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Abstract   

Non-syndromic microcytic congenital sideroblastic anemia (cSA) is predominantly 

caused by defective genes encoding for either ALAS2, the first enzyme of heme 

biosynthesis pathway or SLC25A38, the mitochondrial importer of glycine, an 

ALAS2 substrate. Herein we explored a new case of cSA with two mutations in 

GLRX5, a gene for which only two patients have been reported so far. The 

patient was a young female with biallelic compound heterozygous mutations in 

GLRX5 (p.Cys67Tyr and p.Met128Lys). Three-D structure analysis confirmed the 

involvement of Cys67 in the coordination of the [2Fe-2S] cluster and suggested a 

potential role of Met128 in partner interactions. The protein-level of 

ferrochelatase, the terminal-enzyme of heme process, was increased both in 

patient-derived lymphoblastoid and CD34+ cells, however, its activity was 

drastically decreased. The activity of ALAS2 was found altered and possibly 

related to a defect in the biogenesis of its co-substrate, the succinyl-CoA. Thus, 

the patient exhibits both a very low ferrochelatase activity without any 

accumulation of porphyrins precursors in contrast to what is reported in 

erythropoietic protoporphyria with solely impaired ferrochelatase activity. A 

significant oxidative stress was evidenced by decreased reduced glutathione and 

aconitase activity, and increased MnSOD protein expression. This oxidative 

stress depleted and damaged mtDNA, decreased complex I and IV activities and 

depleted ATP content. Collectively, our study demonstrates the key role of 

GLRX5 in modulating ALAS2 and ferrochelatase activities and in maintaining 

mitochondrial function. 
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1. Introduction  
 
Sideroblastic anemias (SA) comprise a heterogeneous group of congenital and 

acquired hematological disorders characterized by ring sideroblasts in the bone 

marrow with mitochondrial iron accumulation and often decreased heme 

synthesis [1,2]. The majority of those deposits are in the form of perinuclear 

mitochondrial ferritin, a novel iron-storage protein encoded by an intronless gene 

located on chromosome 5q23.1 [3]. Acquired SA generally occurs in association 

with myelodysplastic syndromes, but also as a result of alcohol or drug abuse, 

and nutritional deficiency in pyridoxine.  

Congenital SA (cSA) is rare and has been associated with several germline 

mutations. The most common form of non-syndromic cSAs is X-linked and 

results from mutation in ALAS2 gene encoding delta-aminolevulinic acid 

synthase 2 (ALAS2), the initial enzyme in the heme biosynthetic pathway in 

erythroid precursors [4]. Most of the ALAS2 mutations are missense and affect 

the affinity of the enzyme for its cofactor, pyridoxal phosphate. In such cases, 

affected patients respond efficiently to oral pyridoxine treatment. However, we 

have previously reported C-terminal deletions with gain-of-function in ALAS2 in 

families with an erythropoietic protoporphyria (EPP) phenotype but no SA or iron 

overload [5]. This X-linked dominant protoporphyria is characterized by a 

markedly increased ALAS2 activity and significant accumulation of the last heme-

precursor, protoporphyrin IX (PPIX) exceeding iron availability in erythrocytes [5]. 

Although, the ferrochelatase (FECH), the last enzyme in the heme biosynthetic 

pathway, is crucial for the incorporation of iron in PPIX to produce heme, 

congenital erythropoietic porphyria (EPP) that is associated with defect in 
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ferrochelatase activity and normal ALAS2 is rather associated with PPIX 

accumulation [6,7].  

Variations in the gene for the glycine mitochondrial carrier SLC25A38 have also 

been reported in patients with recessive cSA [8,9]. At last, two cases of recessive 

cSA caused by mutations in glutaredoxin-5 (GLRX5) have been described 

[10,11]. A homozygous mutation in GLRX5 interfering with intron 1 splicing was 

identified in 2007 in a patient presenting a sideroblastic-like microcytic anemia 

and iron overload [10]. GLRX5 is a 156-amino acid mitochondrial protein that 

belongs to the glutaredoxin (GRX) family. GRX are small proteins with a thiol 

reductase activity known to regulate the redox state of cysteine residues using 

the reduced form of glutathione (GSH) as electron donor [12]. Studies have also 

shown that GLRX5 is required for the assembly of iron-sulfur Fe-S clusters [13–

15]. Indeed, GLRX5 is abundant in erythroid cells. It has been shown to 

homodimerize and assemble [2Fe-2S] at the N-terminal active site cysteine 

(Cys67) thiols consisting of two subunits and two cysteine thiols from two GSH 

[16,17]. Thus, GLRX5 may play an essential role in heme biosynthesis since the 

activity of FECH enzyme itself is dependent to [2Fe-2S] clusters [18].  

Mutations in HSPA9, a mitochondrial HSP70 homolog, are also responsible for 

causing cSA [19]. Described mutations are transmitted as an autosomal 

recessive trait, but a pseudodominant pattern of inheritance occasionally occurs 

due to a common HSPA9 allele, resulting in lower HSPA9 expression.  

