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Introduction

Muscular dystrophies are a group of monogenic diseases affecting the skeletal muscle and characterized by a progressive loss of the muscle mass. One substantial group of muscle dystrophies termed "dystroglycanopathies" encompasses different genetic pathologies, ultimately characterized by hypoglycosylation of the protein α-dystroglycan (α-DG). This protein is a fundamental component of the dystrophin-associated glycoprotein complex (DGC) in the muscles and also plays additional important roles in other tissues such as the eye and brain. Through a complex and specific glycosylation of the protein, raising its weight from 70 to 156 kDa in muscle (Barresi & Campbell, 2006), the plasma membrane is anchored to different extracellular-matrix (ECM) components (Hohenester, Tisi, Talts, & Timpl, 1999;Talts, Andac, Gohring, Brancaccio, & Timpl, 1999;Tisi, Talts, Timpl, & Hohenester, 2000), such as laminin in the cardiac and skeletal muscles (Ervasti & Campbell, 1993). The connexion of the fibers to the ECM is crucial for membrane stabilization, especially during muscle contraction/relaxation cycles. In dystroglycanopathies, hypoglycosylation of α-DG leads to disruption of plasma membrane attachment, to fragility of the tissue and therefore to a dystrophic process.

The genetic basis of dystroglycanopathies is very heterogeneous, reflecting the peculiar machinery of enzymes contributing to the glycosylation of α-DG. At present, genetic variants in 17 different genes coding for enzymes of the α-DG glycosylation pathway have been identified as being implicated in these disorders, which range from the severe Walker-Warburg Syndrome (WWS), Muscle-Eye-Brain disease (MEB) or Congenital Muscular Dystrophy (CMD) to the mildest Limb-Girdle Muscular Dystrophies (LGMDs). Genetic variants in the gene coding for Fukutin-related protein (FKRP) (FKRP; MIM# 606596), one of the enzymes of the α-DG glycosylation pathway, can lead to all the aforementioned pathologies (MIM# 613153, 606612, 607155) (Beltran-Valero de Bernabe, 2004;Brockington et al., 2001;Richard, Laurent, Cirak, & Vissing, 2016). FKRP protein is a type II transmembrane protein localized in the mid/trans-Golgi apparatus of the skeletal muscle cells (Alhamidi et al., 2011). It is characterized by a short cytoplasmic domain followed by transmembrane, stem and catalytic domains, the last one possessing a DxD amino-acid motif critical for the catalytic function of the protein (Esapa et al., 2002). FKRP was described as a transferase of ribitol-phosphate into the growing glycosylation chain using as substrate the precursor molecule CDP-ribitol, and acting in succession to another related enzyme of the pathway, Fukutin (FKTN) (FKTN; MIM# 607440) (Gerin et al., 2016;Kanagawa et al., 2016). Of note, FKRP and FKTN were recently shown to act also as a CDPglycerol transferases, which inhibits the functional glycosylation of α-DG (Imae et al., 2018).

The most common types of FKRP patient genetic variants are missense mutations, with, in particular, a high prevalence of a specific genetic variant, the NM_001039885.2:p.Leu276Ile (L276I) (Richard et al., 2016). Missense mutations, resulting in an amino-acid change, can lead to protein folding defects when the amino-acid properties are not preserved. These misfolded proteins can be detected and blocked by the quality control (QC) system of the cells and, specifically in the case of transmembrane and secretory proteins, be retained in the Endoplasmic reticulum (ER) and directed to premature degradation by the proteasome through the ER-associated degradation (ERAD) system. Interestingly, despite the presence of the genetic variant, a certain degree of biological activity of the protein can still be preserved, suggesting that "rescue" of these proteins from the strict QC surveillance and degradation systems could ameliorate the related pathology. Indeed, pharmacological treatments proved (Tachikawa, Kanagawa, Yu, Kobayashi, & Toda, 2012) or of other mutated proteins of the DGC such as the sarcoglycans (Carotti et al., 2018;Soheili et al., 2012). Some of the most prevalent FKRP missense mutations have been described to be retained in the ER (Esapa et al., 2002;Esapa, McIlhinney, & Blake, 2005;Keramaris-Vrantsis et al., 2007;Matsumoto et al., 2004;Torelli et al., 2005), leading to loss of function though cellular mislocalization from the Golgi, the cellular compartment where FKRP exerts its function. The functional potential of these ER-retained mutant proteins if properly rescued to the Golgi has not been assessed, a crucial characteristic to determine at the time when pharmacological treatments aiming to target the ERQC and ERAD systems are envisaged for patients. Beside these cases, other FKRP genetic variants were shown to be correctly localized in the Golgi compartment, some of which being implicated in severe phenotypes such as WWS (Keramaris-Vrantsis et al., 2007). The underlying explanation of the discrepancies between the correct localization and the severity of the phenotype has not been elucidated.

In this study, we addressed the current gap in knowledge about the functional potential of mutant proteins bearing some of the most common FKRP patient genetic variants. We developed heterologous models, which permitted the investigation of the subcellular localization and functional status of the disease-causing FKRP mutated proteins. We demonstrated that genetic variants observed to be retained in the ER can nevertheless be able to overcome this retention and present activity levels comparable to wild-type. In addition, we observed that some of the FKRP mutant proteins that correctly localize in the Golgi present either no or severely impaired function, indicating that the pathological mechanism of these FKRP genetic variants might correspond to a direct perturbation of the enzymatic function whereas the mutated protein is considered normal by the QC. Taken together, this data can F o r P e e r R e v i e w 6 bring important implications for the development of therapeutic strategies in FKRP deficiencies for which there is still no curative treatment, more specifically for patients affected by genetic variants leading to ER-retained but nonetheless functional proteins.

Materials and methods

Cloning and mutagenesis.

The FKRP fusion protein comprising the human FKRP CCDS (Gene ID: 79147, NM_001039885.2, CCDS12691.1), the prototypical FLAG sequence (DYKDDDDK), a flexible type linker (3xGGGGS) (Chen, Zaro, & Shen, 2013) and a mCherry fluorescent reporter sequence was synthesized and codon-optimized for human expression by GENEWIZ. The transgene was inserted into a lentivirus backbone plasmid under the transcriptional control of the CMV promoter. The final construct was named FKRPmCh. Mutagenesis was performed in FKRPmCh plasmid using the QuickChange XL Mutagenesis Kit (Agilent) according to the supplier's protocol with the mutant constructs differing from the wild-type only by the modification of the codon of the genetic variant. Incubation with the viral particles was performed for 18h at 37°C and 5% CO 2 , after which the medium was replaced and the cells were kept at 37°C until further analysis.

Cell

Immuno-fluorescence confocal staining, acquisition and analysis.

