
Supplementary Table 1: Selection of leading multi-systemic ciliopathy disease genes from the medical literature 

 

Ciliopathy syndrome Leading genetic cause(s) Mode of 

inheritance 

Further ciliopathies associated with gene Reference(s) 

Bardet-Biedl syndrome (BBS) BBS1 (23.4% of all BBS) Recessive N/A (1-3) 

BBS10 (14.5% of all BBS) Recessive N/A 

Alström Syndrome (ALMS) ALMS1 (only causative 

gene) 

Recessive -Non-syndromic retinal dystrophy 

-Non-syndromic cardiomyopathy 

(4-8)  

Joubert syndrome (JBTS) and 

Meckel Gruber syndrome 

(MKS) 

TMEM67 (6-26% of all 

JBTS; 16% of all MKS) 

Recessive -NPHP with hepatic fibrosis 

-COACH syndrome (cerebellar vermis 

hypo/aplasia, oligophrenia, ataxia, ocular 

coloboma, and hepatic fibrosis) 

(9-17)  

CEP290 (6-22% of all 

JBTS, 2nd most common 

cause of MKS) 

Recessive -Leber Congenital Amaurosis (LCA) / Early-

Onset Severe Retinal Dystrophy (EOSRD) (15-

20% of LCA / EOSRD cases) 

-NPHP 

-BBS 

-Senior-Løken syndrome  

-COACH syndrome 

(14, 18-24) 

Jeune Asphyxiating Thoracic 

Dystrophy (JATD) 

DYNC2H1 (~50% of all 

JATD) 

Recessive N/A (25-28) 

WDR34 (~10% of all 

JATD) 

Recessive 

Nephronophthisis (NPHP) NPHP1 (20-25% of all 

NPHP) 

Recessive JBTS (29-31) 

Oral-facial-digital syndrome 

(OFD) Type 1 

OFD1 (only genetic 

cause) 

X-linked 

dominant 

JBTS (X-linked recessive) (9, 32) 
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Supplementary Table 2: HPO terms linked to clinical key terms for ciliopathy syndromes 

 

Key term HPO ID HPO descriptor Linked HPO terms included in analysis 

Retinal dystrophy HP:0000556 Breakdown of light-sensitive cells in back of eye • Cone/cone-rod dystrophy + sub-terms 

• Rod-cone dystrophy + sub-terms 

• Pattern dystrophy of the retina + sub-terms 

Abnormality of eye 

movement 

HP:0000496 An abnormality in voluntary or involuntary eye movements 

or their control 

• Oculomotor apraxia (JBTS) 

• Nystagmus (LCA) 

• Roving eye movements (LCA) 

Abnormal renal 

morphology / renal 

insufficiency  

HP:0012210 

 

Any structural anomaly of the kidney  • Abnormal localisation of kidney + sub-terms 

• Abnormal renal cortex morphology + sub-terms 

• Abnormal renal echogenicity + sub-terms 

• Abnormal renal medulla morphology + sub-terms 

• Abnormal renal pelvis morphology + sub-terms  

• Renal cyst + sub-terms 

• Renal dysplasia + sub-terms 

• Renal fibrosis + sub-terms 

• Renal hypoplasia/aplasia + sub-terms 

HP:0000083 A reduction in the level of performance of the kidneys in 

areas of function comprising the concentration of urine, 

removal of wastes, the maintenance of electrolyte balance, 

homeostasis of blood pressure, and calcium metabolism 

• Chronic kidney disease + sub-terms 

Abnormality of the liver HP:0001392 An abnormality of the liver • Abnormal liver morphology + sub-terms 

• Abnormal liver physiology + sub-terms 

• Abnormality of the biliary system + sub-terms 

Abnormality of the 

genitourinary system 

HP:0000119 The presence of any abnormality of the genitourinary system • Abnormality of the genital system + sub-terms 

• Abnormality of the urinary system + sub-terms 

Cardiomyopathy  HP:0001638 A myocardial disorder in which the heart muscle is 

structurally and functionally abnormal, in the absence of 

coronary artery disease, hypertension, valvular disease and 

congenital heart disease sufficient to cause the observed 

myocardial abnormality. 