Besides these genetically defined non-syndromic forms of cSA, syndromic forms 

have also been described. They are recognized due to mutations in ABCB7 

encoding a mitochondrial Fe-S transporter [20], PUS1 encoding a pseudouridine 
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synthase [21], SLC19A2 encoding a thiamine transporter [22], TRNT1 encoding a 

CCA-adding enzyme [23], YARS2 encoding a mitochondrial protein that catalyzes 

the attachment of tyrosine to tRNA(Tyr) [24], NDUFB11 encoding a complex I 

subunit [25], and finally deletions in mitochondrial DNA (Pearson syndrome) [26].   

The 16.569 base pair closed circular molecule of human mitochondrial DNA 

(mtDNA) encodes 13 of the respiratory chain polypeptides, as well as the two 

ribosomal RNAs and 22 transfer RNAs required for their mitochondrial synthesis 

[27].  mtDNA is 10-16 times more prone to oxidative damage than nuclear DNA 

(nDNA), because of its lack of protective histones, its poor repair capacity, and its 

attachment to the mitochondrial inner membrane, the main source of oxygen 

radicals in the cell [28]. The iron-induced oxidative stress causes the formation of 

8-hydroxydeoxyguanosine in mtDNA as well as apurinic/apyrimidinic sites and 

mtDNA strand breaks. These mtDNA lesions can lead to mtDNA depletion in 

animals and to premature mtDNA deletions in humans [29]. Iron overload can 

therefore decrease the synthesis of the 13 mtDNA-encoded proteins including 

subunits of the respiratory chain complexes I, III, IV and V, leading to 

mitochondrial dysfunction. 

Herein, in order to gain more insight into the role played by GLRX5 in the heme 

biosynthetic pathway, we explored a third case with compound heterozygous 

missense mutations in GLRX5: p.Cys67Tyr and p.Met128Lys. We also 

performed functional analyses to measure intracellular iron metabolism, heme 

biosynthesis, mitochondrial function and Fe-S clusters assembly. 
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2. Methods  

2.1 Patient 

The patient was subsequently referred to the Department of Genetics at Bichât 

Hospital (Paris, France) in 2014 for molecular exploration of genes implicated in 

SA. Written informed consent was obtained from the patient and her parents and 

from control subjects in accordance with the Declaration of Helsinki.  

2.2 GLRX5 sequencing 

DNA was prepared from peripheral blood leukocytes using QIAamp DNA Blood 

Mini Kit (Qiagen, Courtaboeuf Cedex, France). GLRX5 2 exons and flanking 

sequences were amplified by PCR. The two strands of PCR products were 

sequenced using the BigDye Terminator Cycle Sequencing Ready Reaction kit 

on an ABI PRISM 3130xl sequencer (Applied Biosystems, Life Technologies, 

Courtaboeuf Cedex, France). GLRX5 sequencing primers are shown in 

Supplemental Table S1. Sequencing data were examined with Seqscape v2.6.0 

software. 

2.3 Cell culture 

Lymphoblastoid cell lines (LCLs) generated from the patient and 4 unrelated 

healthy subjects were cultured in RPMI 1640 medium (Gibco, Life Technologies, 

Courtaboeuf Cedex, France) supplemented with 10% fetal bovine serum, 2% L-

Glutamine 200mM (100X) (Gibco, Life Technologies, Courtaboeuf Cedex, 

France), 1% HEPES 1 mM (Gibco, Life Technologies, Courtaboeuf Cedex, 

France), 1% penicillin-streptomycin solution, at 37°C and 5% CO2 in the air.  

To obtain CD34+ cells from the GLRX5 patient and a counterpart healthy control, 

mononuclear cells were isolated from 60 ml peripheral whole blood, by Ficoll 

density-gradient centrifugation (LSM; PAA laboratories, Velizy Villacoublay, 
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France). CD34+ cells were then purified by positive selection using 

immunomagnetic beads (MACS CD34 MicroBead Kit; Miltenyi Biotec, Bergisch 

Gladbach, Germany) and lead to grow for 6 days in erythroid differentiation 

medium (Iscove modified Dulbecco medium) (Invitrogen, California, USA) 

supplemented with 3% human serum type AB (Sigma-Aldrich, Saint-Quentin-

Fallavier, France), 2% human peripheral blood plasma (StemCell Technologies), 

10 µg/mL human insulin (Sigma-Aldrich, Saint-Quentin-Fallavier, France), 3 

UI/mL heparin (Sigma-Aldrich, Saint-Quentin-Fallavier, France), 3 UI/mL 

erythropoietin (EPO) (Janssen-Cilag, Issy-les-Moulineaux, France), 10 ng/mL 

SCF, 1 ng/mL IL-3  et 10 ng/mL interleukin 3 (IL-3) (Miltenyi Biotec, Bergisch 

Gladbach, Germany) and 200 µg/mL human holo-transferrin (Sigma-Aldrich, 

Saint-Quentin-Fallavier, France). From day 7 to day 10, IL-3 was omitted from 

the culture medium and the concentration of EPO was adjusted to 1 UI/mL. Cells 

were cultured at 37°C in an atmosphere of 5% CO2 in the air. All experiments 

performed on both LCLs and CD34+ cultures were realized at least in triplicate. 

