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1. Supplementary text 

a) Clinical symptoms typical for three syndromes linked with OFD1 mutations (OFDS1, SGBS2, JBTS10).  

Mutations of OFD1 cause three X-linked ciliopathies: a dominant, male-lethal oral-facial-digital syndrome type 1 

(OFDS1), and two recessive diseases: Simpson-Golabi-Behmel syndrome type 2 (SGBS2) and Joubert syndrome 

type 10 (JBTS10) [1–4].  

OFDS1, the most severe of the three syndromes [5], is usually characterized by oral abnormalities, craniofacial 

dysmorphism and digital abnormalities. Polycystic kidney disease, brain deformations, intellectual disability and 

congenital heart defects are often present [6–9, 10 and Table S1], while respiratory symptoms are rare [11, 12]. 

So far, about 100 different pathogenic OFD1 mutations have been reported in OFDS1 patients, all localized in 

exons 1-17 [11]. OFDS1 is dominant likely due to the loss of protein function [5].  

Symptoms of the X-linked recessive SGBS2 include severe intellectual disability, macrocephaly, facial and digital 

dysmorphy, obesity and respiratory symptoms. Recurrent respiratory tract infections in SGBS2 patients due to 

dysmotility of the respiratory cilia led to classification of OFD1 as a gene causative of the X-linked syndromic form 

of PCD [1]. A singular SGBS2 family has been reported, with a truncating OFD1 mutation in exon 16 [1].  

Symptoms of the X-linked recessive JBTS10 include light to severe mental impairment due to the brain defects, 

cerebellar ataxia, hypotonia, macrocephaly, facial dysmorphism, digital abnormalities, and obesity [3, 4, 13 and 
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Table S1]. In magnetic resonance of the brain, hypoplasia of the superior cerebellar peduncles manifests as a 

“molar tooth” sign (MTS), a pathognomonic feature of all types of Joubert syndrome-related disorders [3, 4]. 

JBTS10 can occur with renal or retinal involvement, situs inversus, or heritable heart defects [3, 4, 9]. In addition, 

some patients show severe upper airway symptoms and/or irregular breathing patterns [3, 4, 13–16]. Almost all 

reported JBTS10-causing OFD1 mutations are localized downstream of exon 17 [4]. 

 

b) Detailed description of clinical symptoms in four PCD patients with mutations in OFD1. 

(i)  Patient 855/ family 384 

16-year old (born 2002) male was diagnosed with PCD at the age of 12 (Institute of Tuberculosis and Lung Diseases 

in Rabka-Zdrój).  

He was born at Hbd 41, with natural forces, 4500 g, Apgar 8. His symptoms related to PCD included  neonatal 

pneumonia, recurrent upper airway infections (bronchi, lung, ear, sinuses), lung obturation, chronic otitis media 

with effusion (ear grommets in the left ear since the age of 8), gastro-oesophageal reflux (GER) and sporadic 

emphysema. Daily respiratory symptoms included wet cough and nasal discharge with mucopurulent sputum; 

patient required daily asthma medication and physiotherapy for mucus evacuation. PICADAR score was 9. CT scans 

indicated bronchiectasis in the lower lobe of the right lung and fibrotic and atelectatic lung changes in the left 

lung middle lobe. His sputum cultures show chronic Staphylococcus aureus infection. Nasal nitric oxide 

measurements showed borderline values for PCD (see Table 1). Results of the first HSVM indicated relatively long, 

stiff, unsynchronized cilia beating with reduced amplitude and no signs of rotation (Suppl. Videos 1-2). Immotile 

cilia were visible in some cell clusters (Suppl Video 1, white arrow). Next HSVM analysis showed stiff beating 

mixed with normal cilia beating pattern (Suppl. Videos 7-8). Extraordinary long, unsynchronized cilia were 

observed in a number of cell clusters (Suppl. Video 2 and 7).  TEM analyses were not performed. 

Patient has situs inversus totalis, and apart from planovalgus feet (pes planus), no other dysmorphic features are 

present in his face or the body. No signs of renal or retinal abnormalities or intellectual disability were reported. 

