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Variant type is associated with disease characteristics
in SDHB, SDHC and SDHD-linked
phaeochromocytoma—paraganglioma
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ABSTRACT

Background Pathogenic germline variants in subunits
of succinate dehydrogenase (SDHB, SDHC and SDHD)
are broadly associated with disease subtypes of
phaeochromocytoma—paraganglioma (PPGL) syndrome.
Our objective was to investigate the role of variant

type (ie, missense vs truncating) in determining tumour
phenotype.

Methods Three independent datasets comprising

950 PPGL and head and neck paraganglioma (HNPGL)
patients were analysed for associations of variant type
with tumour type and age-related tumour risk. All
patients were carriers of pathogenic germline variants in
the SDHB, SDHC or SDHD genes.

Results Truncating SDH variants were significantly over-
represented in clinical cases compared with missense
variants, and carriers of SDHD truncating variants had a
significantly higher risk for PPGL (p<0.001), an earlier
age of diagnosis (p<0.0001) and a greater risk for PPGL/
HNPGL comorbidity compared with carriers of missense
variants. Carriers of SDHB truncating variants displayed a
trend towards increased risk of PPGL, and all three SDH
genes showed a trend towards over-representation of
missense variants in HNPGL cases. Overall, variant types
conferred PPGL risk in the (highest-to-lowest) sequence
SDHB truncating, SDHB missense, SDHD truncating and
SDHD missense, with the opposite pattern apparent for
HNPGL (p<0.001).

Conclusions SDHD truncating variants represent a
distinct group, with a clinical phenotype reminiscent of
but not identical to SDHB. We propose that surveillance
and counselling of carriers of SDHD should be tailored
by variant type. The clinical impact of truncating SDHx
variants is distinct from missense variants and suggests
that residual SDH protein subunit function determines
risk and site of disease.

INTRODUCTION

Pheochromocytomas—paragangliomas show the
highest level of heritability (approximately 40%)
of any human tumour.! Germline variants in genes
encoding subunits of succinate dehydrogenase
(SDH) are the most important risk factors for phae-
ochromocytoma and extra-adrenal paraganglioma
(PPGL) and for head and neck paraganglioma

(HNPGL), explaining around two-thirds of hered-
itary cases.

SDH is a heterotetramer consisting of two
catalytic subunits, SDHA and SDHB, and two
membrane-spanning subunits, SDHC and SDHD.
SDH plays an important role in both the tricarbox-
ylic acid cycle, in which SDHA and SDHB catalyse
the oxidation of succinate to fumarate, and in the
mitochondrial respiratory chain, where SDHC and
SDHD are involved in further electron transfer to
reduce ubiquinone to ubiquinol.

SDH subunits show unexplained disease asso-
ciations, such as the predominance of SDHD and
SDHC variants in HNPGL*™ and the association of
SDHB variants with PPGL,° a higher risk of malig-
nancy and renal cell carcinoma.’” In addition, the
SDH genes show wide variation in penetrance,
with SDHB, SDHC and SDHA exhibiting low pene-
trance (<25%), whereas SDHD displays very high
penetrance (>80%).5!* Differences in penetrance
may be related to modifying genes located on chro-
mosome 11."° '® A puzzling aspect of SDH-related
disease is that defects in a single protein complex
result in marked differences in both tumour loca-
tion and clinical phenotype.

Although it has long been known that pathogenic
variants in the SDH subunit genes (SDHB, SDHC
and SDHD) broadly associate with specific phae-
ochromocytoma—paraganglioma disease subtypes,
further understanding of SDHx genotype—pheno-
type correlations has remained limited. One group
has reported a possible link between a low-PPGL
phenotype and a single SDHD missense variant,
p.(P81L),"” 8 but the outcome of those studies was
influenced by a prominent founder effect. A better
understanding of variant-specific phenotypes would
increase the accuracy of clinical prediction, help in
the design of optimal surveillance programmes for
asymptomatic carriers and improve the targeting of
clinical surveillance in symptomatic carriers.