2.4 Measurement of total ferritin level  

Total ferritin level was measured in cell lysates using an AU400 automate 

(Beckman Coulter France S.A.S., Villepinte Roissy, France). 

2.5 ALA induced accumulation of PPIX 

5-Delta-aminolevulinic acid (ALA) was diluted in water and added to the cell 

culture medium at a final concentration of 300 µM and incubated for 24 h, at day 

9 of erythroid differentiation. On million cells were washed twice with PBS 0.5% 

BSA buffer and cellular content of PPIX was measured by flow cytometry (Ex. 

605, Em. 655 nm). 
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2.6 Flow cytometry  

Cells were analyzed for surface expression of glycophorin A (GPA), CD36, and 

CD71. On million cells were washed in PBS supplemented with 0.5% bovine 

serum albumin (BSA) and stained with fluorochrome-conjugated antibodies for 20 

minutes on ice. IgG-FITC (Beckman Coulter, Marseille, France) was used as 

negative control. Cells were washed once with PBS 0.5% BSA before analysis. 

The samples were analyzed by using BD LSRFortessa flow cytometer and 

FlowJo software (BD Biosciences, Rungis, France). 

2.7 Measurement of ATP level  

Fresh cell pellets were ground in liquid nitrogen and transferred into 500 µL of 

ice-cold 1 M perchloric acid. After centrifugation at 4°C, aliquots were neutralized 

with 5 M K2CO3 and centrifuged at 4°C. The pellet was used to determine protein 

content, and the supernatant was used to measure ATP with a luciferin-luciferase 

assay kit following the manufacturer’s recommendations (Roche Diagnostics, 

Mannheim, Germany). 

2.8 Measurement of aconitase and citrate synthase activities 

To assess aconitase activity, total fresh cells and mitochondrial or cytosolic 

fractions were homogenized in 100 µl of buffer (50 mM Tris HCl, pH 7.4, 0.2 mM 

sodium citrate, and 0.05 mM MgCl2). Homogenates were centrifuged at 800 g at 

4°C for 10 min, and supernatants were sonicated for 20 seconds. Proteins (100 

µg) were incubated at 37°C for 5 min with 1 mM sodium citrate, 1 mM NADP+ 

and 2 U isocitrate dehydrogenase. The formation of NADPH was measured from 

its absorption at 340 nm. 
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Citrate synthase activity was determined on the basis of the chemical coupling of 

CoA-SH released from Acetyl-CoA during citrate to 5,5-dithio-bis-(2-nitrobenzoic) 

acid synthesis. Activity was expressed as nmol of 5,5-dithio-bis-(2-nitrobenzoic) 

acid oxidized per minute and per milligram of protein. 

2.9 Mitochondrial complex I and IV and citrate synthase activities 

Submitochondrial particles were prepared by two cycles of freezing/thawing. 

Complex I (NAD ubiquinone oxidoreductase) was assayed by following the 

oxidation of NADH in the presence of decylubiquinone and antimycin A as 

described elsewhere [30].   

2.10 Determination of GSH level 

Reduced glutathione (GSH) levels were determined following a method adapted 

from Griffith [31]. 

2.11 Mitochondrial DNA level and structure.  

Slot blot hybridization was used to look for mtDNA depletion [32]. mtDNA and 

nDNA were assessed by densitometry analysis of autoradiographs.  

To detect mtDNA lesions, a long (5942-bp) and a short (464-bp) mtDNA 

fragments were amplified using the Expand Long PCR system (Roche Applied 

Science, Meylan Cedex, France) according to the manufacturer’s instructions 

and 40 pmol of primers described in supplemental Table S1. To search for 

mtDNA strand breaks, proportions of mtDNA in its supercoiled, circular, and 16.5-

kb linear forms were studied by Southern blot. Total DNA (5 μg) was loaded on 

0.7% agarose gels without ethidium bromide, and electrophoresed overnight at 

2.5 V/cm, transferred to a Hybond-N1 nylon membrane, and hybridized with the 
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5.942-kb human mtDNA probe. The mtDNA forms were quantified by 

densitometry of autoradiographs. 

2.12 Statistical analysis  

A two-tailed Student’s t-test was used with a level of significance at p <0.05. 

GraphPad InStat software (GraphPad Software, San Diego, CA) was used for 

statistical evaluation. 

Additional methods are described in “Supplemental data”. 
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3 Results  
 
3.1 Patient characteristics 

The patient, a 14-year old girl, presented with aregenerative microcytic anemia 

(MCV=60fL and Hb=8.9g/dL), iron overload and elevated serum ferritin level 

(466 µg/L) at the department of pediatric hematology, university hospital of 

Rennes (France) in 2012. Patient’s biological characteristics are compiled in 

Table 1. For diagnosis of SA, a blind analysis of bone marrow and blood smears 

was performed by two independent experts (Supplemental Figure S1). Blood 

examination revealed severe anisopoikilocytosis, marked hypochromia, 

numerous elliptocytes, dacryocytes and fragmented red blood cells. Furthermore, 

few spherocytes were observed. Macrocytosis, defective hemoglobinization, 

binucleation, and dysgranulopoiesis with 12% type 1, 15% type 2 and 37% type 3 

sideroblasts were found in the bone marrow. There was no apparent sign of 

dehydration and maximum deformability was decreased (data not shown). Iron 

concentration in the liver (LIC) and heart were assessed using two MRI protocols, 

signal intensity ratio and gradient echo imaging (R2*), which confirmed hepatic 

iron overload (LIC at 200 µmol/g) and no cardiac overload. Serum hepcidin 

measured by ELISA was undetectable. Patient did not have any hemolysis as 

shown by bilirubin (4.34 µmol/L) and LDH (385 UI/L) values within normal range.  

