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Abstract 34 

Fanconi syndrome is a functional disorder of the proximal tubule, characterized by 35 

pan-aminoaciduria, glucosuria, hypophosphatemia, and metabolic acidosis. With the advancements 36 

in gene analysis technologies, several causative genes are identified for Fanconi syndrome. Several 37 

mitochondrial diseases cause Fanconi syndrome and various systemic symptoms; however, it is rare 38 

that the main clinical symptoms in such disorders are Fanconi syndrome without systematic active 39 

diseases like encephalomyopathy or cardiomyopathy. In this study, we analyzed two families 40 

exhibiting Fanconi syndrome, developmental disability and mildly elevated liver enzyme levels. 41 

Whole-exome sequencing (WES) detected compound heterozygous known and novel BCS1L 42 

mutations, which affect the assembly of mitochondrial respiratory chain complex III, in both cases. 43 

The pathogenicity of these mutations has been established in several mitochondria-related functional 44 

analyses in this study. Mitochondrial diseases with isolated renal symptoms are uncommon; however, 45 

this study indicates that mitochondrial respiratory chain complex III deficiency due to BCS1L 46 

mutations cause Fanconi syndrome with developmental disability as the primary indications. 47 

Keywords 48 

BCS1L, Fanconi syndrome, mitochondrial respiratory chain complex III deficiency, GDF-15 49 

 50 

Introduction 51 

Fanconi syndrome is a functional disorder of the proximal tubule, characterized by 52 

pan-aminoaciduria, glucosuria, hypophosphatemia, proximal tubular acidosis, and low molecular 53 

weight proteinuria1. Fanconi syndrome can be congenital or acquired. With the advancements in 54 

gene analysis technologies, such as WES and next generation sequencing, genetic diagnosis is 55 

possible for renal tubulopathies; several causative genes are identified for Fanconi syndrome. 56 

Congenital Fanconi syndrome occurs as an associated symptom of cystinosis, caused by CTNS 57 
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abnormality (OMIM#219800), and Lowe syndrome, caused by OCRL abnormality (OMIM#309000). 58 

In addition, it is also caused by pathogenic variants of SLC34A1 (OMIM#613388)2, EHHADH 59 

(OMIM#615605)3, SLC2A2 (OMIM#227810)4, HNF4A (OMIM#616026)5 and GATM 60 

(OMIM#134600)6.  61 

Mitochondrial diseases also cause Fanconi syndrome, which subsequently develop into 62 

encephalomyopathy or cardiomyopathy7,8. Mitochondrial diseases usually present as disorders of the 63 

nerves and muscles; however, they may also present as isolated organ disorders, such as 64 

mitochondrial cardiomyopathy and hepatopathy9. The kidney, like the heart and liver, is an organ 65 

with large energy demands; however, mitochondrial disease with isolated nephropathy is relatively 66 

uncommon. Fanconi syndrome of Acadian, resulting from the abnormality of NDUFAF6 67 

(OMIM#618913), which modulates the assembly of the mitochondrial respiratory chain complex I, is 68 

known but rare; however, there are several cases of mitochondrial diseases mainly associated with 69 

renal Fanconi syndrome10,11. 70 

Here, we indicate that mitochondrial respiratory chain complex III deficiency due to BCS1L 71 

mutations causes Fanconi syndrome with developmental disability.  72 

 73 

Materials and Methods 74 

Patients 75 

We analyzed the patients clinically diagnosed with Fanconi syndrome of unknown cause. Details 76 

regarding the clinical findings and laboratory data were obtained from the referring clinician or the 77 

patient’s hospital records.  78 

Patient 1 79 

Patient 1 was a 3-year-old girl. She was born to non-consanguineous parents at 37 weeks and 5 days 80 

of gestation. Her birth weight was 2125 g (-1.9 SD), and her birth height was 43.5 cm (-2.0 SD). She 81 

was able to hold her head up at 3 months, roll over at six months, and pull herself up at nine months 82 
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of age; but at the age of one and half years, she was pointed out for developmental disability, because 83 

she could not walk by herself and could not speak meaningful words. She was diagnosed with 84 