The IF staining for confocal microscopy was performed as follows: the cells were fixed in formaldehyde 3.7% (Sigma-Aldrich) for 15 minutes at room temperature. If permeabilization was required, Triton X-100 0.5% (Sigma-Aldrich) was used for 5 min at room temperature. Saturation was performed in PBS 20% foetal bovine serum (FBS) for 1h at room temperature. The primary antibodies Calnexin (Rabbit, ab22595, Abcam), GM130 (Mouse, 610822, BD-Biosciences), TGN46 (Sheep, AHP500GT, BioRad), α-dystroglycan (IIH6; Mouse, sc-53987, Santa Cruz Biotechnology), β-integrin (Mouse, sc-13590, Santa Cruz Biotechnology) or Wheat Germ Agglutinin (WGA-Alexa Fluor™ 488 Conjugate, W11261, Thermo Fisher Scientific) were added in the appropriate dilutions in PBS 2% FBS for 3h at room-temperature or over-night at 4°C. After three washes with PBS for 5 minutes, incubation with secondary antibodies Alexa Fluor™-488 and Alexa Fluor™-594 fluorescent-conjugated antibodies (Thermo Fisher Scientific) was performed in PBS 2% FBS for 1h at room-temperature in the dark. Three washes with PBS for 5 minutes were performed and the glass slides were mounted in DAPI Fluoromount-G® (CliniSciences) overnight at 4°C. For the endogenous FKRP protein Fluor™-488, B40922, Thermo Fisher Scientific) was used accordingly to the supplier's protocol. Confocal images were taken using the Leica SP8 confocal microscope (Leica) at either the 40X, 63X or 100X oil-objectives. Bright-field images were taken using the Evos microscope (Thermo Fisher Scientific) at a 40X objective. Images were treated and analysed using ImageJ/Fiji software (Schindelin et al., 2012) and the Pearson's coefficients of correlation were calculated using the JACoP plugin (Bolte & Cordelieres, 2006).

Flow cytometry staining, acquisition and analysis.

The staining for flow cytometry was performed as follows: saturation was performed in cold PBS 2% FBS + human FcR blocking agent (Miltenyi Biotec) for 20 minutes at 4°C. The primary antibody α-dystroglycan (IIH6; Mouse, sc-53987, Santa Cruz Biotechnology) was diluted at a ratio 1/20 in cold PBS 2% FBS and incubated for 20 minutes at 4°C. After one wash with cold PBS, incubation with the Goat anti-Mouse Alexa Fluor™-488 fluorescent-conjugated secondary antibody (Thermo Fisher Scientific) was performed in PBS 2% FBS for 20 minutes at 4°C in the dark. Three washes with cold PBS were performed and the final cell pellets were ressuspended in cold PBS 2% shown to be closely related to the glycosylation levels in the corresponding muscle biopsies (Stevens et al., 2013). Flow cytometry values were normalized against the transduced FKRP WT construct in each independent experiment. 

Prediction of functional impact of FKRP variants.

Results

Cellular model validation

In order to study the cellular consequences of FKRP patient genetic variants in vitro, we took advantage of the near-haploid HAP1 cell line as these cells were previously shown to support (Endo et al., 2015;Riemersma et al., 2015). To avoid interference by the endogenous FKRP protein, a CRISPR/Cas9-induced FKRP knockout (KO) cell line was used (HAP1-FKRP KO ). Validation of the cellular model was performed by FKRP immuno-labelling and α-DG glycosylation staining. Using an immuno-fluorescence (IF) amplification system, we demonstrated the absence of endogenous FKRP protein in the HAP1-FKRP KO cells whereas the signal co-localized with the Golgi markers (GM130 and TGN46 for cis-and trans-Golgi respectively) in the HAP1-WT cell line as expected (Figure 1A). The HAP1-FKRP KO cell line, while presenting normal cell growth, was characterized by small cytoplasmic volume and membrane disturbances, specifically deficiency in filipodia, as detected by membrane staining for β-integrin and Wheat Germ Agglutinin (WGA) (Figure 1B). IF and flow-cytometry analysis showed a substantial reduction of the functional α-DG glycosylation at the cell membrane based on the IIH6 specific antibody (Figure 1C), confirming the absence of FKRP activity in HAP1-FKRP KO cells and the utility of using this cell line for FKRP mutant protein characterization.

To be able to select the exogenous FKRP positive cells in flow cytometry experiments and to directly detect the protein in cellular localization experiments without the need of antibodies, we generated a fluorescently labelled fusion protein. This protein consists of the human FKRP coding sequence fused, at its C-terminus and through a flexible linker, to a mCherry (mCh) fluorescent reporter protein (FKRPmCh). IF staining experiments demonstrated the integrity of the fusion protein since the mCherry signal co-localized with the labelling for FKRP and with the trans-Golgi marker TGN46 (Supp. Figures S1A andS1B). In addition, only the mCherry positive cells were positive for membrane staining with the IIH6 antibody in nonpermeabilized conditions (Supp. Figure S1C), indicating that the addition of the fluorescent and that the construct could be used further for genetic variants characterization.

Cellular localization of FKRP mutant proteins

With the aim of characterizing FKRP mutant proteins using our overexpression system, we chose to test seven missense patient genetic variants associated with pathologies ranging from the severe CMD to the mild LGMD2I and localized throughout the entire length of the protein (Table 1A). In addition to the patient genetic variants, two control mutants were used. In the first, the di-Arginine (R) motif at positions 2 and 5 (R2R5) responsible for the Golgi positioning was mutated to Glutamic acid (E) residues (E2E5). In the second, the catalytic residues composed of two Aspartic acids (D) and a Valine (V) in positions 362-364 (DvD)

were mutated into asparagine residues (N) (NNN). The first mutant protein was previously described as being unable to traffic from the ER to the Golgi, whereas the second was shown to abrogate the enzymatic activity of FKRP (Esapa et al., 2002).

When overexpressed in HAP1-FKRP KO cells, the different constructs presented three different profiles. The WT construct co-localized with the trans-Golgi, as well as the L276I, NM_001039885.2:p.Tyr182Cys (Y182C) and NM_001039885.2:p.Val300Ala (V300A) mutant proteins (Figure 2A). genetic variants lead to different levels of ER-retention but that evasion from this system is possible for a number of these mutant proteins.

