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A B S T R A C T

Riboflavin transporter deficiency Type 2 (RTD2, OMIM #614707), formerly known as Brown-Vialetto-Van Laere 
Syndrome 2 (BVVLS 2), is a rare autosomal recessive neurodegenerative disorder caused by biallelic variants in 
the SLC52A2 gene, encoding for riboflavin transporter 2 (RFVT2). This transporter plays a critical role in flavin 
cofactor delivery, particularly in the brain. Clinically, RTD2 presents with progressive hearing loss, optic atro
phy, muscle weakness, respiratory issues, and pontobulbar palsy. Current treatment involves high-dose riboflavin 
and other supplements.

In this study we explored the molecular mechanisms behind RTD2, focusing on the dimerization of RFVT2 and 
the associated cellular stress mechanisms in patient-specific models. We demonstrated that RFVT2 exists as a 
homodimer and that pathogenic variants significantly impair its dimerization, which may contribute to the in
duction of ER stress. This hypothesis was supported by elevated levels of BiP, an ER stress marker, in patient 
iPSC-derived motor neurons. Similar findings were confirmed in patient-derived fibroblasts, where we also 
observed mitochondrial dysfunction and disrupted calcium signaling. Interestingly, no significant changes in 
FAD content were detected in both cell models, suggesting that proteotoxic stress may be a crucial pathogenic 
mechanism in RTD2, even in the absence of signs of FAD deficiency. FAD autofluorescence and FLIM mea
surements reinforce the occurrence of mitochondrial dysfunction in patient MNs.

These findings provide insight into the pathogenic mechanisms of RTD2, highlighting the critical role of 
RFVT2 misfolding, ER stress, and mitochondrial dysfunction in this neurodegenerative disorder.

Abbreviations: BVVL, Brown-Vialetto-Van Laere syndrome; ER, endoplasmic reticulum; FAD, flavin adenine dinucleotide; FLIM, fluorescence lifetime imaging microscopy; 
FMN, flavin mononucleotide; GPCA, Gaussia princeps protein complementation assay; iPSC, induced pluripotent stem cell; MNs, motor neurons; Rf, riboflavin; RFVT, riboflavin 
transporter; RTD2, riboflavin transporter deficiency Type 2; SOCE, store operated calcium entry; UPR, unfolded protein response.
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1. Introduction

Riboflavin (Rf) transporter deficiency Type 2 (RTD2, OMIM 
#614707), formerly known as Brown Vialetto van Laere Syndrome 2 
(BVVLS 2), is a rare autosomal recessive neurodegenerative disorder 
with a prevalence of less than 1 in 1.000.000. It is caused by biallelic 
pathogenic variations in the SLC52A2 gene, which encodes for Rf 
transporter 2 (RFVT2). This carrier is ubiquitously expressed, but it is 
particularly relevant for the brain and, as recently demonstrated, for the 
blood-brain barrier in which its expression has been found to be age- 
dependent [1].

Clinically, RTD2 manifests with a range of debilitating symptoms, 
including hearing loss, muscle weakness (with predominant upper limb 
and axial weakness), respiratory compromise and pontobulbar palsy 
(commonly causing feeding and speech problems). Vision loss and 
sensory gait ataxia are also commonly noted in RTD2. Mental capabil
ities remain completely intact in all individuals. Current treatment in
volves high-dose Rf supplementation alongside antioxidants and other 
supplements, including coenzyme Q10, L-carnitine, vitamin C, vitamin E 
(Tocotrienols & Tocopherols), alpha lipoic acid, vitamin B-Complex, 
omega-3 fatty acids (EPA & DHA), and multivitamins (https://curertd. 
org/what-is-rtd/treatment/) [2].

The SLC52 family includes two other members, i.e., SLC52A1 and 
SLC52A3, which encode for RFVT1 and RFVT3, respectively.

Furthermore, defects in these transporters are also linked to Rf- 
responsive diseases. The three plasma membrane transporters exhibit 
distinct tissue-specific expression profiles and functional and kinetic 
properties [3–5], which may explain the varying clinical manifestations 
associated with their defects.

RFVT2 is a 445-amino acid protein characterized by 11 trans
membrane helices, connected by intra- and extra-cellular loops [6]. It 
mediates the transport of Rf, which, along with its derivatives, flavin 
adenine dinucleotide (FAD) and flavin mononucleotide (FMN), serves as 
crucial cofactor for numerous flavoenzymes, primarily located within 
mitochondria and peroxisomes, participating in the intermediary and 
terminal energy metabolism of fatty acids, carbohydrates, amino acids, 
pyridoxine, and choline [7].

A recently developed and reliable method for assessing the transport 
function of pathological variants of RFVT2 is the proteoliposome 
transport assay, allowing for individual testing of each mutant. This in 
vitro system has shown that all tested mutants exhibit an only marginally 
affected Vmax, but significantly increased Km; this finding could explain 
the responsiveness of patients to Rf therapy [4,8].

Investigations on RTD2 fibroblasts linked the effects of Rf transport 
loss with mitochondrial function. When grown in low extracellular Rf 
conditions, RTD2 patient fibroblasts showed a reduced Rf uptake [9] 
and a significant reduction in the intracellular levels of FMN and FAD 
together with impaired electron transport chain complex I and complex 
II activities [10].

Recent research has emphasized the simultaneous pathogenic role of 
cellular energy dysmetabolism and cytoskeletal disruption. In this re
gard, patient-specific RTD models created using induced pluripotent 
stem cell (iPSC) technology have revealed evidence of redox imbalance, 
which includes mitochondrial and peroxisomal dysfunction. This 
oxidative stress is likely responsible for cytoskeletal abnormalities, 
which are linked to the impaired differentiation of RTD motor neurons 
(MNs) [11].

Other studies performed on human-derived brain U87 cells demon
strated that, besides kinetic properties, pathogenic variants may affect 
stability/translational efficiency or alter the trafficking of the protein, 
thus resulting in retention of the protein in the endoplasmic reticulum 
(ER) [12]. Emerging evidence has also highlighted the role of ER stress 
in neurodegenerative diseases [13]. Singh et al. (2024) discuss how ER 
stress can activate the unfolded protein response (UPR), which, if un
resolved, may lead to apoptosis and further neurodegeneration [14].

Dysregulation of Ca2+ signalling, in its various forms, is a key feature 

of neurodegeneration [15]. Recent studies have highlighted a direct link 
between ER stress and the so-called Store Operated Calcium Entry 
(SOCE) mechanism [16,17], which can also impact mitochondrial 
metabolism and dynamics [18].

Metabolic imaging of coenzymes involved in the cell metabolism, as 
FAD, can be performed by recording of autofluorescence decay functions 
in cultured cells using Fluorescence Lifetime Imaging Microscopy 
(FLIM) [19]. We investigated the behaviour of the known forms of FAD 
lifetime which, following binding to proteins, change from the unbound 
state, corresponding to the open conformation, to the bound/closed 
state [20–22] in RTD2 iPSC-derived motoneurons obtained from three 
RTD patients.

In this study we evaluated UPRER stress, disrupted calcium signalling 
and mitochondrial derangements in RTD2 patients by using both RTD2 
iPSC-derived MNs from three compound heterozygote patients and fi
broblasts from one patient. Searching for a potential source of these 
stresses, we also investigated the oligomeric state of the RFVT2 protein, 
demonstrating that recombinant RFVT2 exists as a dimer of about 100 
kDa Mr, thus validating the homodimeric model of RFVT2 previously 
predicted by AlphaFold-Multimer [6].

2. Results

2.1. Dimerization of RFVT2 and its impairment in RTD variants

To gain further insight into the molecular effects of RFVT2 variants, 
we initially investigated RFVT2 dimerization by using recombinant 
6His-tag protein purified by IMAC chromatography as described in 
Materials and Methods. Fig. 1A shows the results of a Sarkosyl-PAGE. 
The purified recombinant 6His-RFVT2 protein was run onto mildly 
denaturing Sarkosyl-gel and subsequently immunoblotted against the 
His-tag. The analysis revealed the presence of two cross-reactive bands: 
the first showed an apparent molecular mass of 45 kDa and the second, 
heavier band, of 100 kDa, virtually corresponding to the molecular 
masses of the monomeric and dimeric forms of RFVT2, respectively.