Fanconi syndrome based on renal tubular dysfunction and rickets, and elevated aspartate 85 

aminotransferase (AST) and alanine aminotransferase (ALT) levels. Details of the laboratory data 86 

are shown in Supplementary Table 1. At the age of 3 years, she had severe developmental disability 87 

(developmental quotient: 47) and growth failure (height 81.7 cm; -2.6 SD, weight 10.5 kg; -1.7 SD). 88 

She was administered with phosphorus and alfacalcidol to control her Fanconi syndrome. 89 

She has twin brothers. Both were diagnosed with Fanconi syndrome, but one of the twin brothers 90 

died of pulmonary hypertension at the age of 1 year (II-1). The other is now 8 years old (II-2) and 91 

has developmental disability. She also has a younger brother, who is 1-year-old (II-5) and does not 92 

present with any clinical abnormalities. Her pedigree is shown in Figure 1a. 93 

Patient 2 94 

Patient 2 was a 10-months-old boy. He was born to non-consanguineous parents at 38 weeks and 3 95 

days of gestation. His mother achieved pregnancy through microfertilization and delivered via 96 

cesarean section. His birth weight was 2458 g (-1.3 SD), and birth height was 46.7 cm (-0.9 SD). At 97 

approximately 7 months of age, his height and weight gain were retarded. At the 10-month medical 98 

check-up, he was diagnosed with developmental disability. 99 

A detailed examination was performed, and he was diagnosed with Fanconi syndrome based on the 100 

findings of renal tubular dysfunction and rickets, as well as elevated AST and ALT levels. Details of 101 

the laboratory data are shown in Supplementary Table 1. He exhibited severe developmental 102 

disability (developmental quotient: 52) and growth failure (height, 64.5 cm; -3.3 SD, weight, 7.4 kg; 103 

-1.8 SD). Moderate hearing loss was also recorded. Liver biopsy revealed lymphocytic infiltration 104 

and fibrosis in the portal area, accumulation of fat, and an increase in the number of mitochondria 105 

(Figure 2). His pedigree is shown in Figure 1b. 106 

 107 
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Genetic testing 108 

Genetic testing was performed after obtaining written informed consent. Genomic DNA was isolated 109 

from the peripheral blood leukocytes of patients and their family members using the 110 

QuickGene-Mini80 system (Wako Pure Chemical Industries, Ltd., Tokyo, Japan), in accordance with 111 

the manufacturer’s instructions. WES was performed as follows. Target regions were concentrated 112 

using the SureSelectXT Human All Exon Kit V6 (Agilent Technologies, Santa Clara, CA, USA). 113 

The captured DNA samples were amplified using PCR and sequenced using the HiSeq 2500 114 

platform (Illumina, San Diego, CA, USA). WES data were analyzed using SureSelect software 115 

(Agilent Technologies, Santa Clara, CA, USA). Mapping of the sequence reads to the human 116 

reference genome (GRCh37) was performed. We extracted variants of minor allele frequencies that 117 

were less than 0.03 in Japanese and were consistent with the Segregation analysis. Further, those that 118 

did not match the phenotype were excluded. Variants were confirmed using Sanger sequencing. 119 

Pathogenicity predictions were performed in accordance with the American College of Medical 120 

Genetics guidelines12. Prediction of the pathogenicity of mutations was performed using Alamut 121 

Visual software (Interactive Biosoftware, Rouen, France), including Align GVGD 122 

(http://agvgd.iarc.fr/), SIFT (https://sift.bii.a-star.edu.sg/), PolyPhen-2 123 

(http://genetics.bwh.harvard.edu/pph2/), and Mutation Taster (http://www.pathogenic 124 

varianttaster.org/). The cDNA reference number for BCS1L is NM_001257343.1. 125 

 126 

Measurement of serum GDF-15 and FGF-21 127 

Enzyme-linked immunosorbent assay was used for measuring the levels of growth differentiation 128 

factor 15 (GDF- 15) and fibroblast growth factor 21 (FGF-21) in the patient serum samples. Human 129 