Since the age of 11, he has a short stature and is obese (age 11 y 6 mo: weight 52,8 kg (99 c), height 146,2 cm 

(52,2 c, BMI 24.6 kg/m2); age 16: weight 92 kg (>97c), height 171 cm (<25c; BMI 31,46 kg/m2). Magnetic resonance 

images of the brain (Fig. S1) did not reveal the presence of a molar tooth sign. His head circumference at the age 

of 17 is 61 cm (>97c, according to norms for adult of 171 cm height [17].  

(ii) Patient 581/ family 259 

16 years-old male (born in 2002) was diagnosed with PCD at the age of 7 (Institute of Tuberculosis and Lung 

Diseases, Rabka-Zdroj).  

Patient respiratory symptoms include a history of chronic airway infections (lungs, sinuses, nose), which lead to 

pulmonary cirrhosis and resection of the right lung middle lobe and the ridge of segment III at the age of 6; 

subsequent bronchiectasis in the right lung (segment IV) was detected at the age of 15. Chronic ear infections lead 

to ear grommet insertion since the age of 8, and a periodic conductive hearing loss. Sputum cultures grew 

primarily Haemophilus influenza, with Streptococcus pneumoniae episodes at the age of 8 and 13. Patient is 

allergic to pollen, his daily therapy includes respiratory physiotherapy and mucolytics. No information was 
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available regarding neonatal history of the patient, which is most probable cause of the relatively low PICADAR 

score of 4.  

Measurement of nNO showed borderline nNO levels (see Table 1). HSVM analysis of the nasal or bronchial 

brushings revealed stiff, unsynchronized cilia beating with reduced amplitude and no signs of rotation, immotile 

cilia were visible in some cell clusters (Suppl. Videos 3-4). Cilia in this patient were relatively long (Suppl Video 6, 

Fig. 2 and Fig. S5). TEM and IF analyses revealed sparse cilia and cytoplasmic accumulation of ciliary basal bodies, 

with normal structure of the axoneme (Fig. 2, Fig. S2).  

Apart from the respiratory symptoms, patient showed no dysmorphic features in the face or in the body, retinal 

or renal abnormalities or intellectual disability. He showed episodic obesity (8y: 35.1kg (97c), height: 131 cm (~50c; 

BMI 20,45 kg/m2; c>85); 9y: 39 kg (96.2c); height: 136.5 cm (66.9c), BMI 20.9 kg/m2, (98.1c); no information about 

the current weight is available. 

Magnetic resonance images of the brain (Fig. S1) did not reveal the presence of a molar tooth sign. 

(iii) Patient 343/ family 213 

20 years-old male patient (born in 1998) was diagnosed with PCD at the age of 6 (at the Pulmonary Outpatients’ 
Clinic, The Children's Memorial Health Institute, Warsaw).  

He was born from a termed pregnancy, Apgar 10, 3200g. His symptoms related to PCD include neonatal 

pneumonia at 2 weeks of age, recurrent airway infections with obturative bronchitis and  dyspnea, otitis media 

with effusion. Despite recurrent tympanotomies and adenotonsillotomies,  bilateral hearing loss occurred since 

the age of 7. Daily respiratory symptoms included perennial rhinitis and wet cough requiring daily mucus 

evacuation therapies (physiotherapy, mucolytics). PICADAR score was 6. CT scans showed consolidations in the 

lower lobe of the right lung. Sputum cultures grew Haemophilus influenza. It was not possible to perform HSVM 

or measure nNO levels.  

Other symptoms included mild intellectual disability and facial dysmorphism. At the age of 2, patient had shown 

symptoms of the delayed speech development. Bilateral conductive hearing loss was confirmed by audiometry at 

the age of 7 and hearing aids were suggested. At the same time, psychological examination confirmed delayed 

development of active and passive speech, speech defect and delayed eye-hand coordination; the patient was 

suspected of a mild intellectual disability, and his school duty was delayed for 1 year. No results of the neurological 

examination were available. No renal abnormalities were found by ultrasonography or laboratory tests. At the age 

of 8, patient transiently displayed increased urinary frequency (probably stress-induced). Patient showed 

hyperphagia and was obese (age 10: 65kg, 153 cm (BMI 27,76 kg/m2; >c97); age 12: still overweight); Last contact 

with the patient was in 2011, no information about the current weight is available.  