In this study, we wished to explore whether
classes of SDH variants or specific SDH variants
might explain or partially explain the puzzling
disease associations discussed above. We describe
the analysis of variant type (missense vs. truncating)
and specific variants in 950PPGL and/or HNPGL
patients carrying germline variants in SDHB, SDHC
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or SDHD. In order to discern a possible effect of variant type on
disease phenotype (occurrence of either pheochromocytoma or
paraganglioma) or on age-related tumour risk, only cases with
a phenotype (affected cases) were included. Our data reveal
several important and novel genotype—phenotype correlations,
point to further, still ill-defined correlations and suggest that,
mechanistically, residual SDH protein function profoundly influ-
ences disease phenotype.

MATERIALS AND METHODS

Patient cohorts

An overall summary of patient cohorts (Germany (DE), Great
Britain (GB) and the Netherlands (NL)), assigned to groups with
either missense or truncating variants, can be found in online
supplementary table 1. Our DE study population consisted of
anonymised cases derived from a population-based registry and
comprised 384 affected patients with PPGL and/or HNPGL.
Patients who came for diagnosis, treatment or re-evaluation
and who consented to participate in scientific research studies
were systematically included in this registry. Brief details of this
patient dataset, differentiated by SDH gene and variant type,
can be found in online supplementary tables 2 and 3. This study
population showed a high degree of genetic diversity for both
SDHB and SDHD.

The second study population (GB), recruited in the UK,
was in the form of a publicly available anonymised dataset
describing disease type and age of diagnosis in individuals
referred for SDHB/SDHC/SDHD genetic testing at a National
Health Service diagnostic laboratory due to a personal or family
history of PPGL/HNPGL, as described by Andrews et al.'® The
affected individuals in this dataset were diagnosed by routine
clinical investigation. This study population showed a high
degree of genetic diversity for SDHB and a moderate degree of
diversity for SDHD. Only affected cases (n=366) were included
in our analysis. Our analysis was based on the raw patient data
found in the supplementary materials, which showed some
minor inconsistencies with the published manuscript. The third
dataset consisted of Dutch SDHD variant carriers (n=200),
all of whom had PPGL and/or HNPGL and were mainly
recruited via academic hospitals with special expertise in PPGL/
HNPGL. In accordance with the Dutch law, approval of an
institutional ethics committee was not required because all data
were collected for routine patient care. This dataset has been
described previously.”” Details of this patient dataset, differen-
tiated by SDH gene and variant type, can be found in online
supplementary table 4. This study population exhibited a very
low degree of genetic diversity, with over 90% of all patients
explained by only two founder variants.

For patients included in the datasets assembled in Leiden and
Freiburg, a diagnosis of paraganglioma or pheochromocytoma
was confirmed by imaging with ultrasonography, CT or MRI of
the abdomen, MR/CT of the thorax, MR/CT of the head and
neck and/or meta-iodobenzylguanidine (MIBG), fluorine 18
(18F) dihydroxyphenylalanine (DOPA) whole-body positron
emission tomography (PET) or octreotide imaging. Catechol-
amines or metabolites including noradrenalin, adrenalin and
VMA were determined in the plasma or urine. In patients under-
going surgery, the diagnosis was further confirmed using standard
pathological analysis of the surgical specimen. Variant carriers
from the study by Andrews et al'® were men and women referred
to a National Health Service diagnostic laboratory for SDHB/
SDHC/SDHD mutation analysis based on a personal or family
history of PPGL/HNPGL. Andrews and colleagues collected

clinical information using a standard pro forma or from clinical
records, research studies or a service evaluation study.

Genetic analysis

Molecular genetic analysis of SDH variants in the DE dataset
was carried out using Sanger sequencing and multiplex liga-
tion-dependent probe amplification (MLPA) analysis (SALSA
MLPA Kit P226; MRC-Holland, Amsterdam, The Netherlands),
and in the other datasets as described.” * ¥ Genotype—-pheno-
type correlations were analysed in individuals with pathogenic
or probable pathogenic variants and likely VUS were excluded
from the analysis. The variants found in the DE and NL datasets
are listed in online supplementary tables 5-7.