GDF-15 Quantikine ELISA Kit (R&D systems, Minneapolis, MN, USA) and the Fibroblast Growth 130 

Factor 21 Human ELISA kit (BioVendor, Brno, Czech Republic) were used13. The mean ± SD 131 

values of control, measured for 146 individuals, were 462.5 ± 141.0 pg/ml (range, 152.5–1,010) for 132 
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GDF-15 and 156.0 ± 203.5 pg/ml (range, 0–1,645) for FGF-21. The calculated threshold 133 

values for GDF-15 and FGF-21 were 707.0 and 343.8 pg/ml, respectively. The sensitivity and 134 

specificity of measurement of GDF-15 level for the diagnosis of mitochondrial disorders were 97.9% 135 

and 95.2%, respectively, and were substantially higher than the values of 77.1% and 87.7%, 136 

respectively, for FGF-21. 137 

 138 

Activities of mitochondrial respiratory chain complexes I, II, III, and IV 139 

To analyze the functional consequences of the mutation, the activity of mitochondrial respiratory 140 

chain complexes I, II, III, and IV was assayed in mitochondria isolated from skin fibroblasts of the 141 

patient’s skin samples, as described previously14,15. The enzyme activity of each complex was 142 

presented as a percentage of the mean value obtained for 35 healthy controls and was calculated as a 143 

percentage relative to citrate synthetase (CS), a mitochondrial enzyme marker, or Co II activity. 144 

When enzyme activity decreased below 40%, it was defined as a decrease, as reported 16. 145 

 146 

Cellular oxygen consumption rate (OCR)  147 

To analyze the functional consequences of the mutation, oxygen consumption rate (OCR) of 148 

mitochondria was measured by detecting changes in the concentrations of oxygen and hydrogen, 149 

using microscale oxygraphy (Seahorse XF96 system; Seahorse Bioscience, Billerica, MA, USA). 150 

Skin fibroblasts isolated from patient skin samples were used. Fibroblast cell lines were seeded in 151 

Dulbecco's modified Eagle's medium and cultured in a 5% CO2 incubator for 24 h at 37°C. The basal 152 

respiration rate was measured; oligomycin (ATP synthase inhibitor), carbonyl cyanide 153 

4-(trifluoromethoxy) phenylhydrazone, and rotenone (a mitochondrial complex I inhibitor) were 154 

added sequentially, and the maximum respiration was recorded after each addition. The maximum 155 

respiration rate (MRR) was calculated as the OCR after the addition of carbonyl cyanide 156 

phenylhydrazone minus the rotenone-insensitive OCR. OCR was expressed as the ratio of the rates 157 
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in the patient's sample and the average of the control samples. We analyzed five control samples, 158 

with at least five measurements taken for each sample. Based on the distribution of MRR in the five 159 

control samples, a reduction in the rate to a value <71.6% was considered a significant decline (p < 160 

0.05). In each run, we performed measurement for one or two control samples along with patient 161 

samples. OCR was expressed as a percentage relative to the average of control(s).  162 

 163 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) 164 

The expression of the mitochondrial respiratory chain complex I, II, III, and IV proteins was 165 

examined using western blotting and blue native polyacrylamide gel electrophoresis (BN-PAGE), as 166 

described previously 17,18. The primary antibodies used in this study were: NDUFA9 (Life 167 

Technologies, 459100) for detection of complex I deficiency, SDHA (Life Technologies, 459200) 168 

for detection of complex II deficiency, UQCRC1 (Life Technologies, 459140) for detection of 169 

complex III deficiency, and COXI (Life Technologies, 459600) for detection of complex IV 170 

deficiency.  171 

 172 

Statistical analysis 173 

Statistical analysis was performed using Microsoft Excel 2010 (Microsoft, Redmond, WA, USA). 174 