To further evaluate RFVT2 dimerization, we performed the Gaussia 
princeps protein complementation assay (GPCA) [23]. HEK293T cells 
were co-transfected with plasmids encoding for the Gluc1-RFVT2 and 
Gluc2-RFVT2 fusion proteins, generated as described in Materials and 
Methods. The expression levels of the two proteins in HEK293T cells are 
shown in Fig. 1B, left panel. We confirmed the RFVT2 dimerization with 
a normalized luminescence ratio (NLR) value of about 500 (Fig. 1B, right 
panel), as protein pairs are considered to be interactive if the NLR is 
above 3 [23]. In parallel we also tested RFVT2 in combination with the 
LAT1 transporter, which is known to form heterodimers with other 
proteins [24]. The GPCA analysis revealed an NLR value below the 
threshold for the Gluc1-LATS/GLUC2-RFVT2 combination, which 
further confirms the specificity of RFVT2 homodimerization. A control 
was made that the protein levels of Gluc1-LAT1 seem to be higher than 
those of Gluc1-RFVT2 in combination with Gluc2-RFVT2 (Fig. 1B, left 
panel).

The GPCA method was also used to assess whether patient-specific 
variants affect RFVT2 dimerization. We tested four pathological point 
variants resulting in the missense variant monomers S52F, L312P, 
G419S and R169C described in Refs. [25,26], in combination either with 
themselves (Gluc1/2-S52F, Gluc1/2-L312P, Gluc1/2-G419S, 
Gluc1/2-R169C) or with a different missense variant, according to the 
composition of dimers expected in affected compound heterozygote 
patients (Gluc1-S52F/Gluc2-L312P, Gluc1-S52F/Gluc2-L312P).

Each of the four Gluc1-RFVT2 point mutants either in combination 
with itself or with different Gluc2-RFVT2 mutants displayed expression 
levels in HEK293T cells ranging from 40 to 70 % of the protein levels 
observed when transfecting cells with Gluc1/2-WT (Fig. 2A). This sug
gests that the variations may destabilize the RFVT2 recombinant pro
tein. Indeed, the W198* variant present in combination with R169C 
variant in a RTD2 patient was undetectable probably because of its 
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degradation (data not shown), thus it has been excluded by the GPCA 
analysis.

The GPCA analyses revealed a decrease of the NLR value of 50 %–80 
% for the mutant homodimers compared to the WT. An even stronger 
decrease (>90 %) was observed in heterodimers carrying two different 
variants, i.e., Gluc1-S52F/Gluc2-L312P or Gluc1-S52F/Gluc2-G419S 
(Fig. 2B).

2.2. UPRER in iPSC-derived MNs

We then speculated that the altered dimerization could cause ER 
stress, activating the integrated signalling pathway known as the UPR.

Therefore, we evaluated the protein content of the immunoglobulin 
heavy chain binding protein (BiP/Grp78), which is robustly induced in 
response to ER stress [27], in iPSC-derived MNs derived from three 
patients carrying the following SLC52A2 pathogenic variants: c.155C >

Fig. 1. Dimerization of RFVT2. (A) 0.28 μg of recombinant 6His-RFVT2 protein were solubilized in a buffer containing 50 mM Tris/Cl pH 6.8, 2.5 % Sarkosyl, 10 % 
glycerol, 35 mM DTE, 0.1 % bromophenol blue. The samples were separated by Sarkosyl-PAGE and immunoblotted with the anti-His peroxidase-conjugated antibody 
with a dilution of 1:40,000. (B) Pairwise combinations of Gluc1 (G1) and Gluc2 (G2) fusion constructs (i.e. Gluc1-RFVT2/LAT1 and Gluc2-RFVT2) were co- 
transfected in HEK293T cells. On the left, 10 % SDS-PAGE analysis of the protein levels of Gluc1-RFVT2/LAT1 and Gluc2-RFVT2 in HEK293T cells. Proteins 
were visualized by immunoblotting using a polyclonal anti-Gluc antibody, allowing for detection of both Gluc1 and Gluc2 fragments, albeit with lower efficiency for 
Gluc2. On the right, the interactions of Gluc1-RFVT2/LAT1 with Gluc2-RFVT2 proteins are reported. The luciferase activity was measured at 48 h post-transfection. 
NLR: normalized luminescence ratio, calculated as reported in the Materials and Methods section. Error bars represent standard deviations derived from three in
dependent transfection experiments.

Fig. 2. Representative dataset for GPCA analysis of binary interactions between wt/mutant RFVT2 proteins. (A) Pairwise combinations of Gluc1-wt/mutant 
RFVT2 and Gluc2-wt/mutant RFVT2 fusion constructs were co-transfected in HEK293T cells. 10 % SDS-PAGE analysis of the protein levels of Gluc1-wt/mutant 
RFVT2 and Gluc2-wt/mutant RFVT2 proteins in HEK293T cells. Proteins were visualized by immunoblotting using a polyclonal anti-Gluc antibody. Quantifica
tion levels of the monomeric forms of RFVT2 WT and mutant proteins, each fused with Gluc1 or Gluc2, relative to that of GAPDH are represented as bar plots. (B) The 
interactions of Gluc1-wt/mutant RFVT2 and Gluc2-wt/mutant RFVT2 proteins are reported. Error bars represent standard deviations derived from three independent 
transfection experiments. Student’s t-test: **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

M. Tolomeo et al.                                                                                                                                                                                                                               Archives of Biochemistry and Biophysics 775 (2026) 110675 

3 



T (p.S52F) and c.935T > C (p.L312P) (Patient 1, P1); c.505C > T (p. 
R169C) and c.1030_1031del (p.L344A*100) (Patient 2, P2); c.505C > T 
(p.R169C) and c.593G > A (p.W198*) (Patient 3, P3) and on healthy 
individual (Ctrl).

Whereas RFVT2 monomer levels appear to be similar in patient and 
control samples, an increase of BiP protein levels is observed for P1-3 
(Fig. 3A). In particular P1, whose variants are associated with the 
lowest heterodimer formation (Fig. 2), displays a 15-fold increase 
compared to control. The BiP increase is accompanied by a decrease in 
α-tubulin levels in all patient samples (Fig. 3A), in agreement with 
previous results obtained with iPSCs [28]. The differential ER stress 
response across patients may reflect the specific RFVT2 variant combi
nations and their structural impact.

We also checked for possible mitochondrial UPR (UPRmt) and we 
found just a slight increase (ranging from 1.6 to 2.4-fold) in the protein 
levels of the heat shock protein 60 (HSP60, a mitochondrial chaperonin) 
in all the patients tested when compared to the control (Fig. 3A).

To understand whether proteostasis derangement is correlated with 
scarcity of cellular/subcellular flavin delivery, we checked the protein 
levels of the mitochondrial flavoprotein SDHA (Fig. 3B), which typically 
correlate with FAD availability inside mitochondria, as well as its fla
vinylation level (FAD covalently bound per monomer of protein), 
assayed by on-gel UV fluorescence as described in Refs. [29,30] (Fig. 3B, 
lower panel).

Protein content appeared normal in patients’ MNs compared to the 
control (or even slightly increased in patient P2). The degree of flavi
nylation follows the trend of apoprotein content, indicating that FAD 
levels are not limiting, thus, presumably, uncoupling the problem of 
flavin delivery in the cells to that of UPR activation.

2.3. Flavin content in iPSC-derived MNs

To gain further insight into flavin homeostasis in RTD patient- 
derived MNs, we measured Rf and flavin cofactors by HPLC in neutral
ized perchloric acid extracts of control and patient MN cell lysates [31]. 
Acid treatment allows the extraction of flavins that are either free or 
non-covalently bound to apoproteins [32].

Although an increase in FAD content—the most abundant flavin in 
these cells, accounting for approximately 80 % of the total acid- 
extractable flavin pool (Fig. S1A)—as well as in total flavin levels was 
observed in patient samples compared to controls, these differences did 
not reach statistical significance. Similarly, the levels of the less abun
dant flavins, FMN and Rf, remained unchanged (Table 1, Fig. S1B).