• All sub-terms 

Sensorineural hearing 

impairment 

HP:0000407 A type of hearing impairment in one or both ears related to 

an abnormal functionality of the cochlear nerve. 

• All sub-terms 
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Abnormality of the sense 

of smell 

HP:0004408 An anomaly in the ability to perceive and distinguish scents 

(odors). 

• All sub-terms 

Abnormal pattern of 

respiration 

HP:0002793 An anomaly of the rhythm or depth of breathing • Apnoea + sub-terms 

• Tachypnoea + sub-terms 

Hypogonadotrophic 

hypogonadism 

HP:000044 Hypogonadotropic hypogonadism is characterized by 

reduced function of the gonads (testes in males or ovaries in 

females) and results from the absence of the gonadal 

stimulating pituitary hormones: follicle stimulating hormone 

(FSH) and luteinizing hormone (LH). 

• All sub-terms 

Glucose intolerance HP:0001952 Glucose intolerance (GI) can be defined as dysglycemia that 

comprises both prediabetes and diabetes. It includes the 

conditions of impaired fasting glucose (IFG) and impaired 

glucose tolerance (IGT) and diabetes mellitus (DM). 

• Type II diabetes mellitus + sub-terms 

• Impaired glucose tolerance + sub-terms 

Obesity HP:0001513 Accumulation of substantial excess body fat. • All sub-terms 

Hypertriglyceridemia HP:0002155 An abnormal increase in the level of triglycerides in the 

blood 

• All sub-terms 

Intellectual disability HP:0001249 Subnormal intellectual functioning which originates during 

the developmental period. Intellectual disability, previously 

referred to as mental retardation, has been defined as an IQ 

score below 70. 

• All sub-terms 

Neurodevelopmental 

delay 

HP:0012758 None listed • All sub-terms 

Hypotonia HP:0001252 Hypotonia is an abnormally low muscle tone (the amount of 

tension or resistance to movement in a muscle). Even when 

relaxed, muscles have a continuous and passive partial 

contraction which provides some resistance to passive 

stretching. Hypotonia thus manifests as diminished 

resistance to passive stretching. Hypotonia is not the same 

as muscle weakness, although the two conditions can co-

exist. 

• All sub-terms 

Ataxia HP:0001251 Cerebellar ataxia refers to ataxia due to dysfunction of the 

cerebellum. This causes a variety of elementary neurological 

deficits including asynergy (lack of coordination between 

muscles, limbs and joints), dysmetria (lack of ability to judge 

distances that can lead to under- or overshoot in grasping 

movements), and dysdiadochokinesia (inability to perform 

• All sub-terms 
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rapid movements requiring antagonizing muscle groups to 

be switched on and off repeatedly). 

Abnormality of brain 

morphology 

HP:0012443 A structural abnormality of the brain, which has as its parts 

the forebrain, midbrain, and hindbrain. 

• Abnormal brainstem morphology + sub-terms 

• Abnormal cerebral ventricle morphology + sub-terms 

• Abnormal midbrain morphology + sub-terms 

• Abnormality of forebrain morphology + sub-terms 

• Abnormality of hindbrain morphology + sub-terms 

Polydactyly HP:0010442 

 

A congenital anomaly characterized by the presence of 

supernumerary fingers or toes. 

• All sub-terms 

Short stature HP:0004322 

 

A height below that which is expected according to age and 

gender norms. Although there is no universally accepted 

definition of short stature, many refer to "short stature" as 

height more than 2 standard deviations below the mean for 

age and gender (or below the 3rd percentile for age and 

gender dependent norms). 

• All sub-terms 

Thoracic hypoplasia HP:0005257 None listed • All sub-terms 

Brachydactyly / 

micromelia 

HP:0001156 Digits that appear disproportionately short compared to the 

hand/foot.  