Functional analysis of FKRP mutant proteins

Given that some mutants were co-localized in the Golgi, we tested their protein level and potential for functionality by flow-cytometry using the mCherry and glycosylation signals, respectively (Supp. Figure S3). We observed that the amount of FKRPmCh protein steadily increased as in the WT for all mutants with the exception of the E2E5, V405L and A455D mutants, suggesting that the presence of the genetic variant may lead to protein instability (Figure 2B). As expected, the increase of FKRPmCh amount was associated with an increase in α-DG functional glycosylation for the WT in the mCherry positive population. The Y182C and L276I mutants led to the same glycosylation levels than the WT, demonstrating a fully functional capacity, whereas the S221R, P448L and A455D, although displaying a slower increase, soon caught up with WT functional levels at 45h (Supp. Figure S4). The reduced level of glycosylation observed for the V405L is probably related to the low level of the protein. The NNN mutant control was functionally fully impaired as predicted since corresponding to a catalytically dead enzyme while the E2E5 mutant displayed a marked functional reduction most likely due to the impaired traffic to the Golgi compartment as demonstrated in the IF staining. Remarkably, the V300A mutant protein, which was correctly localized in the Golgi apparatus, displayed a striking reduced level of glycosylation, indicating that, although the protein is able to traffic correctly, it fails to extend the α-DG glycosylation moiety. Taken together, our results showed that overexpression of FKRP mutant proteins in the HAP1-FKRP KO cell line can be used to study the localization and the function potential of FKRP mutant proteins. Additionally, we showed that characterization of cellular localization alone is not sufficient to infer protein function. We were intrigued about the functional impairment induced by V300A, which is located at the beginning of the predicted catalytic domain (Alhamidi et al., 2011). The corresponding mutant protein did not present signs of ER-retention nor was its protein level low by flow cytometry, indicating that the protein was not identified by the QC/ERAD systems as misfolded. Yet, this protein was not able to function properly, i.e. glycosylation of α-DG, despite the mutated residue not being localized in the DvD catalytic core residues (positions 362-364). We decided to investigate further the cellular localization and function of other genetic variants positioned downstream of the 300 Valine residue and in the beginning of the catalytic domain based on the published FKRP model (Alhamidi et al., 2011). For this purpose, we generated 14 additional patient genetic variants present between residues 300 and 328 of the FKRP protein (Table 1B). Our mutant panel included NM_001039885.2:p.Tyr307Asn (Y307N) and NM_001039885.2:p.Cys318Tyr (C318Y), previously characterized to be localized in the Golgi in other cell types (Dolatshad et al., 2005;Torelli et al., 2005). The associated phenotypes encompassed all severities, with the majority of genetic variants being reported in the Leiden Muscular Dystrophy database only one or two times.

The IF staining demonstrated that, alike the V300A mutant, all these additional FKRP mutant proteins, to the exception of the NM_001039885.2:p.Tyr328Ser (Y328S), co-localized with the Golgi apparatus (Figure 3A). Regarding protein function, all the tested genetic variants presented reduced levels of function compared with the WT (Figure 3B), with four mutants, NM_001039885.2:(p.Pro305Leu (P305L), Y307N, NM_001039885.2:p.Thr314Pro (T314P) and C318Y presenting functional levels close to the catalytically dead NNN mutant. We could All these results indicated that missense mutations localized between residues 300 to 321 of the human FKRP protein, and which we refer to FKRP 300-321 region, do not seem to induce ER-retention but nevertheless give rise to non-functional or severely impaired mutant proteins in our system. Moreover, four genetic variants abrogated completely the protein function, perhaps indicative of the importance of these residues for the protein activity.

Discussion

In this study, we evaluated the cellular localization, as well as the level of activity of FKRP proteins bearing genetic variants commonly found in patients using an overexpression system based on the HAP1 FKRP KO cell line. In this model system, we identified one genetic variant, V405L, which leads to a strict ER localization. Interestingly, this change between the two aliphatic amino acids is quite conservative and is not predicted to overly disrupt the secondary structure of the protein. It is therefore possible that the consequence will pertain on the tertiary or quaternary structure or else the corresponding residue is important for association with a protein implicated in the trafficking to the Golgi. We also identified three mutant proteins, S221R, P448L and A455D, found to be retained in the ER but which were nevertheless able to overcome this retention when overexpressed. This "leakage effect" has been previously described and seen in other misfolded proteins (Gomez-Navarro & Miller, Kawaguchi, Hsu, & Ng, 2010). Interestingly, these three mutants displayed normal functional levels. Additional mutants that were purely Golgi-resident presented different degrees of defect in enzymatic activity, with a few of them being enzymatically dead (P305L, Y307N, T314P and C318Y), indicating that this particular region might be important for the enzymatic activity of FKRP within the Golgi. Finally, some mutants behave similarly to the WT protein (Y182C and L276I) with respect to localization in the Golgi and glycosyltransferase function in our system.

The result obtained with the most frequent FKRP genetic variant L276I, which is well known to be associated with the mildest form of the disease, clearly pinpoints to one of the limitations of our cellular system. Here, the corresponding mutant is undistinguishable to WT whereas we previously showed that it presents a defect in glycosylation function in vivo (Gicquel et al., 2017). Clearly, the high overexpression levels, leading to the exacerbated protein escape from the ER into the Golgi, may not allow the observation of subtle differences induced by this type of genetic variants. We might postulate that the L276I, as well as the Y182C mutant protein, may require extended folding times and be less readily available for the glycosylation process in skeletal muscle context. This hypothesis is supported by the fact that the L276I mutant protein was seen to interact more strongly with CNX, a molecular chaperone of the ER, than the WT (Esapa et al., 2005).

Our data indicates that it is possible to obtain a full functionality with overexpression of proteins that are recognized as being abnormal by the QC as demonstrated by their ER localization. A recent report demonstrated the correct function of the P488L mutant protein in vivo (Tucker, Lu, Xiao, & Lu, 2018). The authors showed that the mutant protein was able to restore the α-DG glycosylation at the muscle membrane and correction of the dystrophic phenotype when overexpressed by adeno-associated virus (AAV) injection in a P448L neo- mouse model. In addition, in a more recent study, the same group showed that supplementation of ribitol in drinking water of the P448L neo-mouse increased α-DG glycosylation (Cataldi, Lu, Blaeser, & Lu, 2018), indicating that even the endogenous P448L mutant protein present in the mice might still retain some level of functionality. Altogether, these different pieces of evidence support the idea that a pharmacological strategy allowing a bypass of the QC might lead to a therapeutic benefit for patients with the corresponding genetic variants.

Our findings also revealed that patient genetic variants localized within the FKRP 300-321 region of the protein, remarkably are all correctly localized in the Golgi but correspond to functionally impaired proteins in our cellular model. Their correct localization indicates that, after protein folding in the ER, the structure of these mutant proteins is possibly qualified as being correctly folded by the QC system and the proteins are allowed to proceed further towards their final destination. However, once in the Golgi, they might not have or fail to attain the necessary features for proper function. One can think of incorrect localization within the Golgi apparatus, impossibility to reach an active conformation or dimerization, or impaired interaction with the substrate, the α-DG glycosylation growing chain or additional partners such as FKTN or Transmembrane Protein 5 (TMEM5) protein (Alhamidi et al., 2011;Nishihara et al., 2018). The family of glycosyltransferases (GTs), of which FKRP is a member, encompass enzymes responsible for the transfer of sugar moieties and the formation of glycosidic linkages (Lairson, Henrissat, Davies, & Withers, 2008). The consensus in the field is that the nucleotide-binding residues of GTs are not restricted to the characteristic DxD motif, but can be also extended to amino-acids localized upstream and downstream of this region (Breton & Imberty, 1999). While the FKRP 300-321 area is not close to the catalytic DxD motif when the amino-acid linear sequence is considered, it is conceivable that this region is S1). Likewise, no relevant tri-dimensional model was achieved since the results obtained with different prediction softwares were inconsistent. A crystallography model of FKRP protein is then crucial for better understanding the mechanism of enzymatic activation and function and shed a light on the structural consequences arising from the mutated residues. Interestingly, to the exception of the P305L mutant which is associated to an LGMD phenotype, all the identified catalytically "dead" genetic variants are associated with severe phenotypes such as MEB/CMD, LIS and WWS. This information is in support of our findings for the severely impaired function of these mutated proteins and might indicate that a similar phenotype would be present in the human tissue context. Furthermore, patient genetic variants in FKTN, the FKRP homologous protein that shares the same substrate and activity, were described to be correctly localized in the Golgi (Tachikawa et al., 2012) while being functionally impaired, (Kanagawa et al., 2016), reinforcing the relevance of our results.