The lack of a significant decrease in flavin contents, observed in 
HPLC experiments, could derive from a compensatory mechanism due to 
either the presence of RFVT1 (Fig. 3A), or to the increased 

Fig. 3. Representative immunoblots for RFVT2, RFVT1, SDHA, BiP, HSP60 and α-tubulin. On the left, protein extracts (50 μg) from one control and three 
affected individuals’(P1-3) iPSC-derived MNs were separated by SDS-PAGE and immunoblotted with antibodies against RFVT2, RFVT1, BiP, α-Tubulin, HSP60 on the 
same membrane after stripping (A) and SDHA (B, upper panel); GAPDH was used as loading control. (B, lower panel) Proteins from one control and three affected 
individuals’ iPSC derived MNs (65 μg) were separated by SDS–PAGE. The flavin fluorescence of SDHA protein was visualized by UV irradiation of the unstained gel 
soaked in 10 % acetic acid. 
On the right, protein intensities were normalized to that of GAPDH and reported as relative quantities with respect to the control (Ctrl). Error bars represent SEM of 
two independent experiments, student’s t-test: *p < 0.05, **p < 0.01. RFVT1 was not quantify due to the low visibility of its bands.

Table 1 
Cellular FAD, FMN, and Rf quantification (pmol/mg) in iPSC-derived MN 
samples.

FAD FMN Rf Total

C1 47.5 ± 9.3 5.6 ± 1.1 1.1 ± 0.3 54.1 ± 10.6
C2 48.5 ± 3.9 7.2 ± 2.0 2.5 ± 0.5 58.1 ± 5.4
P1 55.4 ± 1.3 7.1 ± 0.9 2.7 ± 0.3 65.2 ± 2.0
P2 51.8 ± 0.6 8.2 ± 0.4 2.1 ± 0.5 62.0 ± 1.4
P3 61.7 ± 5.9 7.0 ± 2.1 2.5 ± 0.7 71.2 ± 4.6

Data represent the mean ± SEM of at least two independent measurements. 
Statistical analysis was performed using Student’s t-test: p > 0.05. See also 
Fig. S1B.
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transcriptional activity of SLC52A2 already observed in Ref. [25], whose 
mechanism is still not completely characterized.

Whatever the mechanism is, this piece of work confirms that the 
cellular phenotype described here and elsewhere [28] does not appear to 
be a direct consequence of an altered flavin supply.

2.4. Imbalance of the two FAD conformations in RTD MNs revealed by 
metabolic FLIM

To further explore the cellular status of flavins (mostly represented 
by FAD), we used FLIM, which allowed to reveal the free and bound 
states of FAD. This approach exploits FAD fluorescent properties 
exhibiting both long and short lifetimes, which are associated with the 
open and closed conformations, respectively. FAD lifetimes were 
determined in manually selected specific regions of interest (ROIs) 
corresponding to those cellular districts in which mitochondria were 
distributed. We performed FLIM experiments on Ctrl and RTD MNs, 
obtained after 30 days of differentiation (as described in Materials and 
Methods). Firstly, we carried out the confocal imaging and intensity 
analysis of the autofluorescence in MN samples and observed RTD MNs 
(Fig. 4A, Fig. S2) with higher green autofluorescence intensity with 
respect to Ctrl MNs. Subsequently, the FLIM microscopy carried out in 
the same fields of view highlighted that both the free/open and the 
bound/closed forms of the FAD molecule, were slightly increased in RTD 
MNs with respect to Ctrl MNs (Fig. 4B), considering the chromatic 
reference bar. The increase in free FAD lifetime values was observed in 
all patient-derived MNs, in particular for P1 MNs (Fig. 4C), whereas 
bound FAD lifetimes were significantly increased in all patients’ MNs 
compared to Ctrl (Fig. 4D).

Interestingly, the amplitude of data population relating to the FAD 
open conformation (A1) was significantly increased in all patients’ cells 
with respect to control mean value (Fig. 4E). In parallel the data pop
ulation size of the closed conformation (A2) of FAD showed a significant 
increase in all patients’ MNs (Fig. 4F), in agreement with the observed 
enhancement of autofluorescence intensity by confocal microscopy 
(Fig. 4A). Furthermore, the higher ratio of the A1/A2 fractions detected 
in patients’ cells, particularly in P2 MNs suggested an unbalanced 
equilibrium between free and bound FAD molecules respect to control 
MNs (Fig. 4G).

2.5. Morphological characterization of P1 fibroblasts

In parallel with the experiments on iPSC-derived MNs, we introduced 
a non-neuronal cellular model, i.e. cell cultures of skin fibroblasts ob
tained from patient P1 (c.155C > T and c.935 T > C; p.S52F; p.L312P) 
and from age- and sex-matched controls (C1 and C2).

Patient-derived fibroblasts can be quickly established, easily main
tained and can effectively recapitulate at least some of the key patho
logical hallmarks and dysfunctions observed in neurons [33].

First, bright-field micrographs of fibroblasts were taken to assess 
their morphological characteristics. No striking morphological differ
ences were observed between low passages cultures of each cell line 
(Fig. 5). Nevertheless, P1 fibroblasts showed a decreased proliferation 
rate after reaching higher passages (>p15), suggesting a higher sensi
tivity to the stress resulting from successive passages and/or a tendency 
towards cellular senescence (data not shown).

2.6. RFVT2 and RFVT1 levels in P1 fibroblasts

Next, we evaluated RFVT2 and RFVT1 protein levels in P1 fibroblasts 
compared to that of controls. SDS-PAGE revealed the presence of a more 
abundant band cross-reacting with RFVT2 ab, that migrated at about 42 
kDa, in good agreement with the theoretical molecular mass of this 
translocator (45.8 kDa) and a higher migrating band (51 KDa), pre
sumably corresponding to a glycosylated form of the protein (not 
shown).

The quantitative analysis of the band did not reveal significant 
changes in the protein levels of neither RFVT2 monomer nor RFVT1 in 
P1 fibroblasts with respect to controls; whereas, differently from 
neuronal cell model, a normal α-tubulin content was found (Fig. 6).

2.7. Flavin content in P1 fibroblasts

We also analysed the flavin content in this cellular model by HPLC. 
While FMN and Rf levels (representing a small percentage of total flavin 
content) significantly decreased (50 and 80 %, respectively), FAD levels 
in P1 fibroblasts were consistent with control values (Table 2). This 
finding is in line with results obtained from the spectrophotometric 
enzymatic assay measuring Glutathione Reductase activation coefficient 
(GRAC), as previously described in human erythrocytes ([34] and ref
erences therein). This assay, which is based on the ability of externally 
added FAD to reactivate the apo-enzyme glutathione reductase present 
in cellular lysates in cases of hypovitaminosis, revealed a GRAC value of 
1.1 for both controls and 1.2 for P1, indicating an acceptable FAD 
availability, according to Ref. [34].

2.8. UPRER in P1 fibroblasts

We further assessed the activation of UPR in P1 fibroblasts and found 
a 2-fold increase in the protein levels of BiP and HSP60 (Fig. 7A), sug
gesting a less pronounced UPR with respect to MN samples (Fig. 3A). 
Remarkably, a significant increase (about 1.7-fold) in transcript levels of 
BiP was revealed by RT-qPCR (Fig. 7B). We also checked the levels of the 
pro-apoptotic transcription factor C/EBP homologous protein (CHOP) 
and the XBox-Binding Protein 1 (xbp1), involved both in pro-survival or 
apoptotic pathways, depending on ER stress level [35]. We found a 
significant increase of transcript levels of both CHOP (about 1.5-fold) 
and xbp1 (about 2.5-fold) (Fig. 7B).

2.9. Mitochondrial derangements in P1 fibroblasts

Previous studies conducted on fibroblasts from a RTD patient, have 
revealed defects in the activities of complexes I and II of the respiratory 
chain when RTD2 patient’ cells were grown in low extracellular Rf 
conditions [10]. Also, altered mitochondrial morphology, as assessed by 
electron microscopy, was proven by the same authors on a Drosophila 
model of RTD syndrome [10] and in RTD iPSC and iPSC derived-MNs 
[36,37].