The patient started iron chelation therapy (Exjade, 15mg/kg) in November 2012. 

At the 6-month follow-up visit (in March 2013), the patient presented with flu and 

a hematologic panel performed 15 days later showed that anemia had worsened 

with hemoglobin (Hb) at 6.4 g/dL, which required a blood transfusion (Table 1). 

She was also prescribed Speciafoldine (5mg/day) and the ferritin level reached 
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191 µg/L. Her condition required a second transfusion in May 2013. Upon 

physical examination at the 1-year follow-up, paleness of skin and mucous 

membranes were visibly reduced and the patient was only complaining about 

fatigue. Blood tests showed an improvement with Hb at 9 g/dL and ferritin at 

71 µg/L with no hepatic cytolysis as shown by aspartate aminotransferase 

(ASAT) at 80 IU/L and alanine aminotransferase (ALAT) at 167 IU/L.  

 

3.2 Identification of GLRX5 mutations 

Sequencing of GLRX5 (Ref Seq NM_016417; NP_057501) led to the 

identification of two heterozygous missense mutations: transition G>A at position 

200 in exon 1 and T>A at position 383 in exon 2 causing the p.Cys67Tyr and 

p.Met128Lys amino acids substitutions, respectively (Figure 1A). Molecular 

exploration of patient’s both parents showed that the mutation p.Cyst67Tyr was 

inherited from the father, while p.Met128Lys was inherited from the mother. 

Genetic analysis for eventual other involved genes was performed with next 

generation sequencing using a panel of 61 genes related to iron and heme 

metabolisms (Supplemental data) using patient’s genomic DNA. The results did 

not reveal any mutation. 

 

3.3 Impact of p.Cys67Tyr and p.Met128Lys GLRX5 mutations on the 3D 

structure and GLRX5 mRNA expression 

Both p.Cys67Tyr and p.Met128Lys mutations affected highly conserved GLRX5 

amino acids throughout species (Figure 1 B). Analysis of the published crystal 

structure of human GLRX5 [17] confirmed that the cysteine at position 67 is 
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directly involved in the coordination of the [2Fe-2S] clusters by GLRX5 (Figure 1 

C). Of note, this cysteine substitution may also affect the stability of helix alpha-4, 

which is involved in glutathione (GSH) binding, and thus indirectly on iron-sulfur 

coordination. In contrast, methionine at position 128 is not located in the vicinity 

of the [2Fe-2S] cluster, but is exposed to the surface within a groove, suggesting 

that it might have a role in the interaction of GLRX5 with other partner proteins. 

Substitution of this methionine might thus impair this interaction.  

GLRX5 mRNA expression quantified by RT-qPCR was not modified in the 

patient’s LCL and CD34+ cells compared with controls (data not shown), 

indicating that the identified mutations do not impair GLRX5 transcriptional 

process. 

3.4 Impact of the GLRX5 mutations on heme biosynthesis key enzymes 

expression and activity 

Since GLRX5 is required for the assembly of Fe-S clusters and FECH activity is 

dependent on [2Fe-2S], we decided to first investigate the impact of GLRX5 

mutations on heme biosynthesis using erythroid CD34+ and LCL cells derived 

from the patient. In both cell types, FECH mRNA levels were similar to controls 

(Figure 2A and supplemental Figure S2 A), while protein expression was 

increased (p<0.05) (Figure 2C and Supplemental Figure S2 B). An alteration of 

GLRX5 has been associated with a decrease in the expression level of FECH 

protein [11]. Since we did not observe this decrease in our patient, we analyzed 

the activity of FECH. For that purpose, we used LCL cells rather than CD34+ 

because the presence of a large amount of heme and hemoglobin in these 

erythroid cells interfered considerably with the FECH activity assay (data not 
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shown). The results in Table 2 showed that despite increased protein expression, 

FECH activity was significantly reduced in the patient’s LCL cells. However, 

impairment of FECH activity is known to be associated with accumulation of 

porphyrins precursors as seen in EPP patients exhibiting deficient FECH and 

normal ALAS2 (Table 2). In our patient, this porphyric profile was different since 

total porphyrins and zinc protoporphyrin in the erythrocytes as well as total 

porphyrins in the plasma were all normal, indicating no accumulation (Table 2). 

