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eMethods
[bookmark: _Toc368419625]In silico protein structure analysis
Structure guided approaches can provide valuable insight into the molecular mechanism of mutations and their role in diseases[1–4]. mCSM and DUET are novel machine-learning methods that use graph-based structural signatures to represent the three dimensional residue environment structure in order to quantitatively predict the effects of missense mutations on protein stability, and binding affinities to their partners. To evaluate the structural effects of missense mutations, models of SDHB (NM_003000.2), based on the X-ray crystal structure of succinate dehydrogenase Ip subunit (PDB code: 2H89; sequence identity 92%), and SDHD (NM_003002.2), based on the X-ray crystal structure of small cytochrome binding protein (PDB code: 1ZP0; sequence identity 95%), were generated using Modeller[5] and MacroModel (Schrodinger, New York, NY). The DUET scoring system[6, 7] was used to predict the effects of mutations on stability, based on changes in the Gibbs free energy of folding, using the models of SDHB  and SDHD. A model of the human succinate complex was built using the avian respiratory complex II (PDB code: 1ZP0) using Modeller[5]. The effects of mutations on the binding affinities between the respective subunits was predicted using mCSM-PPI.[7]
[bookmark: _Toc368419626]
Retrospective cohort analysis statistical methods
Standard survival analysis methods assume that mutation carriers are ascertained at random with respect
to their disease status. In the present study, the first tested individual in a family is usually someone
diagnosed with the disease. Such study designs therefore tend to lead to an over-sampling of affected
individuals, and standard analytical methods may lead to biased estimates of the risk ratios. To address this
potential bias we repeated the analysis by modelling the retrospective likelihood of the observed mutation
status conditional on the disease phenotypes.

For each disease we considered the time to disease diagnosis for the disease of interest, independently of the other disease phenotypes. We assumed a censoring process where an individual was followed from birth until the age at disease diagnosis, age at death, age at last observation, or age 85-years, whichever occurred first. In instances of no available age information (125 of the 876 SDHB/C/D mutation carriers), individuals were censored at age 0-years. Individuals that carried variants of unknown significance were treated as non-carriers for the purposes of these analyses.

We used retrospective cohort analysis approach to estimate the hazard ratios (HRs) separately for: (i) renal cell carcinoma (RCC); (ii) pheochromocytoma and extra-adrenal paraganglioma (PPGL); (iii) head and neck paraganglioma (HNPGL); (iv) PPGL or HNPGL; (v) tumour (RCC or PPGL or HNPGL); (vi) malignant PPGL or malignant HNPGL; and (vii) malignant tumour. We modelled the retrospective likelihood of observing genotypes conditional on the phenotypes of all individuals. These models were parameterised in terms of the log-HR and the gene mutation frequency was fixed. The SDHB mutation frequency was obtained from the Exome Aggregation Consortium database[8, 9]. The disease incidences were constrained over all genetic effects to agree with the assumed population disease incidences. The sex-specific RCC disease incidences were obtained from Cancer Research UK[10]. We assumed PPGL and HNPGL had an incidence of 1 per 100,000 for each age from birth. Malignant disease was assumed to account for 10% of the total disease incidence. Parameters were estimated by maximum likelihood estimation. All segregation analyses were performed using pedigree analysis software MENDEL.[11]

We tested whether assumptions regarding the gene mutation frequency and the disease incidences impacted on the results by halving and doubling the assumed values. We also investigated alternative censoring processes to ensure the results obtained by using the censoring process described above (that was designed to yield the maximum number of disease cases for each analysis) agreed with other possible approaches. Results were not sensitive to assumptions on the adopted censoring process, gene mutation frequency or disease incidences.