In conclusion, we propose the following scenario of fate of the different FKRP protein variants, suggesting the absence of correlation between the subcellular localization and function of the mutant proteins (Figure 4). Overall, we believe that our experimental approach, integrating the information on the mutant protein cellular localization with its function, contributes for the complete understanding of the pathogenic impact of the patient mutation and of the function of the protein. Indeed, we might have uncovered a particular region outside the catalytic motif that seems important for the enzymatic activity of FKRP within the Golgi. Unfortunately, it is difficult to make any conclusions about the severity of the disease based solely on the results obtained in our cellular model. ultimately characterized by hypoglycosylation of the protein α-dystroglycan (α-DG). This protein is a fundamental component of the dystrophin-associated glycoprotein complex (DGC) in the muscles and also plays additional important roles in other tissues such as the eye and brain. Through a complex and specific glycosylation of the protein, raising its weight from 70 to 156 kDa in muscle (Barresi & Campbell, 2006), the plasma membrane is anchored to different extracellular-matrix (ECM) components (Hohenester, Tisi, Talts, & Timpl, 1999;Talts, Andac, Gohring, Brancaccio, & Timpl, 1999;Tisi, Talts, Timpl, & Hohenester, 2000), such as laminin in the cardiac and skeletal muscles (Ervasti & Campbell, 1993). The connexion of the fibers to the ECM is crucial for membrane stabilization, especially during muscle contraction/relaxation cycles. In dystroglycanopathies, hypoglycosylation of α-DG leads to disruption of plasma membrane attachment, to fragility of the tissue and therefore to a dystrophic process.

The genetic basis of dystroglycanopathies is very heterogeneous, reflecting the peculiar 2004;Brockington et al., 2001;Richard, Laurent, Cirak, & Vissing, 2016). FKRP protein is a type II transmembrane protein localized in the mid/trans-Golgi apparatus of the skeletal muscle cells (Alhamidi et al., 2011). It is characterized by a short cytoplasmic domain followed by transmembrane, stem and catalytic domains, the last one possessing a DxD amino-acid motif critical for the catalytic function of the protein (Esapa et al., 2002). FKRP was described as a transferase of ribitol-phosphate into the growing glycosylation chain using as substrate the precursor molecule CDP-ribitol, and acting in succession to another related enzyme of the pathway, Fukutin (FKTN) (FKTN; MIM# 607440) (Gerin et al., 2016;Kanagawa et al., 2016). Of note, FKRP and FKTN were recently shown to act also as a CDPglycerol transferases, which inhibits the functional glycosylation of α-DG (Imae et al., 2018).

The most common types of FKRP patient genetic variants are missense mutations, with, in particular, a high prevalence of a specific genetic variant, the NM_001039885.2:p.Leu276Ile (L276I) (Richard et al., 2016). Missense mutations, resulting in an amino-acid change, can lead to protein folding defects when the amino-acid properties are not preserved. These misfolded proteins can be detected and blocked by the quality control (QC) system of the cells and, specifically in the case of transmembrane and secretory proteins, be retained in the Endoplasmic reticulum (ER) and directed to premature degradation by the proteasome through the ER-associated degradation (ERAD) system. Interestingly, despite the presence of the genetic variant, a certain degree of biological activity of the protein can still be preserved, suggesting that "rescue" of these proteins from the strict QC surveillance and degradation systems could ameliorate the related pathology. Indeed, pharmacological treatments proved successful in vitro for the rescue of FKTN (Tachikawa, Kanagawa, Yu, Kobayashi, & Toda, 2012) or of other mutated proteins of the DGC such as the sarcoglycans (Carotti et al., 2018;Soheili et al., 2012). Some of the most prevalent FKRP missense mutations have been described to be retained in the ER (Esapa et al., 2002;Esapa, McIlhinney, & Blake, 2005;Keramaris-Vrantsis et al., 2007;Matsumoto et al., 2004;Torelli et al., 2005), leading to loss of function though cellular mislocalization from the Golgi, the cellular compartment where FKRP exerts its function. The functional potential of these ER-retained mutant proteins if properly rescued to the Golgi has not been assessed, a crucial characteristic to determine at the time when pharmacological treatments aiming to target the ERQC and ERAD systems are envisaged for patients. Beside these cases, other FKRP genetic variants were shown to be correctly localized in the Golgi compartment, some of which being implicated in severe phenotypes such as WWS (Keramaris-Vrantsis et al., 2007). The underlying explanation of the discrepancies between the correct localization and the severity of the phenotype has not been elucidated.

In this study, we addressed the current gap in knowledge about the functional potential of mutant proteins bearing some of the most common FKRP patient genetic variants. We developed heterologous models, which permitted the investigation of the subcellular localization and functional status of the disease-causing FKRP mutated proteins. We demonstrated that genetic variants that areobserved to be retained in the ER can nevertheless be able to overcome this retention and present activity levels comparable to wild-type activity.

In addition, we observed that some of the FKRP mutant proteins that correctly localize in the Golgi present either no or severely impaired function, indicating that the pathological mechanism of these FKRP genetic variants might corresponds to a direct perturbation of the enzymatic function whereas the mutated protein is considered normal by the QC. Taken Fluor™-488, B40922, Thermo Fisher Scientific) was used accordingly to the supplier's protocol. Confocal images were taken using the Leica SP8 confocal microscope (Leica) at either the 40X, 63X or 100X oil-objectives. Bright-field images were taken using the Evos microscope (Thermo Fisher Scientific) at a 40X objective. Images were treated and analysed using ImageJ/Fiji software (Schindelin et al., 2012) and the Pearson's coefficients of correlation were calculated using the JACoP plugin (Bolte & Cordelieres, 2006). shown to be closely related to the glycosylation levels in the corresponding muscle biopsies (Stevens et al., 2013). Flow cytometry values were normalized against the transduced FKRP WT construct in each independent experiment. 
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Cellular model validation

In order to study the cellular consequences of FKRP patient genetic variants in vitro, we took advantage of the near-haploid HAP1 cell line as these cells were previously shown to support (Endo et al., 2015;Riemersma et al., 2015). To avoid interference by the endogenous FKRP protein, a CRISPR/Cas9-induced FKRP knockout (KO) cell line was used (HAP1-FKRP KO ). Validation of the cellular model was performed by FKRP immuno-labelling and α-DG glycosylation staining. Using an immuno-fluorescence (IF) amplification system, we demonstrated the absence of endogenous FKRP protein in the HAP1-FKRP KO cells whereas the signal co-localized with the Golgi markers (GM130 and TGN46 for cis-and trans-Golgi respectively) in the HAP1-WT cell line as expected (Figure 1A). The HAP1-FKRP KO cell line, while presenting normal cell growth, was characterized by small cytoplasmic volume and membrane disturbances, specifically deficiency in filipodia, as detected by membrane staining for β-integrin and Wheat Germ Agglutinin (WGA) (Figure 1B). IF and flow-cytometry analysis showed a substantial reduction of the functional α-DG glycosylation at the cell membrane based on the IIH6 specific antibody (Figure 1C), confirming the absence of FKRP activity in HAP1-FKRP KO cells and the utility of using this cell line for FKRP mutant protein characterization.