The Kruskal–Wallis H test was used to evaluate differences in continuous variables between 175 

groups, chi-squared and Fisher’s tests were used to evaluate differences between categorical 176 

variables, and Wilcoxon test was used to evaluate differences between control and patient samples. 177 

All statistical tests were two sided, and p values <0.05 were considered statistically significant. 178 

 179 

Results 180 

Genetic testing 181 
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In patient 1, we identified compound heterozygous missense mutation and frameshift mutation of 182 

BCS1L, c.268C>T, p.(Arg90Cys) 19 and c.821del, p.(Pro274Argfs*26) 20. These mutations are also 183 

present in each parent in a heterozygous state. Her elder brother (II-2) had the same compound 184 

heterozygous mutations; whereas her younger brother (II-5) is a heterozygous carrier of the 185 

frameshift mutation (Figure 3a). These mutations have been reported previously. 186 

In patient 2, we also identified compound heterozygous novel missense mutations of BCS1L, 187 

c.167G>A, p.(Arg56Gln) and c.1195T>G, p.(Tyr399Asp), which were present in each parent in a 188 

heterozygous state (Figure 3b).  189 

The results of evaluation of the pathogenicity of missense mutations using in silico analysis are 190 

shown in Supplementary Table 2. Other variants identified in the patients by WES are shown in 191 

Supplementary Table 3.  192 

 193 

Mitochondria-related test 194 

The level of GDF-15 in Patient 1 was 1025.5 pg/ml (normal: <707.4 pg/ml). The elder brother with 195 

the same BCS1L mutations (II-2) showed a high GDF-15 level of 1152.1 pg/ml, whereas the younger 196 

brother (II-5), who was a healthy heterozygous carrier, had a normal GDF-15 level of 219.2 pg/ml. 197 

In patient 2, the level of FGF-21 was 1592.8 pg/ml (normal: <281.0 pg/ml) and the level of GDF-15 198 

was 2035.2 pg/ml (normal: <707.4 pg/ml).  199 

Patient 2 had novel mutations; therefore, the function of mitochondria was evaluated. Because both 200 

the mutations in Patient 1 are known mutations and are likely pathogenic, functional analysis was not 201 

performed. The activities of CO I-IV in skin fibroblasts were normal (Table 1), whereas the MRR 202 

was reduced to 69%, and the OCR in skin fibroblasts was significantly lower than that in the control 203 

(Figure 4), suggesting mitochondrial respiratory dysfunction. BN-PAGE analysis of mitochondrial 204 

respiratory chain complexes I, II, III, and IV proteins from liver lysate indicated a decreased 205 

expression of complex III (Figure 5). 206 
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 207 

Discussion 208 

We describe two cases of mitochondrial respiratory chain complex III deficiency associated with 209 

BCS1L mutations, in which renal Fanconi syndrome and developmental disability were recognized 210 

as the primary symptoms. 211 

BCS1L encodes a member of the AAA family of ATPases, which is a chaperone necessary for the 212 

assembly of mitochondrial respiratory chain complex III21. Disease phenotypes of BCS1L mutations 213 

vary, and disease severity cannot be predicted based on their location within the protein22. Mutations 214 

in BCS1L cause congenital syndromes, such as Bjornstad syndrome (OMIM #262000), a relatively 215 

mild phenotype characterized by pili torti and sensorineural hearing loss, and GRACILE syndrome 216 

(OMIM #603358), a severe phenotype characterized by growth retardation, fulminant lactic acidosis 217 

during the initial days of life, Fanconi syndrome, and liver hemosiderosis. Patients with GRACILE 218 

syndrome contract severe Fanconi syndrome in the early postnatal period23. In addition, although not 219 

applicable to the two diseases, mitochondrial complex III deficiency (OMIM #124000), 220 

characterized by multiple mitochondrial symptoms may occur during the neonatal period.  221 

The two mutations, c.268 C>T, p.(Arg90Cys) and c.821del, p.(Pro274Argfs*26) observed in Patient 222 