Absolute risks were calculated using assumed disease incidences and the estimated log-HR. The absolute risks were calculated as:
	R = 1 - exp[-Λ0(t)exp{β}]
where Λ0(t) is the cumulative disease incidence up to age t and β is the estimated log-HR. Absolute risks calculated by this method for composite diseases (e.g. tumour being the composite of other sub-disease phenotypes) can be inflated by scenarios where the gene mutation has a relatively small influence on disease risk compared to the other disease(s), but its incidence is much larger. For example, SDHB has a small effect on RCC compared to the other diseases of interest, and the RCC incidence rates are much larger than the assumed incidences of PPGL or HNPGL. In this situation the large composite HR is driven by PPGL and HNPGL (not RCC), but the composite disease incidence is inflated by inclusion of the RCC incidences, hence the absolute risks for this composite disease will be inflated. Therefore, we also estimated the absolute risks using a probabilistic approach that assumes independence between diseases comprising the composite disease. This probabilistic absolute risk was calculated by:
	P = 1 - Π(1-Ri)
where Ri is the estimated absolute risk using the previous method for disease i.

Association p-values were calculated from a χ2 1df test. Several diseases yielded highly significant p-values (p<2.23x10-308), hence an approximate -log10(p) was calculated by:
-log10(p) ≈ -loge(p)/(loge(100)/2)
to describe the strength of the association. This approximation was performed using the R statistical software[12].
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eFigure 1. Copy of the clinical information proforma sent to referring clinicians
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eFigure 2. Of 1832 patients referred for genetic testing due to a family history of PPGL/HNPGL, numbers of probands, mutations carriers, and patients with full clinical information are shown. 
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eFigure 3. Relative frequency of the most common SDHB, SDHC and SDHD mutations found in probands with pheochromocytoma or paraganglioma. A large proportion of probands have one of a few common mutations. 
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eFigure 4. Difference in phenotypes of female and male SDHB mutation carriers, probands and non-probands, by Kaplan-Meier analysis. 
PPGL – phaeochromocytoma and sympathetic paraganglioma; HNPGL – head and neck paraganglioma. 



eTables 

eTable 1. Large copy number abnormalities (CNAs) in SDHB, SDHC and SDHD found in this cohort. The percentage in the final column represents the proportion of probands who have the deletion or duplication in question out of all probands with large CNAs in that gene.

	Large CNA
	No. probands
	Proportion large CNA probands for gene

	SDHB Deletion exon 1
	17
	49%

	SDHB Deletion exon 2
	2
	5.5%

	SDHB Deletion exon 3
	5
	14%

	SDHB Deletion exon 8
	3
	8.3%

	SDHB Deletion exons 1-2
	1
	2.8%

	SDHB Deletion exons 2-7
	1
	2.8%

	SDHB Deletion exons 4-5
	2
	5.6%

	SDHB Deletion whole gene
	2
	5.6%

	SDHB Duplication exon 1
	1
	2.8%

	SDHB Duplication exons 3-5
	1
	2.8%

	SDHB Duplication exons 4-5
	1
	2.8%

	SDHC Deletion exon 6
	5
	83%

	SDHC Deletion exons 1-3
	1
	17%

	SDHD Deletion exon 4
	3
	100%





eTable 2. Literature review of SDH mutation genotypes and penetrance of SDH-related disease, performed on in July 2017.
	
	Number SDHB mutation carriers
	Number SDHB probands
	% SDHB probands large CNV
	Number SDHC mutation carriers
	Number SDHC probands
	% SDHC probands large CNV
	Number SDHD mutation carriers
	Number SDHD probands
	% SDHD probands large CNV
	Penetrance estimate - SDHB
	Penetrance estimate - SDHD
	Method of penetrance estimate

	Neumann et al. 2004[13]
	51
	25
	 -
	0
	0
	N/A
	45
	24
	 -
	77% by age 50
	86% by age 50
	Kalplan Meier analysis of probands and non-probands combined

	Benn et al. 2006[14]
	82
	43
	 -
	0
	0
	N/A
	30
	19
	 -
	45% by age 40
	73% by age 40
	Kalplan Meier analysis of probands and non-probands combined

	Mannelli et al. 2009[15]
	24
	24
	0.0
	4
	4
	0.0
	47
	47
	4.3
	 - 
	 - 
	 -

	Erlic et al. 2009[16]
	73
	73
	19.0
	2
	2
	50.0
	28
	28
	1.1
	 - 
	 - 
	 -

	Neumann et al. 2009[17]
	63
	63
	11.0
	26
	26
	11.0
	94
	94
	6.3
	 - 
	 - 
	 -

	Burnichon et al. 2009[18]
	96
	81
	4.9
	16
	14
	14.0
	130
	82
	2.4
	 - 
	 - 
	 -

	Solis et al. 2009[19]
	41
	1
	N/A
	0
	0
	N/A
	0
	0
	N/A
	35% by age 40
	
	Kaplan Meier analysis of one large SDHB exon 1 deletion family 

	Schiavi et al. 2010[20]
	135
	 -
	 -
	0
	0
	N/A
	0
	0
	N/A
	13% by age 50
	 - 
	Modified segregation analysis