To be able to select the exogenous FKRP positive cells in flow cytometry experiments and to directly detect the protein in cellular localization experiments without the need of antibodies, we generated a fluorescently labelled fusion protein. This protein consists of the human FKRP coding sequence fused, at its C-terminus and through a flexible linker, to a mCherry (mCh) fluorescent reporter protein (FKRPmCh). IF staining experiments demonstrated the integrity of the fusion protein since the mCherry signal co-localized with the labelling for FKRP and with the trans-Golgi marker TGN46 (Supp. Figures S1A andS1B). In addition, only the mCherry positive cells were positive for membrane staining with the IIH6 antibody in nonpermeabilized conditions (Supp. Figure S1C), indicating that the addition of the fluorescent and that the construct could be used further for genetic variants characterization.

Cellular localization of FKRP mutant proteins

With the aim of characterizing FKRP mutant proteins using our overexpression system, we chose to test seven missense patient genetic variants associated with pathologies ranging from the severe CMD to the mild LGMD2I and localized throughout the entire length of the protein (Table 1A). In addition to the patient genetic variants, two control mutants were used. In the first, the di-Arginine (R) motif at positions 2 and 5 (R2R5) responsible for the Golgi positioning was mutated to Glutamic acid (E) residues (E2E5). In the second, the catalytic residues composed of two Aspartic acids (D) and a Valine (V) in positions 362-364 (DvD)

were mutated into asparagine residues (N) (NNN). The first mutant protein was previously described as being unable to traffic from the ER to the Golgi, whereas the second was shown to abrogate the enzymatic activity of FKRP (Esapa et al., 2002).

When overexpressed in HAP1-FKRP KO cells, the different constructs presented three different profiles. The WT construct co-localized with the trans-Golgi, as well as the L276I, NM_001039885.2:p.Tyr182Cys (Y182C) and NM_001039885.2:p.Val300Ala (V300A) mutant proteins (Figure 2A). The mCherry signal of the E2E5 and NM_001039885.2:p.Val405Leu (V405L) mutants presented a cytoplasmic localization, later confirmed to co-localize with the ER marker calnexin (CNX) (Supp. Figure S2). Finally, we observed a dual ER/Golgi co-localization for the NNN, NM_001039885.2:p.Ser221Arg (S221R), NM_001039885.2:p.Pro448Leu (P448L) and NM_001039885.2:p.Ala455Asp (A455D) mutant proteins, indicating that these proteins were retained in the ER but were nevertheless able to overcome this retention. Overall, we concluded that, in our system, some genetic variants lead to different levels of ER-retention but that evasion from this system is possible for a number of these mutant proteins.

Functional analysis of FKRP mutant proteins

Given that some mutants were co-localized in the Golgi, we tested their protein level and potential for functionality by flow-cytometry using the mCherry and glycosylation signals, respectively (Supp. Figure S3). We observed that the amount of FKRPmCh protein steadily increased as in the WT for all mutants with the exception of the E2E5, V405L and A455D mutants, suggesting that the presence of the genetic variant may leads to protein instability (Figure 2B). As expected, the increase of FKRPmCh amount was associated with an increase in α-DG functional glycosylation for the WT in the mCherry positive population. The Y182C and L276I mutants led to the same glycosylation levels than the WT, demonstrating a fully functional capacity, whereas the S221R, P448L and A455D, although displaying a slower increase, soon caught up with WT functional levels at 45h (Supp. Figure S4). The reduced level of glycosylation observed for the V405L is probably related to the low level of the protein. The NNN mutant control was functionally fully impaired as predicted since corresponding to a catalytically dead enzyme while the E2E5 mutant displayed a marked functional reduction most likely due to the impaired traffic to the Golgi compartment as demonstrated in the IF staining. Remarkably, the V300A mutant protein, which was correctly localized in the Golgi apparatus, displayed a striking reduced level of glycosylation, indicating that, although the protein is able to traffic correctly, it fails to extend the α-DG glycosylation moiety. Taken together, our results showed that overexpression of FKRP mutant proteins in the HAP1-FKRP KO cell line can be used to study the localization and the function potential of FKRP mutant proteins. Additionally, we showed that characterization of cellular localization alone is not sufficient to infer protein function. We were intrigued about the functional impairment induced by V300A, which is located at the beginning of the predicted catalytic domain (Alhamidi et al., 2011). The corresponding mutant protein did not present signs of ER-retention nor was its protein level low by flow cytometry, indicating that the protein was not identified by the QC/ERAD systems as misfolded. Yet, this protein was not able to function properly, i.e. glycosylation of α-DG, despite the mutated residue not being localized in the DvD catalytic core residues (positions 362-364). We decided to investigate further the cellular localization and function of other genetic variants positioned downstream of the 300 Valine residue and in the beginning of the catalytic domain based on the published FKRP model (Alhamidi et al., 2011). For this purpose, we generated 14 additional patient genetic variants present between residues 300 and 328 of the FKRP protein (Table 1B). Our mutant panel included NM_001039885.2:p.Tyr307Asn (Y307N) and NM_001039885.2:p.Cys318Tyr (C318Y), previously characterized to be localized in the Golgi in other cell types (Dolatshad et al., 2005;Torelli et al., 2005). The associated phenotypes encompassed all severities, with the majority of genetic variants being reported in the Leiden Muscular Dystrophy database only one or two times.

The IF staining demonstrated that, alike the V300A mutant, all these additional FKRP mutant proteins, to the exception of the NM_001039885.2:p.Tyr328Ser (Y328S), co-localized with the Golgi apparatus (Figure 3A). Regarding protein function, all the tested genetic variants presented reduced levels of function compared with the WT (Figure 3B), with four mutants, NM_001039885.2:(p.Pro305Leu (P305L), Y307N, NM_001039885.2:p.Thr314Pro (T314P) and C318Y presenting functional levels close to the catalytically dead NNN mutant. We could 

Discussion

In this study, we evaluated the cellular localization, as well as the level of activity of FKRP proteins bearing genetic variants commonly found in patients using an overexpression system based on the HAP1 FKRP KO cell line. In this model system, we identified one genetic variant, V405L, which leads to a strict ER localization. Interestingly, this change between the two aliphatic amino acids is quite conservative and is not predicted to overly disrupt the secondary structure of the protein. It is therefore possible that the consequence will pertain on the tertiary or quaternary structure or else the corresponding residue is important for association with a protein implicated in the trafficking to the Golgi. We also identified three mutant proteins, S221R, P448L and A455D, found to be retained in the ER but which were nevertheless able to overcome this retention when overexpressed. This "leakage effect" has been previously described and seen in other misfolded proteins (Gomez-Navarro & Miller, Kawaguchi, Hsu, & Ng, 2010). Interestingly, these three mutants displayed normal functional levels. Additional mutants that were purely Golgi-resident presented different degrees of defect in enzymatic activity, with a few of them being enzymatically dead (P305L, Y307N, T314P and C318Y), indicating that this particular region is might be important for the enzymatic activity of FKRP within the Golgi. Finally, some mutants behave similarly to the WT protein (Y182C and L276I) with respect to localization in the Golgi and glycosyltransferase function in our system.