Based on the same conceptual framework that explains the tight 
correlation between mitochondrial function and morphology [38], we 
analysed the mitochondrial network in living fibroblasts loaded with 
MitoTracker Green, a highly selective mitochondrial fluorophore.

Thanks to its insensitivity to changes in mitochondrial membrane 
potential, this dye can be used to label both healthy and unhealthy 
mitochondria. Additionally, it fluoresces only in the lipid environment 
of the mitochondria, so that very low concentrations produce a bright 
and stable stain against a negligible background (MitoTrack
er_Mitochondrion-Selective Probes - Thermo Fisher Scientific).

Epifluorescence assays showed highly fragmented mitochondria in 
patient’s samples, where the classic “spaghetti” appearance, clearly 
visible in both the controls, was lost in most of the cells (Fig. 8A). The 
entity of mitochondria fragmentation was then quantitatively deter
mined using Image J and calculating three parameters: form factor (FF), 
aspect ratio (AR), and mitochondria fragmentation count (MFC) 
(Fig. 8B). Form factor (FF, 4π⋅area/perimeter2) and aspect ratio (AR, 
ratio between major and minor axis) [39] are two dimensional de
scriptors whose values are proportional to mitochondrial branchin
g/length and mitochondrial ellipticity, respectively [40]. Mitochondrial 
fragmentation count (MFC) was determined by counting discrete, 
non-contiguous mitochondrial elements and normalizing to the total 
pixel area of the mitochondrial network [41,42]. As shown in Fig. 8B, 
mitochondria in P1 fibroblasts appeared significantly more circular 
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(lower FF), exhibited reduced branching (lower AR), and showed 
increased fragmentation (higher MFC) compared to controls. Alto
gether, these parameters indicate a marked degree of mitochondrial 
fragmentation in patient cells compared to controls.

Interestingly, despite the normal FAD content as assessed in total cell 
extracts (Table 2), immunoblotting analyses revealed a significant 
decrease in SDHA protein content in P1 fibroblasts with respect to 
controls (Fig. 8C).

2.10. Cytosolic calcium dynamics in P1 fibroblasts

It is well established that changes in calcium concentration can 
benefit [43] or harm cells [44,45] depending on their specific subcel
lular localizations and kinetics.

In particular, a tight functional link between ER stress and calcium 
handling exists at the level of ER Ca2+ content, SOCE [46] and mito
chondrial function and dynamics [47].

SOCE is initiated when low calcium levels in the ER, induced by 
calcium mediated agonists or SERCA pump inhibitors, activate STIM1, 
which then interacts with the Orai1 calcium channel on the plasma 
membrane, allowing calcium to enter the cell. The calcium influx is 
balanced by the SERCA pump, which restores calcium to the ER, 
maintaining cellular calcium homeostasis and enabling continuous 
SOCE [48].

Interestingly, SOCE has been recently demonstrated to be strictly 
related to ER stress and UPR signalling [16,17] (see discussion).

Thus, to assess the putative involvement of SOCE in the ER stress/ 
UPR signaling measured in the BVVL patient, we performed live-cell 
calcium imaging experiments on Fura-2-loaded fibroblasts. Specif
ically, we applied a classical “Ca2+ re-addition” protocol (Fig. 9).

The ER Ca2+ store was depleted by a 10 min incubation with the 
SERCA inhibitor cyclopiazonic acid (CPA) in the absence of extracellular 
calcium, a maneuver that leads to a rapid loss of Ca2+ from the ER 
through constitutive release via the Ca2+-leak channels. The amount of 
calcium released by the deposits, obtained by calculating the area under 
the curve registered in the first 10 min of CPA stimulation (AUC in 

Fig. 4. Metabolic FLIM on RTD2 iPSC-derived motoneurons. (A) Confocal images of FAD autofluorescence in Ctrl and RTD MNs. The phase contrast shows the 
morphological features of Ctrl and RTD MNs (scale bar = 20 μm). The square indicates the area for which autofluorescence was analysed. The images represent FAD 
autofluorescence (FAD AF) acquired with Confocal mode. On the right, the images show the merge between phase contrast and autofluorescence (scale bar = 5 μm). 
(B) Corresponding FLIM analyses on Ctrl and RTD MNs. Images depict the spatial distribution of the lifetime values of free (τ1) and bound (τ2) FAD states. Different τ 
values were visualized via colour-coded lifetime scale bars (τ1: from 1.0 to 3.0 ns of range; τ2: from 0.0 to 1.0 ns of range). Scale bar = 5 μm. C) Bar graph 
quantification of the τ1 FAD lifetime values in Ctrl and RTD MNs. N of region of interest examined per sample = 89, 82, 59, 67 (Ctrl, P1, P2, P3) from 3 independent 
differentiation experiments. (**p < 0.01, Kruskal-Wallis with Dunnett’s test; mean ± SEM) (D) Bar graph quantification of the τ2 FAD lifetimes in Ctrl and RTD MNs. 
N of region of interest examined per sample = 89, 82, 59, 67 (Ctrl, P1, P2, P3) from 3 independent differentiation experiments. (*p < 0.05, **p < 0.01, ***p < 0.001, 
Kruskal-Wallis with Dunnett’s test; mean ± SEM) (E) Bar graph showing the contribution of free FAD (A1) fraction in Ctrl and RTD MNs. N of region of interest 
examined per sample = 89, 82, 59, 67 (Ctrl, P1, P2, P3) from 3 independent differentiation experiments. (***p < 0.001, Kruskal-Wallis with Dunnett’s test; mean ±
SEM) (F) Bar graph showing quantification of the contribution of bound FAD (A2). N of region of interest examined per sample = 89, 82, 59, 67 (Ctrl, P1, P2, P3) 
from 3 independent differentiation experiments. (***p < 0.001, ****p < 0.0001, Kruskal-Wallis with Dunnett’s test; mean ± SEM). (G) Bar graph showing the ratio 
of A1/A2. N of region of interest examined per sample = 89, 82, 59, 67 (Ctrl, P1, P2, P3) from 3 independent differentiation experiments. (*p < 0.05, one-way 
ANOVA with Dunnett’s test; mean ± SEM). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 5. Transmitted light micrographs of C1, C2 and P1 fibroblasts (scale bar 100 μm).

Fig. 6. Representative immunoblotting of RFVT2 and RFVT1 in P1 fibro
blasts. Protein extracts (50 μg) from control (C1 and C2) and patient (P) fi
broblasts were separated by SDS-PAGE and immunoblotted with polyclonal 
antibodies against RFVT2 (A) and RFVT1 (B) and a monoclonal antibody 
against α-tubulin, used as a loading control. RFVT2 and RFVT1 protein in
tensities were normalized to that of GAPDH and reported as relative quantities 
with respect to the mean of C1 and C2 individuals (Ctrl). Statistical analysis was 
performed using Student’s t-test: p > 0.05.

Table 2 
Cellular FAD, FMN, and Rf quantification (pmol/mg) in fibroblast samples.

FAD FMN Rf Total

C1 98.1 ± 3.6 9.3 ± 1.1 2.0 ± 0.1 109.4 ± 2.7
C2 86.6 ± 1.5 7.7 ± 0.2 2.2 ± 0.2 96.5 ± 1.6
P1 101.6 ± 3.0 4.6 ± 0.1** 0.4 ± 0.1*** 106.7 ± 2.9

Data represent the mean ± SEM of at least two independent measurements. 
Student’s t-test: **p < 0.01, ***p < 0.001.
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Fig. 7. Representative immunoblotting of BiP and HSP60 and qPCR analysis of UPRER markers in P1 and control fibroblasts. (A) Protein extracts (50 μg) 
from control (C1 and C2) and patient (P) fibroblasts were separated by SDS-PAGE and immunoblotted with a monoclonal antibody against BiP, a monoclonal 
antibody against HSP60 and a monoclonal antibody against GAPDH used as a loading control, on the same PVDF membrane after stripping. BiP and HSP60 protein 
intensities were normalized to that of GAPDH and reported as relative quantities with respect to the mean of C1 and C2 individuals (Ctrl). Error bars represent SEM of 
two independent experiments. Student’s t-test: *p < 0.05. (B) RT-qPCR analysis of BiP, CHOP and Xbp-1 mRNA levels in P-fibroblasts compared to C1 and C2. Data 
were normalized to the housekeeping gene ACTB (β-actin) and reported as relative quantities with respect to the mean of C1 and C2 individuals (Ctrl). Error bars 
represent SD of three independent experiments. Student’s t-test: *p < 0.05; **p < 0.01.