To investigate whether ALAS2 was affected, which may explain this normal 

porphyric phenotype, we explored its expression level and activity in patient’s 

CD34+ cells. The results showed no difference in the mRNA level but a slight 

increase in the protein expression of ALAS2, when compared to control (Figure 

2B and 2C, respectively). We then quantified fluorescent PPIX accumulation in 

CD34+ cells at day 8 or day 10 of culture. The results in Figure 2D showed that 

compared to healthy control, the patient’s CD34+ did not accumulate PPIX, in 

contrast to CD34+ derived from EPP patients, which exhibited significant 

accumulation of PPIX (Figure 2E). This strongly suggested an inhibition of 

ALAS2 activity in our cSA patient’s cells.  

ALA is the first compound in the porphyrin synthesis pathway, produced in 

erythroid cells by ALAS2, from glycine and succinyl-CoA. To test the hypothesis 

of an alteration of ALAS2 activity in our patient, we treated the CD34+ cells with 

ALA and then quantified the accumulation rate of PPIX in the cells of the patient 

and those of the healthy control. Although an intracellular PPIX accumulation was 

observed in both cultures, the level of this PPIX accumulation was significantly 

increased in the CD34+ cells of the patient compared to those of healthy 
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controls, confirming that the absence of PPIX accumulation in our patient is due 

to an ALAS2 activity defect (Figure 2F). Furthermore, we also found similar 

expression profile of ALAS1 in patient’s LCL, suggesting common consequence 

failures related to GLRX5 mutations (Supplemental Figure S2 C).    

Succinyl-CoA is an essential substrate for ALAS1 and ALAS2 activities, and an 

impact on its content may directly affect the activity of these two enzymes. 

Succinyl-CoA production in the mitochondria results from the conversion of α-

ketoglutarate catalyzed by α-ketoglutarate dehydrogenase (KGDH) in the citric 

acid cycle. KGDH activity depends on α-lipoic acid (LA) which biosynthesis 

requires a Fe-S cluster [33,34]. Hence, we next explored the LA content in KGDH 

protein by western blot using antibodies for α-lipoic acid-KGDH. Our results 

showed a decrease in LA-ratio in KGDH and in pyruvate dehydrogenase (PDH), 

another protein complex of the citric acid cycle and bearing also the LA cofactor 

(Figure 3). Thus, decreased level of LA levels might be driven by the GLRX5 

mutation and may be responsible for ALAS2 activity defect. 

3.5 Mitochondrial function in cSA patient 

Next, we investigated the mitochondrial function in the patient’s LCL cells. We 

found that the activities of mitochondrial complexes I and IV were significantly 

reduced by 52.2% (p<0.001) and 34% (p<0.05), respectively, in the patient’s LCL 

compared to controls, whereas they did not change in the EPP LCL cells (Figure 

4A). As shown in Figure 4B, citrate synthase activity was normal in the cSA and 

the EPP LCL compared to controls cells, indicating that mitochondrial mass was 

similar in these groups. These data also suggested that only Fe-S dependent 

enzymatic activities were affected by the GLRX5 mutations. In addition, ATP 
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levels were severely decreased in the cSA patient by 62.3% (p<0.001) and to a 

lower extent by 37% (p<0.002) in the EPP patient (Figure 4C).  

Next, we analyzed the mtDNA and nDNA content in LCL cells. Our data showed 

a reduction in mtDNA but not in nDNA in the patient compared with controls 

(Figure 4D lower panel). In addition, we used long PCR to co-amplify a 5942-bp 

and a 464-bp mtDNA fragments (Figure 4D, upper panel). Random DNA lesions 

blocking replication are more likely to be present on a long DNA region than a 

short fragment. Indeed, the amplification of the 464-bp short DNA fragment was 

similar in the patient and the control (Figure 4D, upper panel). These results 

suggested that the mtDNA depletion in the patient might be due, in part, to the 

polymerase g-blocking lesions on mtDNA templates, thus hampering mtDNA 

synthesis. The quality of mtDNA was also analyzed by southern blot hybridized 

with the mtDNA probe to analyze the supercoiled, circular, and linear (full-length) 

forms (Figure 4E). The results showed massive degradation of the patient’s 

mtDNA compared to controls. Supercoiled mtDNA corresponds to unnicked 

mtDNA, circular mtDNA may correspond either to unnicked DNA or to mtDNA 

molecules with single strand nick(s), whereas the linear mtDNA is a form that has 

been cut on both strands. The topological organization of mtDNA was profoundly 

altered in the patient compared to controls. The intact supercoiled mtDNA form 

almost completely disappeared in favor of circular and linear mtDNA forms that 

consequently increased in the patient (Figure 4E). Finally, as shown by western 

blot analysis, mtDNA encoded cytochrome c oxidase, subunit 2 (COX 2) protein 

expression was markedly decreased in the patient (Figure 4F, upper panel) as a 
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result of reduced mtDNA levels. As expected, COX4 remained unchanged since 

it is encoded by nDNA (Figure 4F, lower panel). 

3.6 Impact of GLRX5 mutations on iron metabolism 

To evaluate mitochondrial iron accumulation, total and cytosolic L-ferritin levels 

were measured in patient’s LCL cells. Total ferritin was 2.7 fold increased in the 

total cell lysate (Figure 5A) with no change in the cytosolic fraction (Figure 5B), 

thereby confirming iron accumulation in the mitochondria and not in the cytosol. 