• All sub-terms 

Micromelia HP:0002983 The presence of abnormally small extremities. • All sub-terms 

Abnormality of dentition HP:0000164 Any abnormality of the teeth • All sub-terms 

Abnormal oral 

morphology 

HP:0031816 Any structural anomaly of the mouth, which is also known as 

the oral cavity. 

• All sub-terms 

OFD1-specific facial 

dysmorphic features 

HP:0000316 Hypertelorism: Interpupillary distance more than 2 SD above 

the mean (alternatively, the appearance of an increased 

interpupillary distance or widely spaced eyes) 

• This term only 

HP:0000430 Underdeveloped nasal alae: Thinned, deficient, or 

excessively arched ala nasi. 

• This term only 

HP:0000347 Micrognathia: Developmental hypoplasia of the mandible. • This term only 
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Supplementary Table 3: Participants reported solved or partially solved in GMC exit questionnaires with variants in ciliopathy 

genes of interest 

 

RESEARCH ID 

GMC 

exit 

report 

outcome 

Reported 

Sex 

100K 

Recruitment 

Category 

Gene 
Variant 

Zygosity 
Consequence HGVSc HGVSp 

GMC exit 

questionnaire 

ACMG Class 

1 Solved MALE BBS ALMS1 
Het FS NM_015120.4:c.10775del NP_055935.4:p.Thr3592LysfsTer6 Path 

Het SG NM_015120.4:c.11107C>T NP_055935.4:p.Arg3703Ter Path 

2 Solved FEMALE CDS ALMS1 
Het SG NM_015120.4:c.10975C>T NP_055935.4:p.Arg3659Ter Path 

Het SG; FS NM_015120.4:c.4571dup NP_055935.4:p.Tyr1524Ter Path 

3 Solved MALE RCD ALMS1 
Het FS NM_015120.4:c.284del NP_055935.4:p.Pro95ArgfsTer19 Path 

Het FS NM_015120.4:c.1793del NP_055935.4:p.Glu598GlyfsTer3 Path 

4 Solved FEMALE 
LCA or 

EOSRD 
ALMS1 

Het SG NM_015120.4:c.10483C>T NP_055935.4:p.Gln3495Ter Path 

Het FS NM_015120.4:c.6590del NP_055935.4:p.Lys2197SerfsTer10 Path 

5 Solved FEMALE ID; RCD ALMS1 
Het FS NM_015120.4:c.6570del NP_055935.4:p.Ser2191HisfsTer16 Path 

Het FS NM_015120.4:c.10831_10832del NP_055935.4:p.Arg3611AlafsTer6 Path 

6 Solved MALE BBS ALMS1 
Het FS NM_015120.4:c.11881dup NP_055935.4:p.Ser3961PhefsTer12 Path 

Het “Large delins” Data missing Data missing Likely path 

7 Solved MALE URUMD ALMS1 Hom FS NM_015120.4:c.2515dup NP_055935.4:p.Ser839PhefsTer8 Path 

8 Solved MALE BBS ALMS1 Hom FS NM_015120.4:c.4684_4690dup NP_055935.4:p.Ile1564AsnfsTer20 Path 

9 Solved FEMALE RCD BBS1 Hom Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

10 Solved FEMALE RCD BBS1 Hom Mis 19) NP_078925.3:p.Met390Arg Path 

11 Solved FEMALE RCD BBS1 Hom Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

12 Solved MALE RCD BBS1 Hom Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

13 Solved FEMALE RCD BBS1 Hom Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

14 Solved FEMALE 
SEOO +/- 

OEF + SS 
BBS1 Hom Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

15 Solved FEMALE ID BBS1 Hom Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

16 Solved MALE BBS BBS1 Hom Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

17 Solved MALE RCD BBS1 Hom Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

18 Solved MALE CKD BBS1 Hom Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

19 Partially MALE ID BBS1 
Het Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

Het SG NM_024649.5:c.871C>T NP_078925.3:p.Gln291Ter Path 

20 Solved FEMALE Mito D BBS1 Hom Mis NM_024649.5:c.1169T>G NP_078925.3:p.Met390Arg Path 

21 Partially MALE RDS BBS10 
Het Mis NM_024685.4:c.1230T>G NP_078961.3:p.His410Gln Likely path 

Het FS NM_024685.4:c.271dup NP_078961.3:p.Cys91LeufsTer5 Path 

22 Solved MALE CAKUT CEP290 
Het FS NM_025114.4:c.2848dup NP_079390.3:p.Gln950ProfsTer6 Path 

Het Mis NM_025114.4:c.2817G>T NP_079390.3:p.Lys939Asn Likely path 
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23 Solved FEMALE JBTS CEP290 Hom SG NM_025114.4:c.5932C>T NP_079390.3:p.Arg1978Ter Path 