Fig. 8. Evidence of mitochondrial fragmentation in patient-derived fibroblasts (P1). (A) Representative epifluorescence micrographs of MitoTracker Green- 
stained mitochondria in C1, C2- and P1- live fibroblasts (scale bar 50 μm). (B) Histograms show the differences in aspect ratio (AR), form factor (FF), and mito
chondrial fragmentation count (MFC) between control fibroblasts (C1 and C2) and patient-derived fibroblasts (P1). Means ± SD, ***p < 0.001, ****p < 0.0001. 
minimum of 15 cells. (C) Protein extracts (50 μg) from controls (C1 and C2) and patient’s (P) fibroblasts were separated by SDS-PAGE and immunoblotted with a 
monoclonal antibody against SDHA and a monoclonal antibody against GAPDH, used as loading control, on the same PVDF membrane after stripping. SDHA protein 
intensities were normalized to that of GAPDH and reported as relative quantities with respect to the mean of C1 and C2 individuals (Ctrl). The error bars represent 
SEM of two independent experiments, student’s t-test: *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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Fig. 9A) represents an indirect measurement of their filling state. The 
rise in [Ca2+]c induced by the re-addition of 2 mM CaCl2 (Ca2+) is 
indicative of SOCE.

Interestingly, while the amount of calcium released by the deposits 
was non-statistically different in all the samples, a significantly higher 
cytosolic peak after Ca2+-readdiction (SOCE) was apparent in RTD pa
tient’s fibroblasts with respect to controls (Fig. 9B).

3. Discussion

Rf transporter deficiency Type 2 (RTD2) represents a significant 
clinical challenge, characterized by a spectrum of debilitating neuro
logical symptoms while mostly maintaining intact cognitive functions. 
The pathophysiology of RTD2, driven by variations in the SLC52A2 
gene, reveals complex correlations between impaired Rf transport, 
mitochondrial dysfunction and cytoskeletal alteration [11]. Our findings 
enhance the understanding of the pathophysiology of RTD2, particularly 
regarding the oligomeric state of RFVT2 and its implications for cellular 
stress responses.

We definitively demonstrated RFVT2 dimerization both in vitro by 
Sarkosyl-PAGE with the recombinant RFVT2 and in cellulo by the 
advanced GPCA assay (Fig. 1). The two approaches concurred in 
demonstrating homodimerization of RFVT2. Our investigation also 
indicated that specific pathogenic variants result in impaired dimer
ization, as evidenced by reduced NLR in the GPCA assay (Fig. 2). Among 
the variants analysed, shown in the structure generated using UCSF 
Chimera (PDB 8XSM, [49]), the S52, which is substituted by a phenyl
alanine, is located within a transmembrane domain near the riboflavin 
binding pocket (Fig. S3); indeed, its mutation impairs the activity of the 

transporter [8]. Transmembrane α-helices also include the L312 and 
G419, which are substituted by a proline and a serine, respectively; the 
nature of this variations may destabilize local secondary structure 
(Fig. S3). On the contrary, the cysteine substitution of R169, located into 
an extracellular loop, may have less impact on the overall structure of 
the protein (Fig. S3).

The strongest impact on dimerization was observed when coupling 
monomers carrying two different variants corresponding to composed 
heterozygous patients (Fig. 2). This more pronounced effect may result 
from the combination of local destabilization of the two distinct regions 
of the protein affected by the amino acid substitutions.

The observed unchanged protein levels of RFVT2 monomer in pa
tient samples (Fig. 3A) suggest that variants may trigger a compensatory 
mechanism performed by the cell transcriptional machinery, in line with 
previous findings showing an overall increase in RFVT2 mRNA levels of 
the same RTD2 patients analysed in the present study [25]. Since the 
variants, besides dimerization, also affect the transport activity [8], we 
propose that the normal cellular flavin levels assessed by HPLC (Table 1) 
is ensured by presence of the RFVT1 (Fig. 3A).

Our hypothesis is that the induction of ER stress related to RFVT2 
variants, as evidenced by elevated BiP levels in patient derived-MNs 
(Fig. 3A), may also be due to the retention of RFVT2 in the ER, as has 
been reported for other mutants [12]. Altogether these findings are in 
favour of disruption of the proteostasis network caused by RFVT2 
variants.

This proteostasis disruption could also explain the decrease of 
α-tubulin protein levels observed in RTD2 derived-MNs (Fig. 3A), in line 
with the work of Niceforo et al. [28], which shows alterations in cyto
skeletal arrangements in iPSCs and MNs from RTD patients [28].

Fig. 9. Analysis of SOCE following cyclopiazonic acid stimulation of Fura-2 loaded fibroblasts. (A) Representative traces from C1, C2, and P1 fibroblasts are 
reported. Each trace shown was a Fura-2 ratio (340/380 nm) obtained for a single cell. (B) Histogram represents the SOCE (Fura-2 peak F340/380 after Ca2+ re- 
addition), means ± SEM of at least four independent experiments, student’s t-test: ***p < 0.001; ****p < 0.0001.
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To gain further insight into the molecular mechanism underlying the 
ER stress response, we have used patient-derived fibroblasts, which are 
commonly exploited in biomedical research as a cost-effective disease 
model. Therefore, we have introduced here this model for a patient (P1) 
characterized by the highest levels of BiP. Indeed, we found a two fold 
increase of BiP protein levels in P1 fibroblasts (Fig. 7A), which is par
alleled by the increase of HSP60, less evident on patient derived MNs 
(Fig. 3A). In addition, the demonstration that UPR response occurs in 
fibroblasts derives from the increase in mRNA levels of BiP, presumably 
due to the activation of ATF6 [27], even though we cannot exclude other 
signalling pathways connected to the increased transcript levels of xbp1 
and CHOP (Fig. 7B). The increase of the last one might be part of an 
integrated stress response involving mitochondria [50]. Indeed, our data 
show that our P1 fibroblast model displays an apparent mitochondrial 
fragmentation (Fig. 8A), in line with literature linking RTD2 to mito
chondrial structural abnormalities [26,36,37] and mitochondrial dy
namics dysregulation in MNs [51].

Nevertheless, the cellular specific response to UPR deserves further 
investigation across different cellular models; for instance, in P1 fibro
blasts α-tubulin content did not change with respect to that of controls 
(Fig. 6B), whereas the mitochondrial flavoprotein subunit SDHA is 
affected (Fig. 8C) differently from what occurs in patients MNs and in 
fibroblasts from another patient [9]. Consistently, defects of respiratory 
chain complex activity were not observed in patient derived MNs [51] 
but were demonstrated in fibroblasts from other patients [10].

Quite interestingly, HPLC analyses revealed normal or even 
increased levels of Rf and flavin cofactors in patients’ derived-MNs 
(Table 1 and Fig. 4) that could be explained by the presence of RFVT1 
(Fig. 3A) or by compensatory mechanisms leading to increased RFVT2 
mRNA levels. Flavin homeostasis seems to be differently affected in P1 
fibroblasts, in line with a cell-specific relative expression of RFVT1 and 
RFVT2 [52]. While the levels of the main cofactor FAD are normal, a 
significant reduction of about 50 and 80 % was found in its precursors 
(FMN and Rf) with respect to control (Table 2). These data also indicate 
that FAD availability alone does not guarantee a normal level of SDHA 
(Fig. 8C).