Determination of the amount of transferrin receptor 1 (TfR1) in the LCL cells by 

western blot (Figure 5C, left panel) and flow cytometry analysis (Figure 5C, 

right panel) did not reveal any difference between the patient and the control.  

Next, we used western blot analysis to quantify the expression of the iron 

regulatory proteins IRP1 and IRP2 responsible for iron levels sensing. IRP2 

protein expression was unchanged, while IRP1 level was significantly increased 

in the patient compared with control (protein level in Figure 5D, mRNA level in 

Supplemental Figure S3). In contrast to IRP2, IRP1 has a dual function and can 

act like an aconitase (ACO) in the presence of iron. Therefore, we measured the 

activity of cytosolic ACO1, i.e., IRP1, and that of mitochondrial ACO2. As shown 

in Figure 5E, only mitochondrial ACO2 activity was reduced, therefore, 

significantly decreasing the total aconitase activity by 78% (p<0.01). These data 

suggested that IRP1 aconitase activity level was preserved in the patient’s LCL 

cells, possibly as a result from a compensatory up-regulating mechanism at the 

translational level with an increase of the IRP1 protein. 

3.7 Oxidative stress and cell proliferation in patient’s LCL  
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The marked reduction by 56.8% (p<0.001) in total GSH (Figure 6A) along with 

the increase in the mitochondrial antioxidant manganese superoxide dismutase 

(MnSOD) expression (Figure 6B), as well as oxidative damage to mtDNA 

(Figures 4D and 4E) in the patient’s cells are direct indicators of oxidative stress 

in response to mitochondrial iron accumulation. Oxidative injury might explain 

why cells are not well proliferating as shown by the MTT cell viability assay 

(Figure 6C). 
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4 Discussion  

In this study, we have documented a third case of cSA associated with two 

biallelic mutations in GLRX5: p.Cys67Tyr and p.Met128Lys. We found that these 

mutations affected functionally two important amino acid positions: one is 

involved in the [2Fe-2S] cluster coordination (Cys67) and the other potentially 

corresponds to an interaction site of GLRX5 with other partner proteins (Met128). 

Compared to the two previously reported cases who were 29 [10] and 44 [11] 

years old, our patient was only 14 years old. We can therefore postulate that the 

severity of cSA is not age-dependent. Her young age and the early initiation of an 

iron chelation therapy may also explain the absence of diabetes mellitus and dark 

skin at the time of diagnosis. In addition, our patient is female while the two other 

aforementioned subjects were males, demonstrating the presence of the disease 

in both genders.  

 The mutations in GLRX5 reported in LCL cells from our patient are 

characterized by a defective Fe-S cluster assembly as suggeted by diminished 

ferrochelatase and mitochondrial aconitase activities along with decreased 

complexes I and IV in the electron transport chain in which Fe-S clusters play an 

essential role. These findings are in agreement with previous studies [11,16,35]. 

However, we found that ACO1 activity remained intact in our patient. This 

suggests that Cys67 residue in GLRX5 which is implicated in [2Fe-2S] cluster 

biogenesis, may only affect ACO2 activity since ACO1 requires a [4Fe-4S] for its 

enzymatic activity. In a study published in 2010, Ye and colleagues reconstitued 

[2Fe-2S] bridged complexes into the purified human GLRX5 protein in an 

anaerobic chamber [16]. Using this approach, they have shown that the ligation 
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of [2Fe-2S] clusters between two monomers requires the catalytic residue Cys67 

and external GSH. By performing site-directed mutagenesis, they found that 

Lys59, Thr108, and Asp123 residues were key players in the docking of the GSH 

ligand to GLRX5 protein. On the basis of these findings, they proposed that 

GLRX5 could function as a potential scaffold, delivering the preassembled [2Fe-

2S] cluster to target proteins as previously suggested [36]. Biogenesis of 

cytosolic [4Fe-4S] may therefore not be impaired in our patient. This observation 

raises the possibility that IRP1 could be maintained in its cytosolic aconitase 

holoform with [4Fe-4S] clusters rather than its RNA-binding apo-form. As a 

consequence, there was no change in cytosolic iron levels as demonstrated by 

normal IRP2, TfR1 and cytosolic ferritin protein expression in our patient. 

Western blot analysis also revealed increased IRP1 protein expression. Although 

the underlying pathohysiological mechanisms are unknown, the decrease in 

heme biosynthesis might be responsible for a derepression of IRP1 translation as 

exogenous heme has been shown to negatively regulate IRP1 [37]. Reduced 

heme biosynthesis in the context of SA in our patient might also explain 

increased ALAS1 proteins expression in LCL cells. ALAS1 transcription is known 

to be negatively regulated by the heme [38]. However, assuming that the 

activities of ALAS1 and ALAS2 are both reduced in the context of GLRX5 

mutations, increased protein levels of both enzymes may be compensatory.  