24 Solved MALE 
LCA or 

EOSRD 
CEP290 Hom 

In-frame 

deletion 
NM_025114.4:c.4661_4663del NP_079390.3:p.Glu1554del Likely path 

25 

 
Solved FEMALE 

LCA or 

EOSRD 
CEP290 

Het FS NM_025114.4:c.5434_5435del NP_079390.3:p.Glu1812LysfsTer5 Path 

Het SG NM_025114.4:c.5668G>T NP_079390.3:p.Gly1890Ter Path 

26 Solved FEMALE CAKUT CEP290 Hom SG NM_025114.4:c.4174G>T NP_079390.3:p.Glu1392Ter Likely path 

27 Partially MALE ID CEP290 
Het SG NM_025114.4:c.322C>T NP_079390.3:p.Arg108Ter Path 

Het FS NM_025114.4:c.3422dup NP_079390.3:p.Leu1141PhefsTer5 Path 

28 Solved MALE RCD CEP290 
Het SG NM_025114.4:c.1984C>T NP_079390.3:p.Gln662Ter Path 

Het SG NM_025114.4:c.7048C>T NP_079390.3:p.Gln2350Ter Path 

29 Solved FEMALE BBS CEP290 
Het SG NM_025114.4:c.5668G>T NP_079390.3:p.Gly1890Ter Path 

Het SG NM_025114.4:c.322C>T NP_079390.3:p.Arg108Ter Path 

30 Solved MALE RCD DYNC1H1 Hom SG NM_001080463.2:c.9836C>A NP_001073932.1:p.Ser3279Ter Path 

31 Solved MALE USD DYNC1H1 
Het Spl A NM_001080463.2:c.10834-1G>A - Path 

Het Spl Reg NM_001080463.2:c.6140-5A>G - Likely path 

32 Solved MALE RCD OFD1 Hemi FS NM_003611.3:c.2680_2681del NP_003602.1:p.Glu894ArgfsTer6 Path 

33 Solved FEMALE RCD NPHP1 

Het Mis NM_001128178.3:c.1882C>T NP_001121650.1:p.Arg628Trp Likely path 

Het 
“Whole gene 

deletion” 
Data missing Data missing Not specified 

34 Solved MALE UKFIYP NPHP1 Hom Mis NM_001128178.3:c.859G>A NP_001121650.1:p.Gly287Arg Path 

35 Solved MALE UKFIYP NPHP1 Hom SG NM_001128178.3:c.1142G>A NP_001121650.1:p.Trp381Ter Path 

36 Solved FEMALE UKFIYP OFD1 Het FS NM_003611.3:c.1651_1654del NP_003602.1:p.Thr551ProfsTer2 Path 

37 Solved FEMALE SARMIRD OFD1 Het Mis NM_003611.3:c.1363A>C NP_003602.1:p.Lys455Gln VUS 

38 Solved FEMALE Craniosyn S OFD1 Het Spl Reg NM_003611.3:c.382-4A>G - VUS 

39 Solved FEMALE CKD OFD1 Het Spl A NM_003611.3:c.112-1G>A - Path 

40 Partially FEMALE RMCD OFD1 Het FS NM_003611.3:c.306del NP_003602.1:p.Glu103LysfsTer42 Likely path 

41 Solved MALE CKD TMEM67 
Het FS NM_153704.6:c.103del NP_714915.3:p.Gln35ArgfsTer52 Path 

Het FS NM_153704.6:c.415_416del NP_714915.3:p.Asp139HisfsTer2 Path 

42 Partially MALE ID TMEM67 
Het Mis NM_153704.6:c.1319G>A NP_714915.3:p.Arg440Gln Path 

Het Mis NM_153704.6:c.2498T>C NP_714915.3:p.Ile833Thr Likely path 

43 Solved MALE RCD CEP290 Het FS NM_025114.4:c.254dup NP_079390.3:p.Asn85LysfsTer6 Likely path 

44 Solved MALE 
LCA or 

EOSRD 
CEP290 Hom Mis NM_025114.4:c.21G>T NP_079390.3:p.Trp7Cys Likely path 

Abbreviations: 100K = 100,000 Genomes Project, GMC = Genomic Medicine Centre, ACMG = American College of Medical Genetics and 