	Buffett et al. 2012[21]
	 -
	137
	13.0
	 -
	30
	17.0
	 -
	100
	5.0
	 - 
	 - 
	 -

	Hensen et al. 2012[22]
	41
	22
	22.7
	2
	2
	50.0
	601
	211
	0.5
	 - 
	 - 
	 -

	Rijken et al. 2016[23]
	17
	1
	N/A
	0
	0
	N/A
	0
	0
	N/A
	15% by age 60
	 - 
	Maximum likelihood estimate excluding the proband in one large SHDB exon 3 deletion family 

	Eijkelenkamp et al. 2016[24]
	91
	21
	 -
	0
	0
	N/A
	0.0
	0.0
	N/A
	12% by age 60
	 - 
	Kaplan Meier analysis of non-probands

	Jochmanova et al. 2017[25]
	431
	103
	5.8
	0
	0
	N/A
	0.0
	0.0
	N/A
	20% by age 50
	 -
	Kaplan Meier analysis of non-probands

	Rijken et al. 2017[26]
	195
	65
	 -
	0
	0
	N/A
	0.0
	0.0
	N/A
	21% by age 50
	 - 
	Maximum likelihood estimate using all patients

	This study 
	673
	272
	13.2
	43
	26
	23.1
	160
	90
	3.3
	22% / 24% by age 60
	43% by age 60
	Kaplan Meier analysis of non-probands / Modified segregation analysis 



eTable 3. Prevalence of PPGL, HNPGL, bilateral disease and malignant disease in SDHB, SDHC, and SDHD mutation carriers for whom detailed clinical information is available. 

	
	SDHB
	SDHC
	SDHD

	PPGL 
	191 / 584 (33%)
	4 / 33 (12%)
	23 / 134 (17%)

	  Median age diagnosis
	32
	37
	23

	HNPGL
	80 / 584 (14%)
	16 / 33 (48%)
	78 / 134 (58%)

	  Median age diagnosis
	43
	42
	40

	Bilateral disease
	22 / 584 (3.8%)
	0 / 33 (0%)
	45 / 134 (34%)

	Malignant disease
	72 / 584 (12%)
	1 / 33 (3.0%)
	6 / 134 (4.5%)






eTable 4. Phenotype and genotype information for all SDHB/C/D mutation carriers in this study. 
Please see separate excel file.
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MOLECULAR GENETIC ANALYSIS FOR PHAEOCHROMOCYTOMA

REFERRAL FORM
Patient details:

Name

Surname

Date of birth (MM/YY YY)
Year of birth

Sex

Patient History

Year of first Pheo/PGL diagnosis

O male O female

................................

Suggestive symptoms at presentation Oyes Ono
Hypertension at presentation Oyes Ono
If yes, year of diagnosis of hypertension | ...
Family History
|
Phaeo/HNPGL in relatives? Oyes Ono |
.............. if yes please give details
Other relevant tumours (MTC, renal tumours, |Oyes Ono |
haemangioblastomas etc) |
.............. if yes please give details J
Evidence of NF1 or other genetic disorder Oyes Ono
.............. if yes please give details ?
Details of Examination and Investigations l
Oyes Ono
Evidence of NF1? |,
.............. if yes please give details
Oyes Ono
Evidence of Hyperparathyroidism | .o
.............. if yes please give details
Evidence of head and neck tumours Oyes Ono
vereeeeon if yes please give details L
Any other features of note? Oyes Ono
.............. if yes please give details
Tumour Details
Adrenal Phaeochromocytoma Oyes Ono
.............. if yes O Uniilateral O Bilateral
.............. date of diagnosis ]
Maximum tumour diameter: | ........... mm





