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Genetic testing is recommended for all patients with pheochromocytomas and paragangli-
omas (PPGL) to establish genotype-phenotype associations. We investigated germline
mutations in 59 patients with PPGL at six Korean university hospitals using next-genera-
tion sequencing (NGS) targeting 38 PPGL-associated genes, including those recommended
by the Korean PPGL Task Force. Germline mutations were identified in 13 patients (22%),
and affected four genes: RET, NF1, VHL, and SDHD. Germline mutations were significantly
associated with a family history of PPGL, smaller tumor size, and the presence of other
types of tumors. Using 95 Korean PPGL cases with germline mutations identified through
a literature review and 13 cases from our cohort, we characterized genotype-phenotype
correlations. Mutation hotspots were identified in specific codons of RET (codons 631 and
634), VHL (157 and 167), and SDHB (131 and 253). NF1 mutations varied, indicating the
absence of common hotspots. These findings highlight the efficacy of the recommended
NGS panel for Korean patients with PPGL and the importance of genetic testing in estab-
lishing clinical management and personalized therapeutic strategies.
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Pheochromocytomas (PCCs) and paragangliomas (PGLs) (PPGL)
are neuroendocrine tumors derived from chromaffin cells that
demonstrate notable clinical heterogeneity [1]. While solid tu-
mors have a low incidence of germline mutations [2], PPGL ex-
hibits a high prevalence, with germline mutations detected in up
to 40% of cases and somatic mutations in 20%-30% [3-5]. The
variability in the mutation prevalence is influenced by variability
in factors such as mutation complexity, geographic location, and
the patient selection method used [6]. Additionally, genotype-
phenotype correlations appear to be race- and genetic back-
ground-dependent [7], highlighting the significance of germline
mutation analysis in Korean patients with PPGL. Identifying
germline mutations in patients with PPGL is crucial for prognosis
prediction and genetic counseling, as germline mutations in-
crease the risk of multiple tumors, metastasis, and recurrence
[8-10]. While studies on the Korean population have explored
these associations, the limited case numbers call for further re-
search to generalize the findings to a broader population [11-
13].

This study was approved by the Institutional Review Board of
the Catholic University, Seoul, Korea (IRB approval number:
XC19TEDIO046), and written informed consent was obtained
from all participants. We enrolled 60 unrelated Korean patients
diagnosed with PPGL between January 1994 and June 2021
across six university hospitals (Supplemental Data Fig. S1). We
assessed clinical characteristics, tumor features, and outcomes,
including recurrence and metastasis, by reviewing medical re-
cords. Recurrence was defined as the reappearance of PPGL
post-surgery, with an elevated catecholamine level [12],
whereas metastasis was identified in non-chromaffin organs
[13]. One patient was excluded because of an incomplete medi-
cal record. Genomic DNA was extracted from peripheral blood
and subjected to next-generation sequencing (NGS) using a cus-
tom panel (Thermo Fisher Scientific, Waltham, MA, USA) target-
ing 38 susceptibility genes, including all 10 basic genes and five
genes recommended by the Korean PPGL Task Force [7] (Sup-
plemental Data Fig. S2). Genomic mutations in PPGL, catego-
rized into pseudohypoxia and kinase signaling clusters accord-
ing to The Cancer Genome Atlas (TCGA) [14], alongside various
candidate genes, highlight the utility of the NGS panel for effi-
cient genetic analysis.