1 were known mutations. The evaluation of the pathogenicity of c. 268 C>T has been reported in 223 

detail. Specifically, significant reductions in enzyme activity of complex III were observed in 224 

skeletal muscle, liver, and skin fibroblasts. Cross-species conservation by conservation analysis and 225 

degradation of mRNA and protein by quantitative PCR and Western blotting also supported the 226 

pathogenicity of this variant. The other mutation, c. 821del was obviously pathogenic due to 227 

truncating mutation. The reported patient with the c.166 C>T, p.(Arg56*) and c.268 C>T mutation 228 

had severe global developmental delay, tachypnea, renal tubular acidosis, failure to thrive, and other 229 

problems and was symptomatic before 1 week of age. On the contrary, the other reported patient 230 
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with the c.821del and c.917G>A, p.(Arg306His) had a phenotype of Bjornstad syndrome and did not 231 

appear to have severe systemic symptoms. 232 

Patients with BCS1L mutations do not always present with Fanconi syndrome; however, in a 233 

meta-analysis, at least one-third of the 36 patients studied presented with Fanconi syndrome24.  234 

Mitochondrial diseases are often associated with Fanconi syndrome, secondary to 235 

encephalomyopathy or cardiomyopathy, but mitochondrial diseases that are primarily associated 236 

with ‘nephropathy’ are rare7,8. There is a possibility that it remains undiagnosed as a mitochondrial 237 

disease in the case of mitochondrial nephropathy. In addition, the symptoms of mitochondrial 238 

nephropathy have a variety of clinical manifestations. Some cases of steroid-resistant nephrotic 239 

syndrome and focal segmental glomerulosclerosis are caused by mitochondrial aberrations. For 240 

example, patients with abnormalities in CoQ2, CoQ6, and ADCK4, which code for enzymes of the 241 

CoQ10 cascade of the mitochondrial respiratory chain, present with steroid-resistant nephrotic 242 

syndrome 25, 26, 27. However, none of them had renal tubular dysfunction. In the future, as 243 

comprehensive analysis methods such as WES and next-generation sequencing become more 244 

popular, the number of cases diagnosed with mitochondrial nephropathy will increase. 245 

In this study, the levels of GDF-15, a mitochondrial disease biomarker with high sensitivity and 246 

specificity, were evaluated. GDF-15 levels are not only useful for the diagnosis of mitochondrial 247 

diseases, but also useful for the evaluation of disease severity, because they are correlated with the 248 

severe mitochondrial disease rating scale28. In our cases, GDF-15 levels were relatively low, 249 

compared to that in other mitochondrial diseases, consistent with the milder clinical phenotype, with 250 

no abnormalities noted during the neonatal period.  251 

Objective measures of pathogenicity, such as functional analysis, are required, especially for novel 252 

mutations, as per the ACMG guideline12. Functional analyses, such as measurements of 253 

mitochondrial respiratory chain complex activity and OCR, are useful for diagnosis; however, their 254 

use has limitations in mitochondrial nephropathy because of the difficulty in culturing 255 
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kidney-associated cells. We attempted culturing cells derived from the urine of Patient 1. We were 256 

able to establish cells, but they were difficult to passage; therefore, we discontinued the analysis. 257 

In Patient 2, although OCR indicated mitochondrial dysfunction, there was no decrease in the 258 

mitochondrial complex activity in the fibroblasts assay. It has been reported that OCR was decreased 259 

in fibroblast, even in normal enzyme activity. This also occurred in cases with BCS1L mutationsthis 260 

is in line with a previous reports, suggesting that OCR assay is more sensitive than the enzyme 261 

activity assay29, 30. Mitochondrial respiratory chain disorders are tissue-specific, and even when the 262 

enzyme activity is normal in the fibroblast assay, decreased enzyme activity is observed in the 263 

affected organ 29, 31. 264 

A simple latex reagent (LTIA Device) for GDF-15 measurement would be sufficient for clinical 265 

diagnosis28 and the cost will be covered by universal insurance in Japan. This makes the diagnosis of 266 

mitochondrial diseases easier and may increase the number of cases diagnosed with mitochondrial 267 

nephropathy.  268 

In this study, we have described cases of mitochondrial respiratory chain complex III deficiency due 269 

to BCS1L mutations, primarily presenting with Fanconi syndrome. We propose that BCS1L 270 

mutations should be considered in patients with renal Fanconi syndrome. 271 
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Titles and legends to figures 379 