Analysis

In order to discern a possible effect of variant type on disease
occurrence and age-related tumour risk, only affected cases
were analysed. Some individuals were included in both PPGL
and HNPGL groups if affected by both tumour types. For the
purposes of this study, we defined variants as ‘missense’ when
predicted to result in a single amino acid change and as ‘trun-
cating’ if they were predicted to have more profound effects
on protein structure or function, including truncating variants,
splice variants and small or large deletions. The underlying ratio-
nale for this dichotomy is that missense variants may still allow
SDH and/or complex II assembly and (residual) protein func-
tion, whereas truncating variants can reasonably be expected
to preclude full complex assembly and protein function. Using
descriptive statistics, we first considered the spectrum of missense
versus truncating variants found in patients with PPGL and/or
HNPGL, comparing variant numbers and the number of patients
attributable to each. As this analysis revealed differences in the
overall numbers of each variant type and the numbers of patients
attributable to each variant, we quantified these differences and
compared the frequencies of missense versus truncating variants
found in our patient cohort to those reported by the SDH Leiden
Open Variation Database (LOVD) databases (https://databases.
lovd.nl/shared/genes/SDHB). We further analysed the individual
frequencies of PPGL and HNPGL in SDHB, SDHC and SDHD
variant carriers, comparing the percentage occurrence of each
tumour type by variant type and by gene. Descriptive statistics
were also used to explore comorbidity (defined as the co-occur-
rence of PPGL and HNPGL), patient numbers per gene/variant
type and overall trends in gene variant-disease correlations. We
also used Kaplan-Meier analysis to explore age-related trends in
disease occurrence by gene and variant type.

Statistical analysis

Differences in tumour occurrence based on variant type were
analysed using the %° test or the Cochran-Armitage test where
ordering was suspected. Age-related tumour risks were estimated
using Kaplan-Meier analysis, together with the log-rank test
to compare survival distributions between groups. One minus
cumulative survival data were used to analyse differences in age
of tumour diagnosis in the various patient subgroups. IBM SPSS
Statistics V.20.0 for Windows software package or GraphPad
(GraphPad Software, La Jolla, California, USA) was used for
statistical analysis. A p value of less than 0.05 was considered
statistically significant, after Holm-Bonferroni correction for
multiple comparisons (38 tests).”’ Significant differences before
correction are indicated with an asterisk.

2

Bayley JP, et al. J Med Genet 2019;0:1-8. doi:10.1136/jmedgenet-2019-106214

"1ybuAdos Ag paroarold
"Areiqr suinogiay Jo Alsisalun 18 6TOZ ‘8T 48qwadaq uo /wod fwg Bl :dny woly pspeojumod "6T0Z J8qwisidas 9 uo #T1290T-6T0Z-19usbpawl/9eTT 0T Sk paysignd 1s11y :18U8D PBN


https://dx.doi.org/10.1136/jmedgenet-2019-106214
https://dx.doi.org/10.1136/jmedgenet-2019-106214
https://dx.doi.org/10.1136/jmedgenet-2019-106214
https://dx.doi.org/10.1136/jmedgenet-2019-106214
https://dx.doi.org/10.1136/jmedgenet-2019-106214
https://dx.doi.org/10.1136/jmedgenet-2019-106214
https://databases.lovd.nl/shared/genes/SDHB
https://databases.lovd.nl/shared/genes/SDHB
http://jmg.bmj.com/

Table 1 Summary of the three datasets, shown as percentage
affected cases per gene and cohort (Germany (DE), Great Britain (GB)
and the Netherlands (NL)), assigned to groups with either missense or
truncating variants

PPGL HNPGL
SDHB n=448 carriers DE GB DE GB
Missense % affected 55.2  67.6 48.3 38.9
Truncating % affected 705 804 35.2 25.7
SDHD n=447 carriers  DE GB NL DE GB NL
Missense % affected 137 43 15.7 941 97.8 97.9
Truncating % affected 346 457 111 865 n.i 100.0
SDHC n=>55 carriers DE GB DE GB
Missense % affected 0.0 0.0 100.0  100.0
Truncating % affected 14 30.8 92.6 76.9

A more detailed overview can be found in online supplementary table 1.
HNPGL, head and neck paraganglioma; PPGL, phaeochromocytoma and extra-adrenal
paragangliom; SDH, succinate dehydrogenase.