Moreover, we have observed a dramatic reduction in ferrochelatase activity in our 

patient even more pronounced than in LCL cells from EPP patients. However, in 

contrast with EPP, total porphyrins and PPIX did not accumulate either in LCL 

cells, erythrocytes or plasma from the patient carrying the GLRX5 mutations. 
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Interestingly this is the first report in Human of a drastic reduction of Fech activity 

without any PPIX overload. These observations are in favor of a marked 

reduction in the activity of ALAS2, the enzyme that catalyzes the initial step in the 

heme biosynthetic pathway. This decrease could result from diminished LA 

synthesis. Newly identified biallelic mutations in GLRX5 were recently described 

as a novel causal mechanim for decreased mitochondrial lipoylation in patients 

with a biochemical phenotype of non-ketotic hyperglycinemia [39]. These data 

indicated that GLRX5 is likely a key player in the pathway that provides a Fe-S 

cluster to the lipoate synthase [39]. In another in vitro study, missense mutations 

introduced to the human GLRX5 protein interfered with lipoate biosynthesis in 

K562 cells [35]. Taken together, these observations may support that the 

reduced LA content reported in our patient could be driven by the mutated 

GLRX5.  

Our results also revealed that GLRX5 mutations were associated with iron 

accumulation in mitochondria of LCL cells derived from the patient, together with 

abnormalities in the mtDNA profile and reduced levels of functional supercoiled 

mtDNA and oxidative stress illustrated by an increase in MnSOD expression and 

a decrease in GSH pool. This confirms the results of previous studies showing 

that iron excess (but also iron deficiency) was linked to mitochondrial dysfunction 

and mtDNA damage along with oxidative stress [40]. In our study, mitochondrial 

dysfunction was characterized by a significant reduction of complexes I and IV 

activities and severely decreased ATP level. 
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5 Conclusion 

 

In the case reported here, biallelic compound heterozygous mutations 

p.Cys67Tyr and p.Met128Lys in GLRX5 are responsible for the cSA phenotype in 

a young female patient. The mutated GLRX5 affected both ALAS and 

ferrochelatase activities, mitochondrial function and cell viability. In addition to its 

involvement in Fe-S clusters biosynthesis, GLRX5 seems to be important in 

succinyl-CoA biogenesis. Overall, defective GLRX5 leads to the alteration of 

heme biosynthesis without accumulation of porphyrin precursors, in contrast with 

porphyria disease. 
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Figures 

 

Figure 1. Genetic studies in the cSA patient. 

(A) Electropherograms of DNA extracted from the patient’s peripheral blood 

leukocytes. Upon sequencing, p.Cys67Tyr and p.Met128Lys mutations were 

found in exons 1 and 2, respectively. The p.Cys67Tyr mutation was transmitted 

by the patient’s father and the p.Met128Lys mutation by her mother.. 

(B) Protein sequences alignment showing that both mutated amino acids (Cys67 

and Met128) are highly conserved across species.  

(C) a.  Ribbon representation of tetrameric GLRX5 3D structure (PDB 3WUL [17] 

in which are the amino acids Cys67 (C67) and Met128 (M128). The [2Fe-2S] 

cluster is shown in purple, the bound glutathione (GSH) in blue. b and c. Surface 

representation of the GLRX5 3D structure, focusing on Met128 and its 

neighborhood. 

Figure 2. Impact of GLRX5 mutations on heme biosynthesis. 

CD34+ cells were isolated from the patient carrying the GLRX5 mutations and 

healthy control as described in methods. The mRNA levels of ferrochelatase 

(Fech) (A) and ALAS2 (B) enzymes were measured by real-time PCR and their 

protein levels by western blotting (C) (blots on the left panel and quantification on 

the right panel). HPRT1 mRNA and tubulin protein were used as endogenous 

controls. The amount of intracellular PPIX was measured in CD34+ cells derived 

from GLRX5 patient (D) and from EPP patients (E). The intracellular PPIX was 

also measured in GLRX5 patient-derived CD34+ cells treated with ALA (ALA) or 

vehicle (NT). Bars represent minimum and maximum values with line at median.  
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Figure 3. Impact of GLRX5 mutations on α-lipoic acid content. 

α-lipoic acid (LA) content of KGDH (LA-KGDH) and PDH (LA-PDH) measured in 

triplicate (n=3) by western blot in LCL cells from the patient carrying the GLRX5 

mutations and healthy control (n=4) (blots on the left panel and LA ratio (on the 

right panel). GAPDH served as loading control. Bars represent minimum and 

maximum value with line at median.  

Figure 4.  Mitochondrial function in patient’s LCL cells.  

(A) Complexes I and IV activities, (B) Citrate synthase activity and (C) ATP level 

were measured in submitochondrial fractions isolated from LCL cells derived 

from the patient carrying the GLXR5 mutations, patients with erythropoietic 

protoporphyria (EPP, n=5) and healthy control. Shown are mean ± SD (n=3). 

(D) Mitochondrial (mtDNA) and nuclear DNA (nDNA) content determined in LCL 

cells from the patient carrying the GLXR5 mutations and healthy control (lower 

panel) by slot blot. Amplified 5942 and 464 pb mtDNA fragments are shown in 

the upper panel. (E) Circular, linear and supercoiled forms of mtDNA from LCL 

cells from the patient carrying the GLXR5 mutations and healthy control 

assessed by southern blot. 