A total of 59 unrelated patients with PPGL, predominantly
women (67.8%), had a mean age of 52.5 yrs at diagnosis. The
characteristics of the patients with PPGL are summarized in
Supplemental Data Table S1. Germline mutations were identi-
fied in 13 patients (22%): four in RET and four in NF1, both as-
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sociated with kinase signaling; four in VHL, a pseudohypoxic
VHL/EPAS1-related gene; and one in SDHD, a pseudohypoxic tri-
carboxylic acid (TCA) cycle-related gene (Table 1). We found no
actual deletions/duplications at the exon level while checking
copy number variation using Integrative Genomics Viewer and
Detection of Exon Copy Number (version 2). A genotype-pheno-
type analysis was performed to explore the clinical characteris-
tics of the 13 Korean patients harboring PPGL germline muta-
tions [mutation (+)] compared with those who lacked germline
mutations [mutation (-), N=46; Table 2]. The mutation (+)
group had a higher prevalence of a family history of PPGL and
the concomitant presence of other tumor types (P<0.001,
each), but their tumors had a significantly smaller diameter
(P<0.001). We found no statistically significant differences be-
tween the groups in terms of sex, tumor type, recurrence rate, or
biochemical status. Although not significant, the mutation (+)
group tended to have been diagnosed at a younger age and had
higher proportions of bilateral PCCs and multiple PPGL tumors.
Next, we reviewed previous reports on Korean PPGL cases,
and mutations of pathogenicity were reclassified according to
the ACMG guidelines [15]. We combined potentially overlapping
cases from each study’s institution into a single case to mini-
mize the possibility of duplication bias in the statistics of muta-
tion prevalence and associated clinical characteristics. In total,
95 Korean PPGL cases with germline mutations were collected,
including 82 cases from 12 previous reports, as summarized in
Supplemental Data Table S2, and 13 cases from the present
study cohort (Supplemental Data Fig. S3). We compared the ge-
notypic and phenotypic characteristics of the following four
genes that were common in Korean patients with PPGL accord-
ing to molecular clustering based on TCGA: SDHB (N=16), VHL
(N=30), NF1 (N=8), and RET (N=31). Tumor type, tumor loca-
tion, tumor diameter, metastasis, biochemical status, the pres-
ence of other tumors, and the consequences of the germline
mutations significantly differed among the four groups (all,
P<0.05) (Supplemental Data Table S3). Particularly, RET was
the most frequently mutated at codons 631 and 634 of exon 11
(Fig. 1). VHL mutations were distributed widely across all exons;
however, mutations typically occurred after codon 70. SDHB
was frequently mutated at codons 131 and 253. The frequency
of germline mutations in our cohort was 22%, which was signifi-
cantly lower than the 40% previously reported. A review of Ko-
rean and international literature revealed a lower mutation posi-
tivity rate in Korean studies (5.6%-32.6%) [6, 11, 12], suggest-
ing that the 40% frequency may be overestimated. Our finding
of a 22% positivity rate aligns with those in global studies [16-
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Table 2. Characteristics of patients according to the mutation status.

Jo KH, et al.
Germline mutations in patients with PPGL

Characteristic Mutation-negative (N =46) Mutation-positive (N=13) P
Female sex, N (%) 32(69.6) 5(62.5)* 0.588
Age at diagnosis, year, median (IQR) 54.5 (44-63) 52 (41-60) 0.146
Family history 0(0) 4(30.8) <0.001
Type 0.160

PCC, N (%) 41(89.1) 11 (84.6)

PGL, N (%) 5(10.2) 1(7.7)

PCC and PGL, N (%) 0(0) 1(7.7)
Location 0.058

Adrenal, unilateral, N (%) 40 (87.0) 9(69.2)

Adrenal, bilateral, N (%) 1(2.3) 2(15.4)

Adrenal, head, and neck, N (%) 0(0) 1(7.7)

Head and neck, N (%) 0(0) 1(7.7)

Other sites, N (%) 5(10.9 0(0)
Multiple tumors, N (%) 5(10.9) 4(30.8) 0.081
Tumor diameter, cm, median (IQR) 43(2.5-6.1) 4.0(2.7-6.0) <0.001
Metastasis, N (%) 3(6.95) 1(7.7) 0.883
Recurrence, N (%) 4(9.0) 2(15.4) 0.315
Biochemical status 0.861

Adrenergic, N (%) 3(6.5) 0(0)

Noradrenergic, N (%) 21 (45.7 7(53.8)

Adrenergic/noradrenergic, N (%) 18(39.1 6(46.2)

Silent, N (%) 4(8.7) 0(0)
Presence of other tumors, N (%) 3(6.5) 8(61.5) <0.001

*The proportion was based on eight parent samples with available gender information.

For all characteristics, clinical data were collected from available cases only.