Quantitative analyses of the Metabolic FLIM markers highlighted 
different behaviour of the unbound and protein-bound FAD molecules 
between Ctrl and RTD MNs. The statistically significant augmented 
contribution of bound FAD (A2) in all patients derived motoneurons 
(Fig. 4F) is in line with the increased autofluorescence that may be 
explained by increased levels of oxidized species. This finding together 
with the altered ratio of the A1/A2 fractions detected in patients’ cells 
(Fig. 4G) suggests an impaired mitochondrial functionality in RTD2 
neuronal cells.

A further evidence of ER stress is given by the significantly increased 
SOCE in patient’s fibroblasts, after ER emptying through the SERCA 
inhibitor cyclopiazonic acid (Fig. 9). There is, in fact, evidence that ER 
stress boosts SOCE [16] and that this action is mediated by a well known 
ER stress sensor, IRE1, which interacts with STIM1 to promote 
store-operated calcium entry [17].

We can speculate that in the fibroblast model, consisting of non- 
excitable cells endowed with a rather mild calcium influx, the 
increased SOCE may serve as compensatory mechanism to ER stress, 
allowing cells to restore protein folding and enhance mitochondrial 
metabolism. Quite predictably, if the compensatory response persists 
over time, it can lead to cellular dysfunction. In this context, the 
increased SOCE response could contribute to enhanced mitochondrial 
fragmentation (Fig. 8A and B) and malfunction (Fig. 8C). This aligns 
with the central hypothesis of this study, suggesting that dimerization 
defects of RFVT2 contribute to ER stress and UPR.

It is important to note that previous experiments [28] showed 
impaired calcium handling in RTD2 patient cells. Specifically, a reduced 
calcium peak upon ionomycin treatment was observed patients’ derived 
MNs compared to controls [28,53]. In the present work, no significant 
difference in store content was observed between P1 and control 

fibroblasts.
A number of factors can account for these seemingly conflicting 

observations, including differences in the cell type examined, protocols 
and drugs used to induce store depletion. For example, ionomycin af
fects all the “non-acidic calcium stores” (ER, Golgi, mitochondria) [54], 
while cyclopiazonic acid specifically target ER. Additionally, 
cell-specific differences in calcium machinery can greatly influence 
results.

Despite some differences which are related to tissue-specificity, it is 
important to note that all studies on calcium signalling in RTD suggest 
that dysregulation of calcium homeostasis could contribute to the dis
ease phenotype.

Future research must address the unanswered questions about the 
advantageous or disadvantageous role of the several subcellular calcium 
pathways in the various patient-derived cell models, especially in the 
cell types mostly impacted by the disease (such as MNs and 
cardiomyocytes).

Additionally, expanding the range of investigated variants will pro
vide a more comprehensive understanding of how different variants 
impact RFVT2 functionality and patient phenotypes.

In summary, our findings underscore the complex nature of RTD2 
pathophysiology, linking impaired RFVT2 dimerization defects to ER 
stress, calcium dysregulation and mitochondrial dysfunction. Further 
biochemical analyses aimed to clarify the impact of RFVT2 oligomeri
zation on transport function as well as deep investigation of these 
pathways will be essential for developing effective therapeutic strategies 
and improving outcomes for affected individuals.

4. Materials and Methods

4.1. Purification of recombinant 6-his-RFVT2 and Sarkosyl-PAGE

The overexpression of the recombinant RFVT2 was obtained as 
previously described in Refs. [4,8]. Briefly, the E. coli codon-optimized 
cDNA coding for RFVT2 (GenScript) was cloned into the pH6EX3 
plasmid. This construct was used to transform chemically competent 
E. coli Rosetta (Novagen) and protein expression was induced by adding 
0.4 mM IPTG. After 4 h of incubation, cells were harvested by centri
fugation. The bacterial pellet was suspended in a buffer containing 200 
mM NaCl, 50 mM Hepes/Tris pH 7.5 and was subjected to mild soni
cation at 4 ◦C.

To purify RFVT2 in its active form, the lysate was centrifuged at 
12,000×g for 10 min at 4 ◦C. The pellet was solubilized with 3 M urea, 
0.8 % Sarkosyl, 200 mM NaCl, and 10 mM Tris/HCl pH 8.0 and 
centrifuged at 12,000×g for 10 min at 4 ◦C. The supernatant was applied 
onto a column containing the HIS-select nickel affinity gel (Merk P6611- 
25 ML). The column was then washed with a buffer containing 0.1 % 
C12E8, 200 mM NaCl, and 10 mM Tris/HCl pH 8.0. The recombinant 
protein was eluted by adding 50 mM imidazole to the same buffer [4,8].

For Sarkosyl-PAGE experiments, the purified RFVT2 was solubilized 
in a loading buffer containing 50 mM Tris/Cl pH 6.8, 2.5 % Sarkosyl, 10 
% glycerol, 35 mM DTE, 0.1 % bromophenol blue. The electrophoresis 
was performed using a 10 % polyacrylamide gel under mild denaturing 
conditions. Indeed, differently from that described by Laemmli [55] 
Sarkosyl was used instead of SDS to prepare gel and running buffer. After 
Sarkosyl-PAGE, proteins were then blotted onto a nitrocellulose mem
brane, which was probed with the anti-His peroxidase-conjugated 
antibody (Merck A7058-1VL) with a dilution of 1:40,000.

4.2. Cell culture

The studies were conducted in compliance with the Code of Ethics of 
the World Medical Association (Declaration of Helsinki), and with na
tional legislation and institutional guidelines (local institutional ethical 
committee, Ref. 1410_OPBG_2021, date of approval February 11, 2019). 
Informed consent was obtained from the subjects involved in the study. 
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The iPSC lines were obtained from patient skin fibroblasts following the 
nucleofection, as described in Ref. [56], using Epi5 Episomal iPSC 
Reprogramming Kit (A15960, Invitrogen) and the Nucleofection kit P2 
solution (LOV4XP2024, Lonza) with 4D-Nucleofector System (Lonza). 
The pluripotency characterization is described in the following paper: 
for the patient carrying the variants c.155C > T (p.S52F) - c.935T > C (p. 
L312P) in Ref. [28] and for the patients carrying the variants c.505C > T 
(p.R169C) - c.1030_1031del (p.L344A*100) and the variants c.505C > T 
(p.R169C) and c.593G > A (p.W198*) in Ref. [25].

The generated iPSC lines carry the following SLC52A2 pathogenic 
variants: c.155C > T (p.S52F) and c.935T > C (p.L312P) (Patient 1, P1); 
c.505C > T (p.R169C) and c.1030_1031del (p.L344A*100) (Patient 2, 
P2); c.505C > T (p.R169C) and c.593G > A (p.W198*) (Patient 3, P3). 
Control iPSCs (Ctrl iPSCs) used in this study were derived from healthy 
individuals derived from Coriell (AG28851 and AG28869, Coriell 
Institute for Medical Research, USA) using non-integrating episomal 
technology. 

• Maintenance of iPSCs

iPSCs were thawed in 6 well plates pre-coated with Geltrex 
(A1413202, Thermofisher) in DMEM-F12 (diluited 1:100, 31331-028, 
Gibco), and cultured in mTeSR1 Plus (05826, Stem Cell Technologies), 
supplemented with 10 μM Y-27632 (HY-10583, MedChem). The 
proliferating iPSCs were kept in mTeSR1 Plus medium, in the conditions 
of 37 ◦C, 5 % CO2 and 5 % O2. When they reached 60–70 % of conflu
ence, they were split 1:3 (~4 x 10^5 cells were grown in one well of the 6- 
well plates) with ethylenediaminetetraacetic acid (EDTA, E1644, Sigma 
Aldrich) and expanded with mTeSR1 Plus or frozen in mFreSR (05855, 
Stem Cell Technologies). 