Genomics, BBS = Bardet-Biedl syndrome, CDS = cone dysfunction syndrome, RCD = rod-cone dystrophy, LCA or EOSRD = Leber Congenital 

Amaurosis or Early-Onset Severe Retinal Dystrophy, ID = intellectual disability, URUMD = Ultra-rare undescribed monogenic disorders, SEOO 

+/- OEF + SS = Significant early-onset obesity with or without other endocrine features and short stature, CKD = cystic kidney disease, Mito D = 

mitochondrial disorders, RDS = rod-dysfunction syndrome, CAKUT = Congenital Anomaly of the Kidneys and Urinary Tract, JBTS = Joubert 
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syndrome, USD = Unexplained skeletal dysplasia, UKFIYP = Unexplained kidney failure in young people, SARMIRD = Single autosomal recessive 

mutation in rare disease, Craniosyn S = craniosynostosis syndromes, RMCD = Rare multisystem ciliopathy disorders, Het = heterozygous, Hom = 

homozygous, Hemi = hemizygous, FS = frameshift, SG = stop gain, Mis = missense, Spl A = splice acceptor, Spl Reg = splice region, Path = 

pathogenic, Likely path = likely pathogenic, VUS = variant of uncertain significance 
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Supplementary Table 4: Prioritised variants extracted through reverse phenotyping diagnostic research workflow 

 

 
 

Step 2 workflow inputs and outputs: filtering and prioritisation of SNVs using custom Python script 

INPUTS 
INPUT SNV DATA: All SNVs from the 100K dataset for each selected ciliopathy gene generated by Gene-Variant Workflow. Separate lists for participants called on GrCh37 and GrCh38 

Gene ALMS1 BBS1 BBS10 DYNC2H1 WDR34 OFD1 NPHP1 TMEM67 CEP290 
Build GrCh37 GrCh38 GrCh37 GrCh38 GrCh37 GrCh38 GrCh37 GrCh38 GrCh37 GrCh38 GrCh37 GrCh38 GrCh37 GrCh38 GrCh37 GrCh38 GrCh37 GrCh38 

# un-

filtered 

Gene-

Variant 

Workflow 

variants 

52420 287121 24050 71969 166 601 80615 284569 7636 234958 2122 27257 30997 104051 28384 95596 19436 96000 

PROCESS: filter using custom python script filter_gene_variant_workflow.py 

A: Exclude common variants: 100K MAF ≥ 0.002; gnomAD AF ≥ 0.002 

B: Exclude variants called in non-canonical transcripts 

⇓ 
# filtered 

variants: 

rare, 

canonical 

transcripts 

only 

11862 43098 1217 3802 153 588 16127 59165 1465 4939 279 4365 3399 12254 2810 10226 3740 14200 

PROCESS: extract prioritised SNV sub-lists using custom python script filter_gene_variant_workflow.py: 

• ClinVar pathogenic/likely pathogenic 

• VEP High Impact (stop_gained, stop_lost, start_lost, splice_acceptor_variant, splice_donor_variant, frameshift_variant, transcript_ablation, transcript_amplification) 