The result obtained with the most frequent FKRP genetic variant L276I, which is well known to be associated with the mildest form of the disease, clearly pinpoints to one of the limitations of our cellular system. Here, the corresponding mutant is undistinguishable to WT whereas we previously showed that it presents a defect in glycosylation function in vivo (Gicquel et al., 2017). Clearly, the high overexpression levels, leading to the exacerbated protein escape from the ER into the Golgi, do notmay not allow the observation of subtle differences induced by this type of genetic variants. We might postulate that the L276I, as well as the Y182C mutant protein, may require extended folding times and be less readily available for the glycosylation process in skeletal muscle context. This hypothesis is supported by the fact that the L276I mutant protein was seen to interact more strongly with CNX, a molecular chaperone of the ER, than the WT (Esapa et al., 2005).

Our data demonstrated indicates that it is possible to obtain a full functionality with overexpression of proteins that are recognized as being abnormal by the QC as demonstrated by their ER localization. A recent report demonstrated the correct function of the P488L mutant protein in vivo (Tucker, Lu, Xiao, & Lu, 2018). The authors showed that the mutant protein was able to restore the α-DG glycosylation at the muscle membrane and correction of the dystrophic phenotype when overexpressed by adeno-associated virus (AAV) injection in a P448L neo-mouse model. In addition, in a more recent study, the same group showed that supplementation of ribitol in drinking water of the P448L neo-mouse increased α-DG glycosylation (Cataldi, Lu, Blaeser, & Lu, 2018), indicating that even the endogenous P448L mutant protein present in the mice might still retain some level of functionality. Altogether, these different pieces of evidence support the idea that a pharmacological strategy allowing a bypass of the QC might lead to a therapeutic benefit for patients with the corresponding genetic variants.

Our findings also revealed that patient genetic variants localized within the FKRP 300-321 region of the protein, remarkably are all correctly localized in the Golgi but correspond to functionally impaired proteins in our cellular model. Their correct localization indicates that, after protein folding in the ER, the structure of these mutant proteins is possibly qualified as being correctly folded by the QC system and the proteins are allowed to proceed further towards their final destination. However, once in the Golgi, they might do not have or fail to attain the necessary features for proper function. One can think of incorrect localization within the Golgi apparatus, impossibility to reach an active conformation or dimerization, or impaired interaction with the substrate, the α-DG glycosylation growing chain or additional partners such as FKTN or Transmembrane Protein 5 (TMEM5) protein (Alhamidi et al., 2011;Nishihara et al., 2018). The family of glycosyltransferases (GTs), of which FKRP is a member, encompass enzymes responsible for the transfer of sugar moieties and the formation of glycosidic linkages (Lairson, Henrissat, Davies, & Withers, 2008). The consensus in the field is that the nucleotide-binding residues of GTs are not restricted to the characteristic DxD motif, but can be also extended to amino-acids localized upstream and downstream of this region (Breton & Imberty, 1999). While the FKRP 300-321 area is not close to the catalytic DxD motif when the amino-acid linear sequence is considered, it is conceivable that this region is S1). Likewise, no relevant tri-dimensional model was achieved since the results obtained with different prediction softwares were inconsistent. A crystallography model of FKRP protein is then crucial for better understanding the mechanism of enzymatic activation and function and shed a light on the structural consequences arising from the mutated residues. Interestingly, to the exception of the P305L mutant which is associated to an LGMD phenotype, all the identified catalytically "dead" genetic variants are associated with severe phenotypes such as MEB/CMD, LIS and WWS. This information is in support of our findings for the severely impaired function of these mutated proteins and might indicate that a similar phenotype would be present in the human tissue context. Furthermore, patient genetic variants in FKTN, the FKRP homologous protein that shares the same substrate and activity, were described to be correctly localized in the Golgi (Tachikawa et al., 2012) while being functionally impaired, (Kanagawa et al., 2016), reinforcing the relevance of our results.

In conclusion, we propose the following scenario of fate of the different FKRP protein variants, demonstrating suggesting the absence of correlation between the subcellular localization and function of the mutant proteins (Figure 4). Overall, we believe that our experimental approach, integrating the information on the mutant protein cellular localization with its function, is crucialcontributes for the complete understanding of the pathogenic impact of the patient mutation and of the function of the protein. Indeed, we might have uncovered a particular region outside the catalytic motif that seems important for the enzymatic activity of FKRP within the Golgi. Unfortunately, it is difficult to make any conclusions about the severity of the disease based solely on the results obtained in our Brockington, M., Yuva, Y., Talim, B., Haliloglu, G., Blake, D., . . . Muntoni, F. (2003) 

  for the rescue of FKTN

  culture. Near-haploid human HAP1 cells are commercialized by Horizon Discovery™. The HAP1 FKRP KO cell line, bearing a 17 base-pair (bp) deletion in the endogenous FKRP gene, was available off-the-shelf (Product ID: HZGHC000726c009). The cells were grown in Iscove's Modified Dulbecco's Medium (IMDM) (Thermo Fisher Scientific) with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 10 µg/ml of Gentamicin (Thermo Fisher Scientific) and incubated at 37°C and atmospheric humidity of 5% CO 2 . Cells were mycoplasma negative.

  and transductions. Cells were seeded in six or twelve well-plates at 60% confluence. Cells used for immuno-fluorescence (IF) staining were seeded on glass coverslips in the bottom of the well. Transfection of FKRPmCh plasmids were conducted using Turbofectin 8.0 reagent (Origene) for 48h accordingly to the supplier's protocol and a Turbofectin/DNA ratio of 3: 1 with the same DNA concentrations. Transduction of lentiviral particles expressing FKRPmCh WT or mutant constructs were performed at multiplicity of infection (MOI) of three and in combination with Polybrene (6ug/mL; Sigma-Aldrich).

  fluorescent signal amplification Tyramide SuperBoost Kit (Anti-rabbit Alexa

FBS

  and kept in ice until further analysis. Positive (HAP1-WT) and negative (secondary antibody alone on HAP1-FKRP KO ) controls were included in all experiments. The CytoFLEX flow cytometer (Beckman Coulter) and the B525/40 BP (A488) and Y610/20 BP (mCherry) lasers were used with the same settings for all experiments. Flow cytometry data was treated and analysed using the Kaluza analysis software (Beckman Coulter). Flow cytometry values are presented as the integrated Mean Fluorescence Intensity (iMFI). iMFI is calculated as the MFI multiplied by the percentage of positive cells for the glycosylation (IIH6) signal within the mCherry positive cell population which equals correctly transfected cells. The iMFI α-DG glycosylation values of patient fibroblasts by flow cytometry were