• Differentiation of iPSCs into motoneurons

iPSCs were differentiated into motoneurons (MNs) using an adapted 
protocol from Ref. [51]. When the iPSCs reached 30–40 % confluence, 
they were cultured into NeuroCult NS-A Basal Medium Human medium 
(05750, Stem Cell Technologies) for 10 days. At the 10th day, the me
dium was supplemented with 0.1 μМ retinoic acid (R2625, Sigma 
Aldrich); from the 17th to the 25th days, it was supplemented with 
retinoic acid, 2 μМ dorsomorphin (P5499, Sigma Aldrich) and 3 ng/mL 
activin A (120-14E, PeproTech). From the 25th to the 30th days, the 
NeuroCult NS-A Basal Medium Human medium was replaced with 
BrainPhys Neuronal Medium (05790, Stem Cell Technologies) and the 
following factors were added: NeuroCult SM1 Neuronal Supplement 
(SM1, 05711, Stem Cell Technologies), N-2 Supplement, 200 μM 
ascorbic acid (A4403, Sigma Aldrich), 20 ng/ml recombinant human 
glial-derived neurotrophic factor (GDNF, 450-10, PeproTech), 20 ng/ml 
Recombinant human brain-derived neurotrophic factor (BDNF, 450-02, 
PeproTech). During differentiation, the cells were split if they reached 
cultured at 70–80 % confluence and they were maintained 37 ◦C, 5 % 
CO2 and 21 % O2. 

• Maintenance of fibroblasts

Dermal fibroblast cultures from one RTD patient (P1), and two 
healthy, age- and gender-matched controls C1 and C2 were incubated at 
37 ◦C in a humidified atmosphere of 5 % (v/v) CO2 in RPMI-1640 media 
(Lonza, BW12–167F) supplemented with 2 mmol/L of L-glutamine 
(Sigma Aldrich, St. Louis, MO, USA, G8540-25G), 10 % fetal bovine 
serum (Sigma Aldrich, St. Louis, MO, USA, F7524-500 ML), and 1 % 
penicillin/streptomycin (Sigma Aldrich, St. Louis, MO, USA, P4333-100 
ML). For biochemical assays, cell cultures were transferred to 75 cm2 

culture flasks. Upon reaching sub-confluence, cells were washed in PBS 
and detached using 0.5 % Trypsin-EDTA solution (Sigma Aldrich, St. 
Louis, MO USA, T2610-100 ML). Cells were then resuspended in com
plete culture medium and then pelleted at 405×g (3 min) using a 

swinging arm centrifuge. The pellets were then washed twice in PBS 
(Sigma Aldrich, St. Louis, MO USA, D8537-500 ML) and re-pelleted. 
After the removal of PBS, fibroblasts pellets were snap-frozen using 
liquid nitrogen and stored at − 80 ◦C.

For live-cell imaging experiments, cells were seeded on glass cover
slips pretreated with 0.01 % poly-L-lisine (Sigma Aldrich, St. Louis, MO, 
USA, P2658-25 MG) at a cell density of 5X103 cells/cm2. After culturing 
for two days, controls and patient-derived coverslips (in duplicate) were 
subjected to mitochondria labelling using MitoTracker Green® (Ther
mofisher, Waltham, MA, USA, M7514) [57] or loaded with the cytosolic 
calcium sensor Fura 2-AM (Thermofisher, Waltham, MA, USA, F1221) 
for successive calcium imaging assays (see below). Cyclopiazonic Acid 
(CPA), a SERCA pump inhibitor, was purchased from Sigma-Aldrich (St. 
Louis, MO, USA; Cat. No. C1530).

4.3. Mitochondria fragmentation analysis

In order to highlight mitochondria, Mitogreen fluorescence micro
graphs were thresholded and converted into binary masks using mito
chondria analyzer plugin for imageJ [58]. The entity of mitochondria 
fragmentation was then quantitatively determined using three de
scriptors: aspect ratio, form factor and mitochondria fragmentation 
count.

Aspect ratio (AR, ratio between major and minor axis) and form 
factor (FF, 4π⋅area/perimeter2) [39] are two dimensional descriptors 
whose values are proportional respectively to mitochondrial ellipticity 
and mitochondrial branching and length [40]. Those parameters were 
calculated using Mitochondria Analyzer.

Mitochondria fragmentation count (MFC) was calculated by deter
mining the area covered by the mitochondrial network and the total 
number of clearly identifiable discreet mitochondria following this 
equation: MFC=(n mitochondria/n pixel)*1000. A higher MFC value 
corresponds to a higher fragmentation of the mitochondrial network. 
The gathered values were analysed for normality using Shapiro-Wilk 
test. For normal distributed datasets (AR and FF), a t-test was per
formed to check for significant differences between the means. For non- 
normally distributed datasets (MFC), Kruskal-Wallis test was performed 
and post-hoc Dunn’s test was conducted to highlight the statistical dif
ferences amongst the different groups. Statistical analysis was per
formed using GraphPad Prism8.

4.4. Immunoblotting analysis

Cell protein extracts were obtained by resuspending each cell pellet 
from the controls and patients in 100 μL lysis buffer containing 50 
mmol/L Tris–HCl [pH 7.5], 1 % Triton X-100, 5 mmol/L β-mercaptoe
thanol [2-ME], 1 mmol/L NaF, 0.1 mmol/L PMSF, and 1 x protease in
hibitor cocktail). The suspensions were passed through a 26G needle and 
incubated for 30 min on ice. After incubation, the cell suspensions were 
centrifuged at 13,000×g for 10 min at 4 ◦C, and the supernatants were 
collected as cell lysates.

Total cell protein extracts (50 μg) were dissolved in SDS/PAGE 
loading buffer (50 mM Tris-HCl, 2 % SDS, 10 % glycerol and 100 mM 
DTT, obtained from Sigma-Aldrich, St. Louis, MO, USA) and then 
separated on a 10 % T polyacrylamide gel, according to Laemmli [55]. 
Separated proteins were subsequently electro transferred onto a PVDF 
membrane (Amersham Biosciences, GE Healthcare, 10600023) using a 
transblot semidry electrophoretic transfer cell (Sigma-Aldrich, St. Louis, 
MO, USA). The membranes were probed with the following primary 
antibodies: succinate dehydrogenase complex flavoprotein subunit A 
(SDHA, Molecular probes, A-11142, 1:2000 dilution), RFVT2 (Thermo 
Fisher Scientific, Rockford, IL, USA, PA5-39700, 1:2000 dilution), 
RFVT1 (Thermo Fisher Scientific, Rockford, IL, USA, PA5-39703, 1:2000 
dilution), HSP60 (Stressgen Biotechnologies, SPA-806, 1:1000 dilution), 
BiP (Cell signaling Technology, 3177, 1:1000 dilution), and α-tubulin 
(Sigma-Aldrich, St. Louis, MO, USA, T8203,1:5000 dilution) or GAPDH 
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(Cell signaling Technology, 21180, 1:5000 dilution) used as internal 
standard control. The bound antibodies were visualized using secondary 
anti-rabbit (Thermo Fisher Scientific, 31460) or anti-mouse (Thermo 
Fisher Scientific, 32430) IgG antibodies conjugated with peroxidase 
(1:2500 dilution). Protein detection was performed using ECL Western 
blotting detection reagents (Amersham, GE Healthcare, RPN2209), 
following the manufacturer’s recommendations. Densitometry analysis 
was conducted using the Image Lab™ software (Bio-Rad) of Chem
iDoc™ (Bio-Rad) imaging system.

Immunoblotting experiments were also performed to check the ef
ficacy of co-transfection for the GPCA experiments (see below). HEK- 
293T cells were grown and maintained in Dulbecco’s modified Eagle’s 
medium (DMEM), supplemented with 10 % FBS at 37 ◦C with 5 % CO2 
and then seeded in 6-well plates at a nominal confluence of 4.2x105. 
After 18–24 h transfection mixes containing 1 μg of pSPICA-N2, 1 μg of 
pSPICA-N1 plasmids expressing test protein and 1 μg pUC51, plus JetPEI 
(Polyplus transfection, PEI MAX®, 24765-100) were added to the cells 
after 30′ of incubation. 2 h after transfection, cells were washed with 2 
mL of PBS and lysed with 55 μl of Lysis buffer (Tris HCl pH 7.5 20 mM, 
NaCl 200 mM, EDTA 1 mM, NP-40 0.5 % and PIC). The samples were 
analysed on SDS/PAGE and detected by immunoblotting analysis with 
anti-Gluc (Thermo Fisher Scientific, PA1-181, 1:3000 dilution) incu
bated overnight in 5 % BSA under shaking at 4 ◦C and anti-β-actin (clone 
C4, MP Biomedicals, 1:20,000 dilution) incubated overnight in 5 % BSA 
under shaking at 4 ◦C, used as loading control, and revealed by 
chemiluminescence.