RESULTS

Patient datasets

Exploring correlations of SDHB, SDHC and SDHD variant type
with disease, we analysed a total dataset comprising 950 affected
cases. A summary of the three datasets is presented in table 1,
and detailed overviews of SDHB, SDHC and SDHD gene vari-
ants can be found in online supplementary tables 5-7.

Truncating variants are over-represented among SDHx
variants

Collections of clinically reported SDHx variants often show a
limited diversity that can be partly attributed to founder effects
but additional trends are also apparent. Visual assessment of
the combined dataset using pie charts suggested that truncating
variants are over-represented compared with missense variants
(figure 1A-D), a trend particularly evident for SDHD. These
differences were significant in the case of both SDHB and SDHD
(figure 1E), a result partly reflected in the LOVD SDH databases
(figure 2B).>!

Truncating variants increase PPGL risk

As the above data suggested that particular variant types may
play specific roles in disease, we quantified disease occurrence
by gene/variant type. In the case of SDHB (figure 2A), trun-
cating variants explain a higher proportion of PPGL cases than
missense variants (p<0.05), whereas they are less frequent in
HNPGL cases (figure 2B).

In the case of SDHD, truncating variants explain the vast
majority of PPGL cases in both the DE (p<0.01) and GB
(p<0.001) datasets (figure 2C). The opposite trend is apparent
for HNPGL (figure 2D). Similar trends are not discernible in the
NL dataset, probably due to the low diversity of variants.

SDHC has historically made only a modest contribution to
HNPGL/PPGL, with a limited number of variants identified
since 2000.* 2! Nevertheless, PPGL in SDHC carriers is entirely
explained by truncating variants (figure 2E,F), in a pattern remi-
niscent of SDHD, while the distribution of SDHC variants in
HNPGL is consistent with SDHB and SDHD.

Variant type influences age-of-disease onset

Using Kaplan-Meier analysis, carriers of SDHB truncating vari-
ants (figure 3A) showed a slightly earlier age of PPGL diag-
nosis, which was significant only precorrection. Although no
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Figure 1  Truncating SDH variants are over-represented in clinical cases.

Pie charts illustrating the diversity of SDHB/SDHD missense and truncating
variants in the total cohort, shown as number of carriers per variant:

(A) SDHB missense (49 variants; 195 carriers), (B) SDHB truncating (78
variants; 253 carriers), (C) SDHD missense (15 variants; 287 carriers), (D)
SDHD truncating (49 variants; 160 carriers); (E) quantification of the total
number of clinically reported missense (blue) and truncating (red) variants
in the SDHB, SDHC and SDHD genes in the total cohort and in the LOVD
SDH databases (https://databases.lovd.nl/shared/genes/SDHB). P values
corrected for multiple testing. *Indicates a significant difference before
correction. SDH, succinate dehydrogenase.

significant effect was apparent for HNPGL (figure 3B), age-re-
lated risk showed the reverse pattern to PPGL.

In the case of SDHD (figure 3C), carriers of truncating
variants showed a significantly earlier age of PPGL diagnosis
(p<0.0001). The addition of the NL cases (figure 3D) led to the
convergence of missense and truncating carriers at older ages
(p<0.0001), which has a number of possible explanations (see
Discussion). No differences were seen in the case of HNPGL
(figure 3E). Despite the small number of cases available, SDHC
appears to follow a pattern comparable to SDHD (figure 3F,G),
with no reported PPGL cases among missense carriers.

PPGL/HNPGL comorbidity and number of patients per variant
type

We then asked whether variant type influences comorbidity
(the co-occurrence of PPGL and HNPGL) in the same patient
(figure 4A). Although the overall number of patients with
comorbidity was low (SDHB, n=25; SDHD, n=335), carriers of
SDHD truncating variants showed markedly elevated comor-
bidity compared with missense carriers (20% vs 5.2%; p<0.05).
No difference was seen for SDHB variants. Turning to the
number of patients per variant type (figure 4B), we found a
fivefold difference between SDHD missense variants and any
other variant type (p<0.001). Even after excluding NL founder
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variants, a threefold difference was still apparent (p<0.05; data
not shown).