• SIFT deleterious missense 

OUTPUTS 

Gene ALMS1 BBS1 BBS10 DYNC2H1 WDR34 OFD1 NPHP1 TMEM67 CEP290 
Total 

ClinVar 

Pathogenic  

13 43 1 14 5 22 16 58 2 9 0 64 3 8 10 36 22 78 

Total VEP 

High 

Impact  

30 130 2 22 5 28 19 141 4 38 0 70 7 35 11 57 36 167 

Total SIFT 

deleterious 

missense 

167 643 33 86 18 86 125 556 32 107 5 75 26 79 33 167 84 344 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Med Genet

 doi: 10.1136/jmedgenet-2022-108476–14.:10 2022;J Med Genet, et al. Best S



DISTRIBUTION OF PRIORITISED VARIANTS BETWEEN DIFFERENT PRIORITISED SNV SUB-LISTS 

Gene ALMS1 BBS1 BBS10 DYNC2H1 WDR34 OFD1 NPHP1 TMEM67 CEP290 
# ClinVar 

Pathogenic 

+ VEP High 

Impact  

13 43 0 11 5 17 5 26 1 6 0 58 2 7 4 20 19 73 

# ClinVar 

pathogenic 

+ SIFT 

deleterious 

missense  

0 0 1 3 0 5 10 30 1 3 0 5 1 1 6 14 2 4 

 # VEP High 

Impact 

(only)  

17 87 2 11 0 11 13 115 3 32 0 12 5 28 7 37 17 94 

 # SIFT 

deleterious 

missense 

(only)  

167 643 32 83 18 81 115 526 31 104 5 70 25 78 27 153 82 340 

# ClinVar 

Pathogenic 

(only)  

0 0 0 0 0 0 1 2 0 0 0 1 0 0 0 2 1 1 

Total 197 773 35 108 23 114 144 699 36 145 5 146 33 114 44 226 121 512 

Step 3 workflow inputs and outputs: search for potentially pathogenic SVs using SVRare script 

INPUTS 

INPUT DATA: PlateKey identifiers for all unsolved 100K participants (probands and affected relatives) with heterozygous ClinVar pathogenic or VEP high impact prioritised SNVs in one of 

the nine ciliopathy genes 

N = 801 participants 

PROCESS: Submitted to SVRare script (Yu et al, 2021) 

Extracts participants with SVs called by Manta and/or Canvas with ≤ 10 calls across the 100K database, overlapping coding regions of the 9 ciliopathy genes 

⇓ 

OUTPUTS 

Gene ALMS1 BBS1 BBS10 DYNC2H1 WDR34 OFD1 NPHP1 TMEM67 CEP290 
# 

Prioritised 

SNVs 

0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 

Impression N/a LP N/a N/a N/a N/a LP N/a N/a N/a N/a Excl: 2nd 

hit in 

different 

gene 

N/a N/a N/a N/a N/a Excl: 

alternative 

diagnosis 
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Step 4 workflow inputs and outputs: search for novel splicing variants using custom SpliceAI script 

INPUTS 

INPUT DATA: all rare variants (100K MAF ≤ 0.002; gnomAD AF ≤ 0.002) called in canonical transcripts in the nine ciliopathy genes identified in unsolved 100K participants 

AS PER Step 2: Gene-Variant Workflow rare SNVs called in canonical transcripts filtered through custom python script (filter_gene_variant_workflow.py) 

PROCESS: Run through custom SpliceAI Python script (find_variants_by_gene_and_SpliceAI_score.py) 

⇓ 

FILTERING:  

• Variants called in unaffected relatives excluded 

• Variants with SpliceAI delta score (DS) > 0.5 retained 

• Variants already assessed on other SNV prioritised sub-lists excluded 

⇓ 

OUTPUTS 

Gene ALMS1 BBS1 BBS10 DYNC2H1 WDR34 OFD1 NPHP1 TMEM67 CEP290 
# rare 

variants 

with 

SpliceAI DS 

>0.5 

1 22 3 10 0 1 7 53 1 9 0 10 3 12 2 15 4 34 

 

 

The number of variants input, filtered and prioritised in steps 2, 3 and 4 of the reverse phenotyping diagnostic research workflow. Note that 

100K participants had genomes called on GrCh37 or GrCh38 depending on when they were recruited to the project. 