4.5. Quantification of cellular flavin content

Rf, FMN, and FAD were measured in neutralized perchloric acid 
extracts of cell lysates (0.2 mg) by HPLC as previously described [32,
59].

4.6. FLIM (fluorescence-lifetime imaging microscopy) measurements

Fluorescence lifetime imaging (FLIM) was carried out with a Leica 
TCS-SP8 FLIM (Leica Mycrosystems) confocal microscope, with time- 
correlated single photon counting (TCSPC) module PicoHarp 300 
time-resolved unit (PicoQuant), with a pulsed White Light Laser (WLL) 
tunable in the range of 470–670 nm, 2 Internal SMD Spectral Detector 
Channels (PMT), through a HC PLAPO 63x/1.30 glycerol corr CS2 
objective. FAD autofluorescence was excited at a wavelength of 470 nm 
and the emitted signal was detected in the 500–550 nm range. FLIM 
recordings were performed with a 40 MHz repetition rate, image size of 
512x512 pixel, zoom factor 5x, and 200 repetitions. A minimum of 500 
photons per pixels was collected for all FLIM acquisitions. For FLIM 
imaging experiments, 5 x 10^4 cells were grown in 35 mm optical plates 
(cod: 81156, Ibidi) previously coated with Geltrex (Thermofisher, 
A1413202). For each experiment, at least 10 individual cells were 
imaged, and all the experiments were repeated at least three times (n =
3). In each cell, FAD lifetimes were determined in manually selected 
specific regions of interest (ROIs) corresponding to those cellular dis
tricts in which mitochondria were distributed. A total number of 2–4 
ROIs per cell were measured. Since the FAD fluorescence has both long 
and short lifetimes associated with free and protein-bound states, 
respectively, fitting results were obtained by applying a bi-exponential 
decay using the re-convolution fitting approach, and the quality of the 
fit was judged by the residual distribution and by the goodness of χ 2 
value (close to 1). Unbound/open (long τ1) and bound/closed (short τ2) 
FAD forms’ lifetimes were obtained from the SymPhoTime64 software 
(PicoQuant), together with the amplitude (A1 and A2) values of the data 
population relating to the 2 different lifetimes, and the autofluorescence 
intensity values within the area of each ROI. During the imaging of the 
experiments, the cells were maintained in HBSS medium to avoid 
interference with the red phenol present in the specific cell medium. 
Moreover, to ensure cell viability, it was used in a humidified 

environment at 37 ◦C and 5 % CO2 in a microscope-compatible incu
bator system (Okolab).

4.7. Quantitative RT-PCR

Total cellular RNA was extracted from the cells using the RNeasy® 
Mini Kit (Qiagen, 74104) according to the manufacturer’s protocol. The 
extracted RNA was then reverse-transcribed to cDNA using the Rever
tAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, K1632) 
following the manufacturer’s protocols. Quantitative real-time PCR 
analysis was performed using SYBR Green PCR Master Mix (Applied 
biosystems, 4309155) according to the manufacturer’s instructions, 
with gene-specific primers listed in Table 3.

4.8. GPCA

A Gateway entry clone with codon-optimized ORF coding for WT 
RFVT2 was purchased from Addgene [60]. The variants (c.155C > T, 
c.935T > C, c.505C > T, c.1255G > A and c.593G > A resulting in p. 
S52F, L312P, R169C, G419S and W198*, respectively) were introduced 
using the Thermo Scientific Phusion Site-Directed Mutagenesis Kit 
(F-541). Due to codon-optimized nature of RFVT2 cDNA, the frameshift 
variant L344A*100 could not be mimicked. The resulting pEntry clones 
were transferred into the GPCA destination vectors pSPICA-N1 and 
pSPICA-N2. All constructs were verified by DNA sequencing.

HEK-293T cells were transfected using the reverse transfection 
method (JetPEI® (Polyplus transfection). Transfection mixes containing 
100 ng of pSPICA-N2 and 100 ng of pSPICA-N1 plasmids expressing test 
proteins, plus JetPEI (Polyplus transfection), were dispensed in white 
96-well plates. HEK-293T cells were then seeded on the DNA mixes at a 
concentration of 4.2 x 104 cells per well.

At 48 h after transfection, cells were washed with 50 μL of PBS and 
lysed with 40 μL of Renilla lysis buffer (kit Renilla luciferase assay 
system, Promega, E2820) for 30 min with agitation. Gaussia princeps 
luciferase enzymatic activity was measured using a Berthold Centro 
LB960 luminometer by injecting 50 μL per well of luciferase substrate 
reagent (kit Renilla luciferase assay system, Promega) and counting 
luminescence for 10 s. Results are expressed as a fold change normalized 
over the sum of controls, specified herein as normalized luminescence 
ratio (NLR) [23]. For a given protein pair A/B, the NLR value corre
sponds to the ratio between the luminescence value of the two inter
acting proteins (Gluc1-A + Gluc2-B) and the sum of the luminescence 
values of each protein paired with the respective empty vector controls 
(Gluc1-A + Gluc2) and (Gluc1 + Gluc2-B). 

NLR=(Gluc1-A+Gluc2-B)/[(Gluc1-A+Gluc2)+ (Gluc1+Gluc2-B)].

4.9. Cytosolic Ca2+ measurements with Fura-2 AM

For cytosolic Ca2+ recordings, the cells were seeded on 18 mm Ø 
glass coverslips and loaded with 3 μM Fura-2-AM (Thermo Fisher Sci
entific, Waltham, MA, USA) for 20 min at 37 ◦C, followed by 15 min in 
an extracellular solution to allow Fura-2 de-esterification. The coverslips 
with dye-loaded cells were mounted in an open perfusion chamber and 
recordings were carried out using an inverted Eclipse TE2000-S micro
scope (Nikon, Shinagawa, Tokyo, Japan) equipped for single cell fluo
rescence evaluations and imaging analysis. Each Fura-2-AM loaded 
sample was illuminated every 5s through a 40 × oil immersion objective 
(numerical aperture = 1.30) at 340 and 380 nm. The emitted fluores
cence was passed through a dichroic mirror, filtered at 510 nm (Omega 
Optical, Brattleboro, VT, USA), and captured by a cooled CCD CoolSNAP 
HQ camera (Photometrics, Tucson, AZ, USA). Fluorescence measure
ments were carried out using the MetaFluor Fluorescence Ratio Imaging 
Software (Version 7.7.3.0, Molecular Devices, San Jose, CA, USA) [61]. 
Responses to the various stimuli were expressed as the change in fluo
rescence normalized to the basal fluorescence ratio observed in the 
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absence of stimuli (ΔR/R0).

4.10. Data analysis and statistics

The data obtained were represented using mean ± SEM or SD. For all 
experiments, multiple technical replicates and biological replicates were 
utilized and a minimum of two independent experiments were per
formed for each assay. GraphPad-Prism software (Prism 8) was used to 
analyze the data.

For FLIM experiments quantification and statistical analyses of the 
control cells were reported as the mean of the data derived from the two 
cell lines (AG28851 and AG28869). Significance was tested using 
ANOVA test.

For Cytosolic Ca2+ Measurements with Fura-2 AM, the results were 
tested for normality using Shapiro-Wilk test, and difference of the means 
were assessed using Student’s t-test or Mann-Whitney ranks test.

In all the other experiments, Student’s t-test was used.

4.11. Other assays

Protein concentration was determined according to Bradford [62], 
using bovine serum albumin as a standard and the Bio-Rad protein assay 
dye reagent concentrate (Bio-Rad).

UV-fluorescence analysis for evaluating flavinylation levels of SDHA 
was performed on control and RTD2 iPSC-derived MNs total cell lysates 
(65 μg) essentially as in Ref. [63].
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