Ranking variant type by disease occurrence

As the above analyses illustrated the impact of variant type on
disease, we ranked gene variant types by impact on disease in
both the DE and GB datasets and found consistent and opposing
patterns for PPGL versus HNPGL. PPGL occurrence took the
order (highest to lowest) SDHB truncating — SDHB missense
— SDHD truncating — SDHD missense (figure 4C,D), whereas
the opposite trend was apparent for HNPGL in both datasets
(figure 4E,F).

Variant-specific tumour risk

Although it appears that SDHD variant type influences
tumour risk, due to prominent founder effects (particularly
in the missense dataset) it is possible that specific variants act
as confounders of apparent differences between missense and
truncating variants. In the DE dataset, exclusion of the domi-
nant missense variant p.(Y114C) still led to a clear divergence
(figure 5A), although the difference was no longer significant.
The divergence between missense and truncating variants was
also maintained in the combined DE-GB dataset (figure 5B) after
exclusion of all p.(P81L) carriers (p<0.05).

Compared with other SDHD missense variants (figure 5C),
p-(P81L) is associated with a low-PPGL phenotype, as previ-
ously reported,’” ' although due to fewer cases, the effect was
only marginally significant (p=0.045) before correction. Other
variants may also show low PPGL risk. Although insufficient
affected carriers were available for most variants, we were able to
compare p.(Y114C) (n=37) with p.(P81L) (n=64). Both of these
variants appear to confer a strikingly low-PPGL risk (figure 5D).

DISCUSSION

We found that truncating variants in SDHx genes are clinically
over-represented compared with missense variants. As missense
changes are the predominant variant type in the human genome
(approx. 4:1 compared with all other variants),”* this imbal-
ance cannot be attributed to general mutational processes. We
confirmed the functional significance of this finding by showing
that both disease occurrence and age-related tumour risk are
influenced by the type of gene variant, profoundly so in the
case of SDHD and SDHC variant carriers. In addition, SDHB
missense and truncating variants appear to differ in terms of
PPGL and perhaps even HNPGL risk, although it is not clear
whether differences are mediated by a subtle change in risk
across all missense variants or by a specific contribution from a
subset of variants.

Patient cohorts

Discerning genotype—phenotype correlations in SDHx cohorts
has historically been complicated by the prevalence of founder
effects and the scarcity of large, genetically diverse patient popu-
lations.”*° Although large for a rare disease, our total dataset
showed certain disparities. The most prominent was the broad,
multicentre nature of patient recruitment in the DE and GB
datasets compared with the geographically limited and academic
medical centre-based recruitment of patients in the NL dataset.

Do missense SDHD variants lead to a later age of onset of
PPGL?

An interesting aspect of the NL dataset was the higher frequency
and later age of onset of PPGL in SDHD missense carriers
(figure 3D). Many of these patients, mostly carriers of the Dutch
founder variant p.(D92Y), belong to families that were actively
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Figure 5 Age of PPGL onset for specific SDHD variants: (A) Missense versus truncating variants without p.(Y114C) — DE cohort, (B) Missense versus
truncating variants without p.(P81L) — DE-GB cohort, (C) p.(P81L) carriers compared with other non-p.(P81L) missense carriers — DE=GB cohort, (D) p.(P81L)
carriers compared with p.(Y114C) carriers — DE-GB cohort. P values corrected for multiple testing. *Indicates a significant difference before correction. DE,
Germany; GB, Great Britain; PPGL, phaeochromocytoma and extra-adrenal paraganglioma; SDH, succinate dehydrogenase.

recruited as far back as the 1980s and constitute the cohort in
which SDHD was originally identified.’> *' In the intervening
decades, these patients have been closely monitored at Leiden
University Medical Center. This long-term surveillance may
explain apparent differences in PPGL age of onset compared
with the DE/GB datasets and, importantly, might thus imply that
SDHD missense carriers have a propensity to develop PPGL at
higher rates and older ages than currently appreciated. However,
it is also possible that the p.(D92Y) variant specifically confers
an elevated risk for PPGL, but in light of differences in patient
recruitment, this question would need to be settled in more
comparable patient populations.

PPGL/HNPGL comorbidity

A further confirmation of the profound divergence of SDHD
missense and truncating variants is seen in the occurrence of
PPGL/HNPGL comorbidity. Although cases were relatively rare
in our dataset, truncating SDHD variants appear to carry an
elevated risk for the combined occurrence of PPGL and HNPGL
and therefore represent a distinct group within this study.