  α-DG chain of glycosylation

  alter the normal cellular localization and function of the WT FKRP protein

  the nature of the amino-acid modification, in addition to the amino-acid position, also impacted the function, as the same Threonine (T) residue in position 314, when modified to a Methionine (M) was still functional where modification to a Proline (P) abrogated completely the function. The modification of the Proline (P) in position 316 to either Arginine (R), Serine (S) or Threonine (T) did not change dramatically the overall function.

  catalytic function and participate in the catalytic pocket through the 3D conformation. Despite our attempt, no parallel between the prediction of the deleterious score by online predictors and the severity of the disease caused by the FKRP variants was noted (Supp. Table
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 2 ER-retention of FKRP mutant proteins. FKRPmCh WT and V405L mutant protein cellular localization after IF staining for the ER compartment (CNX). The mCherry signal of the fusion proteins specifically co-localized with the ER for FKRP V405L, as an example, confirming that the cytoplasmic signals observed represents ER-retained mutant proteins. Nuclei are labelled by DAPI staining. Scale bar: 3. Flow cytometry data and gates in HAP1-WT and HAP1 FKRP KO cells. Flow cytometry data of HAP1-WT, HAP1 FKRP KO and HAP1 FKRP KO cells transfected with FKRPmCh WT construct labelled with A488 secondary antibody alone (II) or in combination with IIH6 primary antibody against α-DG functional glycosylation (I + II). Cell gates were defined using the appropriate experimental controls. mCherry (mCh) and A488 signal intensities are shown in axis. The data shows that the intensity of labelling (A488) of the FKRPmCh WT transfected HAP1 FKRP KO cells are in the range of the levels of intensity seen in the HAP1 WT cells (HAP1 WT I+II).

  4. Function of FKRP mutant proteins at 45h of expression. Functional characterization of FKRP mutant proteins through detection of α-DG functional glycosylation. Only functional levels at 45h are depicted confirming that the mutant proteins, E2E5, V300A and V405L, display levels comparable to the catalytically dead NNN mutant protein. The levels of glycosylation were assessed only for the mCherry positive population representing the successfully transfected cells. Data is presented as relative iMFI (MFI * % positive cells) values in arbitrary units (A.U.

  machinery of enzymes contributing to the glycosylation of α-DG. At present, genetic variants in 17 different genes coding for enzymes of the α-DG glycosylation pathway have been identified as being implicated in these disorders, which range from the severe Walker-Warburg Syndrome (WWS), Muscle-Eye-Brain disease (MEB) or Congenital Muscular Dystrophy (CMD) to the mildest Limb-Girdle Muscular Dystrophies (LGMDs).
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  Genetic variants in the gene coding for Fukutin-related protein (FKRP) (FKRP; MIM# 606596), one of the enzymes of the α-DG glycosylation pathway, can lead to all the aforementioned pathologies (MIM# 613153, 606612, 607155) (Beltran-Valero de Bernabe,

  data has can bring important implications for the development of therapeutic strategies in FKRP deficiencies for which there is still no curative treatment, more specifically for patients affected by genetic variants leading to ER-retained but nonetheless functional proteins.
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 22 FKRP fusion protein comprising the human FKRP CCDS (Gene ID: 79147, NM_001039885.2, CCDS12691.1), the prototypical FLAG sequence (DYKDDDDK), a flexible type linker (3xGGGGS)(Chen, Zaro, & Shen, 2013) and a mCherry fluorescent reporter sequence was synthesized and codon-optimized for human expression by GENEWIZ. The transgene was inserted into a lentivirus backbone plasmid under the transcriptional control of the CMV promoter. The final construct was named FKRPmCh. Mutagenesis was performed in FKRPmCh plasmid using the QuickChange XL Mutagenesis Kit (Agilent) according to the supplier's protocol with the mutant constructs differing from the wild-type only by the modification of the codon of the genetic variant. Cell culture. Near-haploid human HAP1 cells are commercialized by Horizon Discovery™. The HAP1 FKRP KO cell line, bearing a 17 base-pair (bp) deletion in the endogenous FKRP gene, was available off-the-shelf (Product ID: HZGHC000726c009). The cells were grown in Iscove's Modified Dulbecco's Medium (IMDM) (Thermo Fisher Scientific) with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 10 µg/ml of Gentamicin (Thermo Fisher Scientific) and incubated at 37°C and atmospheric humidity of 5% CO 2 . Cells were mycoplasma negative.

  fluorescent signal amplification Tyramide SuperBoost Kit (Anti-rabbit Alexa

.

  The staining for flow cytometry was performed as follows: saturation was performed in cold PBS 2% FBS + human FcR blocking agent(Miltenyi Biotec) for 20 minutes at 4°C. The primary antibody α-dystroglycan (IIH6; Mouse, sc-53987, Santa Cruz Biotechnology) was diluted at a ratio 1/20 in cold PBS 2% FBS and incubated for 20 minutes at 4°C. After one wash with cold PBS, incubation with the Goat anti-Mouse Alexa Fluor™-488 fluorescent-conjugated secondary antibody (Thermo Fisher Scientific) was performed in PBS 2% FBS for 20 minutes at 4°C in the dark. Three washes with cold PBS were performed and the final cell pellets were ressuspended in cold PBS 2% FBS and kept in ice until further analysis. Positive (HAP1-WT) and negative (secondary antibody alone on HAP1-FKRP KO ) controls were included in all experiments. The CytoFLEX flow cytometer (Beckman Coulter) and the B525/40 BP (A488) and Y610/20 BP (mCherry) lasers were used with the same settings for all experiments. Flow cytometry data was treated and analysed using the Kaluza analysis software (Beckman Coulter). Flow cytometry values are presented as the integrated Mean Fluorescence Intensity (iMFI). iMFI is calculated as the MFI multiplied by the percentage of positive cells for the glycosylation (IIH6) signal within the mCherry positive cell population which equals correctly transfected cells. The iMFI α-DG glycosylation values of patient fibroblasts by flow cytometry were
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 7 Data and statistical analysis. The GraphPad PRISM 7.01 program (GraphPad Software Inc.) was used for calculating statistics using unpaired t-test. The results represent the average ± SEM of at least three independent experiments (cell culture, transfection/transduction and analysis performed in different days). P-values were calculated using the WT as control and P <0.05. Regression curves were calculated using a centred second order polynomial (quadratic) equation with ordinary fit parameters. ns= non-significant, *p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001.

