxic
phenotype with overexpression of the hypoxic marker miR-210.

NF1/RETI TMEM127IMAXIHRAS/ME T/ FGFR1-related tumors are characterized by global
hypomethylation, downregulation of miRNA cluster DLK-MEG3 and overactivation of
RAS/MAPK and IGF1 signaling pathways. A new molecular group was recently described,
characterized by MAML3 gene fusions and CSDE 1 somatic mutations linked to activation of

the Wnt signaling pathway 4.

Regarding metastatic PPGL, initial genomic studies reported that these tumors harbor high
frequency of recurrent copy number alterations yet at large-scale *> ¢ as well as

underexpression of >85% genes, probably linked to its undifferentiated pattern 4. More



recently, the TCGA study suggested MAML3 fusion gene, somatic mutations in ATRX and
SETDZ2 genes and high somatic mutation rate as novel markers of aggressive and/or
metastatic PPGL 4. Expression data from this cohort further highlighted overactivation of cell
cycle and regulation of actin cytoskeleton pathways “¢ as well as overexpression of PDL-2
strongly correlated with genes reflecting an immune-exhausted T cell response “°. The TCGA
study also confirmed that SDHB mutation, global hypermethylation and Ki-67
immunoreactivity were associated with poor clinical outcome. Given that no multivariate
analyses were performed, it is difficult to ascertain the prognostic value of the newly
identified markers compared to the SDHB status. In fact, ATRX mutations were initially
reported to be frequent, yet not restricted to SDHB-related tumors °. Interestingly, besides
ATRX mutations, a hotspot mutation in the TERT promoter (C228T), which could not be
captured by whole-exome sequencing analyses, was associated with the metastatic

progression of SDHB-related tumors 552,

Given that TERT and ATRX are mutually exclusive telomere maintenance mechanisms %3, it
raised the question as to whether immortalization could be a prognostic factor, after all, most
PPGL are indolent. To address this issue, we undertook a comprehensive analysis of
immortalization in a series of 200 tumors collected by the French COMETE network 4. We
showed that in fact only 20% of PPGL get immortalized by either telomerase activation or an
alternative lengthening of telomeres (ALT) mechanism. Of note, different genomic alterations
leading to the transcriptional activation of TERT comprising not only promoter mutation but
also promoter hypermethylation and copy number gains, along with ATRX mutations,
accounted for about 70% of metastatic PPGL and appeared as independent risk factors
strongly associated with both metastasis-free and overall survivals. The receiver operating
characteristic analysis yielded an area under the curve (AUC) of 0.84, demonstrating that
these alterations perform more accurately than the SDHB status (AUC 0.70) on the ability to
discriminate metastatic from non-metastatic PPGL. Although this study was devoid of

independent validation, parallel observations support these findings 50-52 5% %, Notably,



immortalization-related mechanisms have also been reported to guide stratification and

diagnosis in high risk neuroblastoma ®” and glioma %8, two other neural crest-derived tumors.

Given the potential of non-coding RNAs as prognostic markers %°, we have also evaluated
long non-coding RNAs (IncRNAs) using a mining-approach of transcriptome data from the
same French COMETE cohort. Remarkably, we identified one putative IncRNA whose
expression is dramatically reduced in metastatic tumors. This transcript accurately
discriminated (AUC 0.95) metastatic from non-metastatic tumors with SDHx mutations and
was significantly associated with short metastasis-free survival. Moreover, multivariate cox
proportional hazards regression analyses for metastasis-free survival revealed this transcript
as an independent risk factor associated with poor clinical outcome of SDHx mutation-
carriers. Importantly, this transcript was further validated in an independent yet small series
of SDHx-related tumors. It is expected that more classes of ncRNAs linked to metastatic

PPGL will be discovered using RNA-seq approaches in the years to come.

Additionally, two powerful international collaborative studies carried out at centers of the
European Network for the Study of Adrenal Tumors (ENS@T) led to the discovery of
additional informative markers. One of these studies consisted on the analysis of compiled
miRNA profiling data from TCGA, COMETE and Spanish cohorts (450 tumors; follow-up
period 35 years) and enabled the identification of a six-miRNA metastatic signature strongly
correlated with time to progression, irrespective of SDHB status. In fact, combined analysis
of two of those miRNAs yielded an AUC of 0.80 which was largely better than the SDHB
status (AUC 0.63) in this study. Moreover, this signature was validated in an independent
series of 49 formalin-fixed paraffin-embedded (FFPE) tissue specimens and partially
retrieved as circulating miRNA in patients’ liquid biopsies, particularly during the progressive
phase of the metastatic disease (unpublished personal observation). The second study
consisted on the analysis of compiled methylome data from 277 tumors € including 48
metastatic PPGL. The authors successfully identified hypermethylation in the promoter of the

RDBP (negative elongation factor complex member E) gene as a promising biomarker of



metastatic PPGL significantly associated with time to progression, even after correcting for
SDHB genotype. Further validation was provided in an independent series of 33 FFPE
tumors including 19 metastatic. Although this finding was not reproduced by another group, it
should be noted that this second study analyzed a smaller PPGL cohort (n=39), including 10

metastatic tumors only from cluster 1 ¢,
Conclusions and future perspectives

Current international guidelines for the clinical management of patients operated for a PPGL
recommend assaying plasma or urinary metanephrines every year to screen for local or
metastatic recurrences or new tumors and define a category of patients at high-risk of
developing a metastatic disease (young patients and those with a genetic disease, a large
tumor and/or a paraganglioma) for whom a lifelong annual follow-up is required 2. It is
important to note that while genetic testing readily improve the outcome of patients SDHB
mutation-carriers which are at high risk ¢, an important proportion of patients with sporadic

tumors can also develop a metastatic disease.

Earliest studies of candidate prognostic markers had several selection biases including small
cohorts, undetermined genetic predispositions (some studies were conducted before the
advent of genetic testing), variable or unreported follow-up times and regimen of
surveillance, different definitions of metastatic PPGL and no statistical analyses to
adequately assess the outcomes of patients. In the last few years, molecular characterization
of large series of PPGL with well-annotated clinical and genetic data, led to the discovery of
promising markers, able to predict the metastatic behavior of both SDHB-mutated and
sporadic tumors and so there is exciting opportunity to further leverage these advances. The
time is ripe for launching prospective multicentre studies in a real-life clinical scenario, aimed
at comparing the diagnostic/prognostic performance of those novel markers in order to
choose the best discriminators. Thus, a final prognostication model of metastatic PPGL could

be developed by combining the most reliable clinical, genetic and molecular risk factors.



It is expected that tumor biomarkers may become integral to management strategies in
metastatic patients in the era of cancer precision medicine. However, as reliable biomarkers
arrive, new challenges are expected. For instance, assessment of molecular markers in
cases with multiple tumors would be difficult in routine practice. Moreover, likewise other
human cancers, metastatic PPGL display a high degree of genetic 8 and epigenetic ®
heterogeneity. Therefore, a single biopsy may not capture the complete molecular landscape
of an evolving tumor. To evaluate disease progression, assessment of molecular markers in
liquid biopsies will be more appropriate. In this regard, circulating miRNAs and detection of
individual mutations in cell-free DNA by means of ddPCR already holds significant promise.
We believe that implementation of molecular markers of metastatic PPGL in the near future
will be useful to improve risk stratification, to guide patient care, and consequently to reduce

the associated medico-economic costs of long-term surveillance.
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