SDHD missense variants and patient numbers

Although founder variants have been detected in other SDHx
genes, SDHD missense founder variants are especially prominent
and are associated with a primarily HNPGL phenotype and high
disease penetrance.’’ '* The SDHD founder variants p.(D92Y),
p-(P81L), p.(Y114C) and p.(L139P) account for the bulk
(>80%) of all patients explained by SDHD missense variants
in our combined dataset. The large number of patients attribut-
able to these variants may be due to random demographic effects
combined with the high penetrance of SDHD (87%/70years).'°

Individual variants and disease

As previously mentioned, one SDHD variant, p.(P81L), has
been associated with a low-PPGL phenotype.'” '® The p.(P81L)
phenotype reported by Andrews et al was effectively a compar-
ison of missense and truncating SDHD variants, due to the
overwhelming predominance of the p.(P81L) variant in the
GB dataset (38/46 SDHD missense carriers). Nevertheless, the
reported p.(P81L) low-PPGL phenotype survived comparison
with other missense variants in our dataset and suggests that the
relatively subtle differences between missense variants in terms
of protein function can influence both tumour type and age of
diagnosis. The p.(Y114C) variant has been described in detail by
Schiavi and colleagues in a study in which only five PPGLs were
identified among a total of 262 lesions (1.9%) in 131 affected
individuals.”’ Both of these variants therefore show a phenotype
that appears to diverge from other SDHD missense variants,
suggesting that clinically significant differences exist even within
a specific gene-variant type.

Clinical implications

The results of our study also have important clinical implications.
While our data are not suitable for determining penetrance (i.e.,
the risk of a variant carrier developing disease) as asymptomatic
carriers were not included and index cases excluded, our find-
ings do clearly indicate that carriers of SDHD (and likely SDHC)
truncating variants require closer surveillance than they might
currently be receiving. As these carriers have a significantly
elevated risk of PPGL compared with carriers of missense vari-
ants, they may require more frequent imaging of the thorax and
abdomen and regular screening for catecholamines and metabo-
lites compared with current surveillance regimes, depending on
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the specific surveillance protocols in use in any given clinical
centre.

Underlying biology

An intriguing aspect of our data is that variant type does not
broadly elevate general tumour risk but appears to confer
specific risks for either PPGL or HNPGL. As variant types can
reasonably be expected to impact protein function in different
ways depending on their ‘severity’, we are inclined to explain
the differences in phenotype in terms of (loss or relative reten-
tion of aspects of) protein function. The influence of variant
type and individual variants on phenotype strongly suggests that
different variants have a distinct impact on SDH protein func-
tion. We therefore speculate that missense variants allow reten-
tion of aspects of enzyme activity, with its degree dependant on
the individual variant. We further suggest that the cells that give
rise to PPGL, the sympathetic paraganglia, thrive in the face of
loss of SDH/Complex II protein function, whereas the para-
sympathetic paraganglia in which HNPGL arises are relatively
intolerant of complete loss of SDH protein subunits and are
therefore comparatively more tolerant of missense variants. This
tissue-specific difference in response to compromise or complete
loss of individual SDH subunits may indicate that compromise
or loss results in differing rates of enzyme activity, succinate
accumulation®” and/or ROS accumulation® ** in the context
of tissue-specific sensitivities to these agents. Missense SDHB
variants appear to confer a slightly higher risk of HNPGL (or
specific variants confer this risk), again implying that parasym-
pathetic paraganglia ‘prefer’ at least residual protein complex
assembly and function.

CONCLUSION

In conclusion, variant types show clear correlations with
either PPGL or HNPGL. The traditional view in which SDHD
primarily confers risk for HNPGL while SDHB is associated with
PPGL should now be revised to include an intermediate category,
SDHD truncating variants, which confer a significantly elevated
PPGL risk compared with SDHD missense variants. As patients
with SDHD truncating variants constitute around 15% of the
total dataset, this group represents a significant proportion of
all patients currently under clinical surveillance. It is also clear
from our data that other variant-specific phenotypes remain to
be discovered, but the further dissection and refinement of vari-
ant-specific phenotypes will require international multicentre
collaboration.
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