(iv) Patient 961/ family 440 

6 years-old boy (born 2012) was diagnosed with PCD at the age of 3 (Pulmonology and Alergology Clinic, Public 

Pediatric Hospital, Warsaw).  

He was born at full-term, weight 3711g, Apgar scale 8. His symptoms indicative of PCD included neonatal 

respiratory distress followed by early-in-life bronchial/ear infections and GER (PICADAR score 6). At the age of 3, 

he showed bronchiectasis (lower lobe of the left lung) and persistent conductive hearing loss. The child receives 

mucolytics and applies respiratory physiotherapy on daily basis. Sampling of nasal mucosa on three separate 
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occasions showed sparse cilia under light microscope (not shown). It was not possible to measure nNO levels or 

analyze cilia by HSVM and TEM. Sampling of nasal mucosa on three separate occasions showed sparse cilia under 

light microscope (not shown). IF staining of a single sample of airway epithelial cells suggested normal/reduced 

ciliation (Fig. S6). However, due to limited availability of a second sample, it was not possible to confirm or quantify 

this defect and these results remain only preliminary.   

Apart from polydactyly (additional digits from both hands and right foot were resected on the 4th day of life), no 

other dysmorphisms, renal or retinal abnormalities were present. His neonatal development was normal, but at 

the age of 6, mild intellectual disability was assessed. At the age of 6 months, his weight was slightly increased: 

12.4 kg (>97c) with 75cm height (>90c), BMI 22.04 (>97c); no information about the current weight is available. 

 

2. Supplementary methodology 

a) Genomic DNA isolation from patient blood or nails.  

Genomic DNA from the peripheral blood was isolated using a standard salting-out extraction procedure. Genomic 

DNA from nail clippings (from ten fingers,  collected from patient 581 during a routine medical visit) was isolated 

as in [18]. Briefly, after cell lysis in lysis buffer (10 mmol/L TrisCl, pH 8.0, 10 mmol/L EDTA, 100 mmol/L NaCl, 40 

mmol/L dithiothreitol, 2% SDS, 250 μg/mL Proteinase K; 24h incubation at 55°C). DNA was isolated using with 

QIAamp DNA Blood Mini kit (Qiagen, standard tissue protocol).    

 

b) Whole exome sequencing and identification of pathogenic mutations. 

SureSelectXT V5 PostCap system (Agilent Technologies, CA, USA) was used for the exome library preparation. 

Amplified libraries that passed quality control (DNA 1000 Bioanalyzer assay) were sequenced on HiSeq4000 

platform (Illumina, Inc., CA, USA), as paired-end reads (2 x 100 bp); the aimed sequencing coverage at the raw 

data level was 100X. 

Quality control was conducted using FastQC and FastQ Screen. Sequencing reads were aligned to the GRCh37 

reference genome, using BWA mem [19]. Aligned reads were processed using MarkDuplicates algorithm from the 

Picard tool set and BaseRecalibrator, which is a part of the Genome Analysis Toolkit (GATK v3.6)[20]. Germline 

SNVs and indels were identified using GATK’s HaplotypeCaller in GVCF mode (v3.6) [21]. All of the identified 

variants were annotated using Variant Effect Predictor (v85) 

(https://www.ensembl.org/info/docs/tools/vep/index.html)[22].The annotation data (VCF files) were converted 

to an Excel file to allow direct comparison of all the samples analyzed, and manual filtration and prioritization. 

Consistent with the rare occurrence of PCD, variants from the dbSNP build 141 and/or the 1000 Genomes Project 

databases characterized by the minor allele frequency >0.01 in the general, European or European American 

population (whichever was higher), were excluded from the analysis. The data were filtered according to a 

recessive or X-linked disease model. The sequence changes were prioritized to focus on protein-truncating 

mutations (premature stop codons, consensus splice-site substitutions and indels). The samples with biallelic (or 

monoallelic X-linked) truncating mutations (nonsense mutations, splice-site substitutions or frameshift indels) 

found in any of the known PCD genes were considered solved. Novel variants (not reported in any public database) 

or with the minor allele frequency lower than 0.01, were subjected to further analysis, when no obvious mutations 
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were found in known PCD genes. Deleterious character of nonsynonymous mutations was additionally estimated 

by any of the online in silico softwares: SIFT (https://sift.bii.a-star.edu.sg), Polyphen-2 

(http://genetics.bwh.harvard.edu/pph2), Provean (http://provean.jcvi.org/index.php), ClinVar 

(https://www.ncbi.nlm.nih.gov/clinvar/); possible influence of mutations involving splice sites was examined 

using online tool, Human Splicing Finder (http://www.umd.be/HSF) [23]. 