Figure 1. 380 

a. Pedigree of Patient 1. An arrow denotes the proband (Patient 1). Both II-1 and II-2 were diagnosed 381 

with Fanconi syndrome, but II-1 died of pulmonary hypertension at 1 year of age. The other is 8 382 

years old and had developmental disability. b. Pedigree of Patient 2. 383 

 384 

Figure 2.  385 

Liver pathology of Patient 2. a. Lymphocytic infiltration and fibrosis. b. Deposition of micro fat 386 

droplets in hepatic lobules. c. Enlarged and activated Kupffer's cells in the sinusoids. d. Increased 387 

number of mitochondria. 388 

 389 

Figure 3. 390 

Results of genetic analysis confirmed using Sanger sequencing. a. Patient 1 and her family members. 391 

b. Patient 2 and his parents. 392 

 393 

Figure 4. 394 

Oxygen consumption rate (OCR) of skin fibroblasts. Vertical axis; oxygen consumption rate. 395 

Horizontal axis; elapsed time (min). OCR was significantly lower in the fibroblasts of Patient 2, 396 

compared to that of the control. FCCP; carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 397 
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 398 

Figure 5. 399 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) analysis of the mitochondrial respiratory 400 

chain complex I, II, III, and IV proteins from liver lysate. Protein expression of complex III was 401 

decreased in Patient 2. 402 
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a. 

BCS1 L c.268C> T BCS1L c.821del 

'| 

ATGAGAGTGGCCGCATTTCCACTAAG GAGCGTGGCCCCGCAGCAGAGCCTGG 

I 
幽麟麟幽幽凰Father (1-1) 幽 靡闊 轟 亭

I 
Mother (1-2) 幽 幽訓轟闘ぃ 贔誠幽心虚訟贔

I I 
Brother (11-2) 闊 闊厠闊伽順 I¥ 贔伽M心虞贔

I I 
Patient 1 (11-4) 胤闊蘭似闊伽洲仰I¥ 贔贔息ぃ虞贔

麟 加
I 

Brother (11-5) 贔幽恥叫馳贔

b. 

BCS1 L c.167G>A BCS1L c.1195T>G 

AAGTCCCTGCTCGAGACAGGAGCTATC CAGGTGCAGGGCTACTTCATGCTGTA' 

I 
Father (1-1) 鳳闘鳳 闘疇』M/¥J 贔狐鳳闊疇伽

I 
Mother (1-2) 閾 崎 如八贔鳳MMN 贔訓贔州鳳贔麟/¥J

I I 
Patient 2 (11-1) 麟幽A幽訟幽國 ，尋幽幽心幽幽饂
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Table 1. Enzyme assay of respiratory chain complexes in skin fibroblasts 

  Co I Co II Co II+III Co III Co IV CS 

Control 

% of normal 31.3 33.9 35 22.9 44.2 34.4 

CS ratio (%) 90 97.7 99.2 64.3 126.6 
 

Co II ratio (%) 91.1 
 

98.7 65 126.3 
 

Patient 

% of normal 25.6 23.7 16.7 19 25.2 26.6 

CS ratio (%) 95.1 88.1 61.1 68.8 93.4 
 

Co II ratio (%) 106.9 
 

67.5 77.1 103.3 
 

Co I ; complex I, Co II ; complex II, Co III ; complex III , Co IV ; complex IV, CS ; citrate synthase. 
Enzyme activities are expressed as a % of the mean relative activity of the normal control and relative to CS and 
Co II.  
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