Abbreviations: PPGL, pheochromocytoma and paraganglioma; PCC, pheochromocytoma; PGL, paraganglioma; IQR, interquartile range

18], challenging the accuracy of the previously reported 40%
rate [3, 4]. Pathogenic mutations were found only in the genes
recommended for Korean PPGL screening, aligning with the rec-
ommendations of the Korean PPGL Task Force [7]. Therefore,
these findings support the suitability of the genes recom-
mended by the Korean PPGL Task Force for genetic testing [8].
In our cohort, mutation (+) patients had a family history of
PPGL, smaller tumors at diagnosis, and a higher incidence of
concurrent tumors. However, metastasis and recurrence rates
were not significantly different from those of mutation (-) pa-
tients, potentially because of the limited sample size. PPGL
germline mutation (+) cases were diagnosed earlier and often
had a family history of PPGL and higher incidences of bilateral
tumors, multiple tumors, metastases, and non-PPGL tumors, as
reported in previous Korean and European studies [9, 12, 16,
17]. Previous studies on the Korean population [11, 12] indi-
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cated notable clinical differences=among TCGA-based molecu-
lar clusters [14]. Furthermore, based on the literature review, we
focused on germline mutations in genes with high mutation fre-
quencies, including RET, VHL, SDHB, and NF1, and their pheno-
typic associations. We found high PGL and metastasis rates in
SDHB mutation (+) cases and significant family history rates in
RET, VHL, and SDHB mutation (+) cases. Comparing Korean
PPGL cases with SDHB, VHL, RET, and NF1 mutations with
those in international studies revealed parallels and distinctions.
Korean SDHB mutation (+) cases had a higher PGL frequency,
mirroring trends in Asian Indians [18]. VHL and RET mutations
in Koreans were associated with a higher incidence of bilateral
PCCs, aligning with findings in previous Korean studies [11, 12].
However, SDHB and VHL mutations in Koreans exhibited a
higher metastasis rate, differing from findings in Europeans [19]
and Japanese [8]. Biochemically, pseudohypoxic cases with
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Fig. 1. Locations and frequencies of major causative gene mutations in Korean patients with PPGL) (N=95). Mutated codons and mutation
frequencies in RET (A), VHL (B), SDHB (C), and SDHD (D). Blue triangles indicate sites of mutations reported previously, and orange triangles
indicate sites of mutations detected in patients at six university hospitals in this study.

Abbreviation: PPGL, pheochromocytoma and paraganglioma.

SDHB and VHL mutations were mainly noradrenergic or silent,  gene-specific characteristics, indicating that even when genes
whereas kinase signaling types with NF1 and RET mutations  within a molecular cluster exhibit similar characteristics, the fea-
were predominantly adrenergic/noradrenergic. These results  tures of individual genes may differ. Therefore, our findings high-
highlight mutations among molecular clusters and detailed  light the importance of comparing molecular clusters when ana-
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lyzing causative variants associated with PPGL, as well as the
necessity for a detailed comparison at the level of individual
genes.

Our findings regarding the mutation types and sites in patients
with PPGL were largely consistent with the mutation sites previ-
ously identified in Korean studies [11, 12]. SDHB mutations pre-
dominantly involved frameshifts, whereas VHL mutations were
mainly missense. RET mutations were exclusively missense, and
NF1 mutations varied without specific hotspots. Notably, the occur-
rence of specific SDHB mutations (e.g., c.137G>A, c.470delT)
was lower in Korean patients than in Japanese patients, sug-
gesting racial differences. VHL missense mutations, particularly
in exons 1 and 3, were the most frequent across Japanese,
Asian Indian, and Korean studies [8, 11, 12, 18]. Korean RET
mutations primarily occurred in exon 11, consistent with global
findings. Our research on mutation sites at the exon level in Ko-
reans offers a foundation for future genotype-phenotype analy-
ses, highlighting the complexity and diversity of PPGL mutations
within this population.

The limitations of this study include the reliance on targeted
NGS, which does not identify large deletions or duplications de-
spite their reported prevalence in SDHB-, SDHD-, and VHL-re-
lated cases. Future research may benefit from whole-exome or
whole-genome sequencing for a more comprehensive genetic
analysis. Despite being a multicenter effort using a 38-gene
panel, the case number was limited, thereby highlighting the
need for a broad review of Korean cases to establish genotype-
phenotype correlations. To avoid missing or duplicate cases, po-
tentially overlapping cases from each author’s institution were
combined into one case to minimize the possibility of duplicate
bias in the statistics.

In Korea, PPGL is rare, but its clinical features differ depend-
ing on the germline mutations involved. Therefore, genetic test-
ing is imperative for patients with PPGL. The genotype-pheno-
type associations and frequently mutated sites in primary caus-
ative genes identified in this study will be useful for understand-
ing the characteristics of PPGL in Korea.

SUPPLEMENTARY MATERIALS

Supplementary materials can be found via https://doi.
org/10.3343/alm.2023.0376
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