Candidate genes were prioritized according to a possible ciliary involvement in different aspects of motile cilia 

biology or indicated by GO analysis (DAVID software, [24, 25]; expression in lungs and/or gonads (based on the 

information in GeneCards database) was also taken into account.  

c) Analysis of the level of OFD1 expression  

Total RNA from respiratory epithelium brushing samples from patient (581) and controls was isolated with  RNeasy 

Mini Kit (Qiagen) according to manufacturer protocol. One microgram of RNA was reverse transcribed using 

hexamer primer and Enhanced Avian RT First Strand Synthesis Kit (SIGMA-Aldrich). The obtained cDNA was 

amplified with primers complementary to OFD1 exon junctions localized downstream (exons 17-20) and upstream 

(exons 22-23) of the mutation site; transcript from GAPDH (a housekeeping gene) was used as a control. The 

details on primers and PCR conditions for these analyses are available from the authors upon request. The 

amplified PCR products were visualized on 1.5% agarose gel, then the densitometry of PCR bands was quantified 

using ImageJ software.   

d) Methods used to characterize patients’ clinical phenotype 

(i) Nasal NO level in the patients were measured according to European Respiratory Society, ERS, 

recommendations. Chemiluminescent NO analyzer (Ecomedics CLD88 Switzerland with Spiroware 3.1 software) 

was used, with measurement range of 0.5-500 ppm, detection limit 0.5 ppb, rise time 67 msec, flow rate 300 

ml/min,  velum closure was obtained by breathing against resistance. Patients were not receiving antibiotics at 

the time of NO measurement and were at least 6 weeks after acute infections. 

(ii) Magnetic resonance images of the mid-brain were acquired using routine 2D head MRI, without contrast, with 

5 mm slice thickness, using Siemens or GE Healthcare magnetic resonance units (Tomma Diagnostyka Obrazowa; 

Warsaw Szpital Specjalistyczny, Bielsk Podlaski, Poland).  

(iii) Cilia analysis in transmission electron microscopy (TEM). TEM blocks were prepared as described earlier [26] 

(Pathomorphology Department of the Warsaw Medical University, Warsaw, Poland). Reanalysis of the archival 

TEM blocks was performed at the Biomedical Imaging Unit, University Hospital Southampton, NHS Trust, 

Southampton, UK. Freshly prepared grids were stained with uranyl acetate and lead citrate before observation at 

the FEI Tecnai 12 transmission electron microscope at 6000- to 87,000-fold magnification. The number and 

localization of all visible cilia and basal bodies were recorded in the patient, and compared to samples from a 

control individual, processed and visualized at the same conditions.  

(iv) High-speed videomicroscopy (HSVM). Brushing samples collected at the time of diagnosis were suspended 

in RPMI medium and analyzed at room temperature using OptaTech MW-100 or Zeiss Axio Observer A1 reverted 

microscopes equipped with a 40x objective,  Basler 120fps high-speed camera and SAVA software (Sisson-

Ammons Video Analysis software, Ammons Engineering, USA). The length and the beat pattern of the airway cilia 

were assessed in slow-motion playbacks of the recordings and compared to a sample from a healthy individual. 
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For publication purposes, slow-motion playbacks (15fps, 8 times) were prepared using ImageJ. Aliquots of the 

brushed cells were applied on microscope slides, dried at room temperature and stored at -80oC until the time of 

immunofluorescence staining.  