(F) Cytochrome c oxidase, subunits 2 (COX2, upper panel) and 4 (COX4, lower 

panel) protein expression assessed by western blot in LCL cells derived from the 

patient carrying the GLRX5 mutations and healthy control. Actin was used as 

loading control.  

Figure 5. Impact of GLRX5 mutations on iron metabolism in patient’s LCL 

cells. 
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(A) Total ferritin level (ng/g of protein) was measured in total lysate from LCL 

cells derived from the patient carrying the GLRX5 mutations and healthy control 

using a AU400 Automate. Shown are mean+SD (n=4). 

(B) L-ferritin protein expression was determined by western blot in LCL cells 

derived from the patient carrying the GLRX5 mutations and healthy control (blots 

on the left and quantification on the right). Actin served as loading control (n=4). 

(C) TfR1 receptor level was measured by western blot (left panel) and flow 

cytometry (right panel) in LCL cells derived from the patient carrying the GLRX5 

mutations and healthy control. Actin served as loading control. 

(D) IRP 1 (upper panel) and IRP 2 (lower panel) protein expression was 

measured by western blot in LCL cells derived from the patient carrying the 

GLRX5 mutations and healthy control (blots on the left and quantification on the 

right). GAPDH was used as loading control. 

(E) Mitochondrial, cytosolic and total aconitase activities were assessed in LCL 

cells derived from the patient carrying the GLRX5 mutations and healthy control 

bymeasuring NADPH production (n=3).   

Figure 6. Oxidative stress and cell proliferation in patient’s LCL cells.  

(A) Total GSH content (nmol/mg of protein) was measured and (B) MnSOD 

protein expression was determined by western blot in LCL cells derived from the 

patient carrying the GLRX5 mutations and healthy control (n=4). (C) Cell 

proliferation was studied by MTT cell viability assay. 
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Tables 

Table 1. Clinical and hematologic data from the parents (I.1; I.2), the siblings 

(II.1; II.2; II.4) and the patient carrying the GLRX5 mutations (II. 3) at the time of 

diagnosis and at the 6-month and 1-year follow-up. RBC, red blood cells; Hb, 

hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume; MCHC, mean 

corpuscular hemoglobin concentration; WBC, white blood cells; LDH, lactate 

dehydrogenase; LIC, liver iron content. Age and gender specific normal ranges 

are indicated in the right column. 

Parameters I.1 

 

I.2 

 

II.1 II.2 II.4 II.3 

At 

diagnosis 

II.3 

6-

month 

follow

-up 

II.3 

1-year 

follow-up

 

Normal 

values 

RBCs 

(x1012/L) 

5.12 4.45 4.85 4.56 5.22 5.28 4.36 5.18 4.1-5.1 

Hb (g/dL) 14.1 13.5 14.5 14.2 15.1 8.9 6.4 9 11.5-16 

Hct (%) 37 38 39 36 41 31.4 24,7 32.5 36-46 

MCV (fL) 85 80 73 72 84 60 57 63 78-95 

MCHC 

(g/dL) 

34 33 29 31 33 28 26 28 30-36 

WBC count 

(x109/L) 

5.2 4.8 6.2 5.8 5.5 5 5.2 3.5 4.5-13.5 

Reticulocytes 

(%) 

ND ND ND ND ND 2.1 3.1 ND  
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Bilirubin 

(µmol/L) 

11 8 5 6 7 4.34 9 7 5-21 

LDH (UI/L) 215 198 ND ND ND 385 ND 224 164-412 

Iron 

(µmol/L) 

ND ND ND ND ND 46.7 ND 34.9 12 –25 

Transferrin 

(g/L) 

ND ND ND ND ND 2.2 ND 3.9 2-3.8 

Transferrin 

saturation 

ND ND ND ND ND 85% ND 36% 20-45% 

Ferritin 

(µg/L) 

311 180 85 75 102 466 191 71 12 – 300 

Hepcidin 

(nmol/L) 

ND ND ND ND ND ND ND 0.2 4-30 

   LIC (µmol/g) ND ND ND ND ND 200 ND ND <36 
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Table 2. Porphyrins profile in erythrocytes, plasma and LCL cells from the patient 

carrying the GLRX5 mutations and patients with erythropoietic protoporphyria 

(EPP). 

Parameters Patient Normal 

Valuesa 

EPP Patients 

(n=5) 

Fech activity in LCL cells 

(nmol of zinc porphyrins/mg of protein/hr) 

0.7 >3.5 1.2 ± 0.2 

Porphyrins in erythrocytes 

Total porphyrins (µmol/L of RBC) 

Zinc/free protoporphyrin ratio (%) 

 

2.0 

76 

 

<1.9 

>72 

 

24.9 ± 9.6 

11 ± 2.3 

Porphyrins in plasma 

Total porphyrins (nmol/L) 

 

<5 

 

<20 

 

281 ± 41 

a Normal value means the level of ferrochelatase activity in control LCL cultures and age and 
gender specific normal ranges. RBC: red blood cells. 
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