Abbreviations: SNV = single nucleotide variant, 100K = 100,000 Genomes Project, AF = allele frequency, MAF = maximum allele frequency, VEP 

= Variant Effect Predictor, SV = structural variant, Excl = excluded
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Supplementary Data 1: Duplex PCR assay of a BBS1 exon 13 mobile element insertion 

The patient presented with congenital right ptosis, childhood onset high myopia, rod/cone 

dysfunction, autism, dyspraxia and postaxial polydactyly on the left hand and foot that were 

removed in childhood. The patient was recruited to the 100,000 Genomes Project (100K) for 

whole genome sequencing, following identification of a heterozygous pathogenic variant in an 

autosomal recessive disease gene through mainstream testing. The BBS1 missense mutation, 

NM_024649.5:c.1169T>G, NP_078925.3:p.(Met390Arg), was insufficient to confirm the 

diagnosis in the absence of a second pathogenic variant. 100K tiering failed to identify a second 

deleterious allele in BBS1. Manual inspection of the aligned sequence reads using the 

Integrative Genome Browser (IGV) v.2.4.10 (http://software.broadinstitute.org/software/igv/) 

(33) and interrogation of soft-clipped reads using BLAT (http://genome.ucsc.edu/cgi-

bin/hgBlat) (34), revealed a soft-clipped read signature that was consistent with a 2.4 kb 

insertion of an SVA F family element mobile element (35). 

 

To confirm the BBS1 heterozygous missense variant, c.1169T>C, a PCR amplicon was first 

optimised; each reaction comprised 0.5 μL of genomic DNA (~50 ng/μL) 19.3 μL MegaMix PCR 

reagent (Microzone Ltd., Haywards Heath, UK) and 0.1 μL each of 10 μM forward 

(dTGTAAAACGACGGCCAGTAAAGGCAGCATTGTGAAGGG) and reverse 

(dCAGGAAACAGCTATGACCCCCTTCACTCCCGACTTCAA) primers. Thermocycling conditions 

comprised 94°C for 5 minutes then 30 cycles of 94°C for 30 seconds, 55°C for 1 minute and 72°C 

for 2 minutes before a final extension step at 72°C for 5 minutes. Amplification products were 

resolved on a 1% Tris-borate-EDTA agarose gel, before being extracted and purified using a 

QIAquick column (Qiagen GmbH, Hilden, Germany), then Sanger sequenced using an ABI3730 

following manufacturer’s protocols throughout (Life Technologies Ltd., Paisley, UK). Sequence 

chromatograms were analysed using 4Peaks v.1.8 

(http://nucleobytes.com/4peaks/index.html). Universal sequence tags (underlined) were 

incorporated into primer tails for use with our routine diagnostic workflow. 

 

To verify the apparent BBS1 exon 13 mobile element insertion, we implemented the duplex PCR 

assay as described previously (35). Each reaction comprised 0.5 μL of genomic DNA (~50 ng/μL) 

19.2 μL of MegaMix PCR reagent and 0.1 μL each of 10 μM primer. These included a common 

intron 12 forward (dCACAGTACTCCACAAATAACTGCT), an intron 13 reverse 
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(dATTCCCCCAGCTTTGCTGT) and insertion-specific reverse (dCAGCCTGGGCACCATTGA) primer. 

Thermocycling conditions required 35 cycles, but were otherwise as described above. 

Amplification products specific for the normal (440 bp) and insertion-containing (270 bp) allele 

were resolved on a 2% TRIS-borate-EDTA agarose gel prior to gel extraction and Sanger 

sequencing. To determine the precise sequence of the downstream target site duplication a 

further PCR was optimised for Sanger sequencing, using previously reported forward (F9: 

dAGTACCCAGGGACAAACACT) and reverse (R5: dGTCTTTCGGGGCACATTGAG) primers (35). 

Analysis of parental alignments supported the mobile element insertion being in trans with the 

maternally-inherited c.1169T>C mutation, with Sanger sequencing confirming the presence of 

the insertion in the proband and his father. 
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