(v) High-resolution immunofluorescence analysis. Immunofluorescence analysis of the airway epithelial cell 

samples was performed as described before [27], using primary antibodies against selected axonemal proteins: 

α- acetylated tubulin (mouse, Sigma-Aldrich); DNAH5 (rabbit, Human Protein Atlas); DNAI2 (mouse, Abnova); 

GAS8 (rabbit, Human Protein Atlas), centrin (mouse, Millipore); OFD1 (rabbit, Human Protein Atlas). Highly cross-

adsorbed secondary anti-IgG antibodies were from Molecular Probes (Merck), cell nuclei were stained with DAPI.  

d) Quantification of cilia and ciliated cells  

(i) Analysis of the proportion of ciliated cells. Images of the airway epithelium cells from two healthy volunteers 

(controls) and from two PCD patients (581 and 855) were double-labeled with anti-centrin and anti-GAS8 

antibodies. Proportion of ciliated cells in the sample was counted as a percentage of cells displaying simultaneous 

ciliary GAS8 and centrin signals, compared to the total number of cells containing multiple cytoplasmic/ apical 

centrin staining (used as a measure of differentiating ciliary cells in the airway epithelium cells). At least 250 

centrin-positive cells were counted for each sample (five to ten fields of view at 10x magnification). Significance 

of the difference between the analysed groups was assessed using unpaired t-test 

(https://www.graphpad.com/quickcalcs/ttest1/).  

(ii) Analysis of cilia length. Phase contrast calibrated images from immunofluorescently stained samples from two 

healthy volunteers (controls) or from two patients (581 or 855) were scanned at 100x magnification. Cilia length 

in cells with intact nuclei was measured using ImageJ, by drawing manually straight line along 5 cilia evenly 

distributed along apical edge of the cell. At least 40 measurements were taken for each group (controls: 230; 

patient 855: 110; patient 581: 40). Significance of the difference between the analysed groups was assessed using 

online Fisher’s exact test with 2x2 contingency table (https://www.graphpad.com/quickcalcs/contingency1).  
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Figure S2. Bright field microscopy images show that cilia in the airway epithelium from patients 855 and 581 

are longer and less numerous than in controls.  

Upper panel: Phase contrast images of cilia from the patients reveal scarce cilia, which are much longer than in 

control samples. Lower panel: The abnormally long cilia (wavy green signals) from acetylated-a-tubulin 

immunofluorescent staining of mucus-covered, ciliated airway epithelial cell cluster from patient 855, indicate that 

in such clusters cilia may be even longer than in mucus-free samples. Nuclei were stained with DAPI (blue); all 

images taken at magnification 100x.   
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Figure S3. TEM images of the airway epithelium samples from patient 581 indicate cytoplasmic localization of 

basal bodies and scarcity of cilia.  

In the control cells (top row), the majority of ciliary basal bodies were docked at the cell surface, and multiple cilia 

were visible. In contrast, in patient’s cells, very few cilia were seen, and cytoplasmic accumulation of basal bodies 

with characteristic nine-fold microtubular triplets was observed. Scale bars are 1 µm.  
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Figure S4. Immunofluorescent staining of the airway epithelial cells from patient 855 confirms expression of 

OFD1 protein in the patient. 

The presence of acetylated α-tubulin (green) signal in axonemes indicates that cilia are present in the patient’s 
cells; however, note sparsity and the increased length of cilia compared to the control sample. The presence of 

OFD1 (red) signal in patient’s samples attests to the expression of OFD1 protein.  

Nuclei were stained with DAPI (blue), BF indicates a bright field image; all images taken at 100x magnification. 
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Figure S5.  Immunofluorescent staining of the airway epithelial cells from patient 855 confirms cytoplasmic 

accumulation of basal bodies but indicates normal localization of various axonemal markers in the existing cilia.  

The cytoplasmic localization of centrin signal (green) confirms cytoplasmic accumulation of basal bodies in the 

patient. Localization of axonemal markers: GAS8, DNAH5 (red) or DNAI2 (green) in the patients varies: in the 

absence of cilia, the signals are predominantly present in the apical part of the cytoplasm, but when cilia are 

present on the cell surface, a normal axonemal localization is observed. Also, note that the cilia in the patients, 

when present, have increased length compared to the control samples.  

Nuclei were stained with DAPI (blue), BF indicates a bright field image; all images taken at 100x magnification. 

 

Supplementary material J Med Genet

 doi: 10.1136/jmedgenet-2018-105918ÿý777.:769 0 2019;J Med Genet, et al. Bukowy-Bieryllo Z