  α-DG chain of glycosylation

  alter the normal cellular localization and function of the WT FKRP protein

  the nature of the amino-acid modification, in addition to the amino-acid position, also impacted the function, as the same Threonine (T) residue in position 314, when modified to a Methionine (M) was still functional where modification to a Proline (P) abrogated completely the function. The modification of the Proline (P) in position 316 to either Arginine (R), Serine (S) or Threonine (T) did not change dramatically the overall function. All these results indicated that missense mutations localized between residues 300 to 321 of the human FKRP protein, and which we refer to FKRP 300-321 region, do not seem to induce ER-retention but nevertheless give rise to non-functional or severely impaired mutant proteins in our system. Moreover, four genetic variants abrogated completely the protein function, perhaps indicative of the importance of these residues for the protein activity.

  catalytic function and participate in the catalytic pocket through the 3D conformation. Despite our attempt, no parallel between the prediction of the deleterious score by online predictors and the severity of the disease caused by the FKRP variants was noted (Supp. Table
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  Correct co-localization of the mCherry signal in the FKRPmCh protein and FKRP labelling confirms the integrity of the fusion protein. Nuclei are labelled by DAPI staining. Scale bar: 5µm. (B) Co-localization of the mCherry signal in the FKRPmCh protein with the cis-(GM130) and trans-Golgi (TGN46) labelling confirming that the addition of the mCherry fluorescent reporter did not interfere with the normal FKRP protein traffic. Pearson correlation coefficients between the red (mCh) and green (GM130/TGN46) calculated using the JACoP plugin for ImageJ are presented for the magnified images. Nuclei are labelled by DAPI staining. Scale bar: 10µm. (C) Confocal imaging after labelling of α-DG functional glycosylation (IIH6) in non-permeabilized conditions and transfection of FKRPmCh-WT in HAP1 FKRP KO cells. Nuclei are labelled by DAPI staining. Scale bar: 10µm.
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 2 ER-retention of FKRP mutant proteins. FKRPmCh WT and V405L mutant protein cellular localization after IF staining for the ER compartment (CNX). The mCherry signal of the fusion proteins specifically co-localized with the ER for FKRP V405L, as an example, confirming that the cytoplasmic signals observed represents ER-retained mutant proteins. Nuclei are labelled by DAPI staining. Scale bar: 3. Flow cytometry data and gates in HAP1-WT and HAP1 FKRP KO cells. Flow cytometry data of HAP1-WT, HAP1 FKRP KO and HAP1 FKRP KO cells transfected with FKRPmCh WT construct labelled with A488 secondary antibody alone (II) or in combination with IIH6 primary antibody against α-DG functional glycosylation (I + II). Cell gates were defined using the appropriate experimental controls. mCherry (mCh) and A488 signal intensities are shown in axis. The data shows that the intensity of labelling (A488) of the FKRPmCh WT transfected HAP1 FKRP KO cells are in the range of the levels of intensity seen in the HAP1 WT cells (HAP1 WT I+II).

  34. Function of FKRP mutant proteins at 45h of expression. Functional characterization of FKRP mutant proteins through detection of α-DG functional glycosylation. Only functional levels at 45h are depicted confirming that the mutant proteins, E2E5, V300A and V405L, display levels comparable to the catalytically dead NNN mutant protein. The levels of glycosylation were assessed only for the mCherry positive population representing the successfully transfected cells. Data is presented as relative iMFI (MFI * % positive cells) values in arbitrary units (A.U.

  

  

  

  

  

  The online predictor tools

	Polymorphism	Phenotyping	v2	(PolyPhen-2	(Adzhubei	et	al.,	2010),
	http://genetics.bwh.harvard.edu/pph2/), Protein Variation Effect Analyzer (PROVEAN (Choi,
	Sims, Murphy, Miller, & Chan, 2012), http://provean.jcvi.org/seq_submit.php) and
	MutationAssessor release 3 ((Reva, Antipin, & Sander, 2011), http://mutationassessor.org/r3/)

were used at the last current version (March 2019) and run with the default settings.

2.7 Data and statistical analysis.

The GraphPad PRISM 7.01 program (GraphPad Software Inc.) was used for calculating statistics using unpaired t-test. The results represent the average ± SEM of at least three independent experiments (cell culture, transfection/transduction and analysis performed in different days). P-values were calculated using the WT as control and P <0.05. Regression curves were calculated using a centred second order polynomial (quadratic) equation with ordinary fit parameters. ns= non-significant, *p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001.
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Table 1 . Description of the studied FKRP patient variants.

 1 The information presented includes the associated pathology, number of case reports and the corresponding references

	(Leiden Muscular Dystrophy pages; www.dmd.nl/). (A) FKRP missense mutants used in the
	subcellular localization and functional studies. (B) FKRP missense mutations localized
	between protein residues 300 and 328. The human FKRP gene (Gene ID: 79147,
	NM_001039885.2, CCDS12691.1) is used and gene variants are described using HGVS-
	nomenclature (http://varnomen.hgvs.org). CMD = Congenital Muscular Dystrophy, MEB =
	Muscle-Eye-Brain disease, WWS = Walker-Warburg Syndrome, LIS = Lissencephaly,
	LGMD2I = Limb-Girdle Muscular Dystrophy type 2I.	
	A.			
	Human genetic variants	Pathology †	# Reports †	References
	NM_001039885.2:c.545A>G			(de Paula et al., 2003; Wahbi
	NM_001039885.2:p.Tyr182Cys	LGMD2I	6	et al., 2008; Yamamoto et al.,
	(Y182C)			2008)
	NM_001039885.2:c.663C>A NM_001039885.2:p.Ser221Arg (S221R)	CMD	2	(Mercuri et al., 2006; Topaloglu et al., 2003)
	NM_001039885.2:c.826C>A			
	NM_001039885.2:p.Leu276Ile	LGMD2I	240	Several reports
	(L276I)			
	NM_001039885.2:c.899T>C			(de Paula et al., 2003; Walter
	NM_001039885.2:p.Val300Ala	LGMD2I	5	et al., 2004; Yamamoto et al.,
	(V300A)			2008)
	NM_001039885.2:c.1213G>T			
	NM_001039885.2:p.Val405Leu	CMD	1	(Louhichi et al., 2004)
	(V405L)			
	NM_001039885.2:c.1343C>T			(Brockington et al., 2001;
	NM_001039885.2:p.Pro448Leu	CMD	3	Dolatshad et al., 2005;
	(P448L)			Mercuri et al., 2003)
	NM_001039885.2:c.1364C>A			(Louhichi et al., 2004) (Kefi,
	NM_001039885.2:p.Ala455Asp	LGMD2I/CMD	14	Amouri, Chabrak,
	(A455D)			Mechmeche, & Hentati, 2008;
	†Leiden Muscular Dystrophy pages		Quijano-Roy et al., 2006)
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Transfections and transductions.

Cells were seeded in six or twelve well-plates at 60% confluence. Cells used for immuno-fluorescence (IF) staining were seeded on glass coverslips in the bottom of the well. Transfection of FKRPmCh plasmids were conducted using Turbofectin 8.0 reagent (Origene) for 48h accordingly to the supplier's protocol and a Turbofectin/DNA ratio of 3: 1 with the same DNA concentrations. Transduction of lentiviral particles expressing FKRPmCh WT or mutant constructs were performed at multiplicity of infection (MOI) of three and in combination with Polybrene (6ug/mL; Sigma-Aldrich).

Incubation with the viral particles was performed for 18h at 37°C and 5% CO 2 , after which the medium was replaced and the cells were kept at 37°C until further analysis.

Immuno-fluorescence confocal staining, acquisition and analysis.

The IF staining for confocal microscopy was performed as follows: the cells were fixed in formaldehyde 3.7% (Sigma-Aldrich) for 15 minutes at room temperature. If permeabilization was required, Triton X-100 0.5% (Sigma-Aldrich) was used for 5 min at room temperature. Saturation was performed in PBS 20% foetal bovine serum (FBS) for 1h at room temperature. The primary antibodies Calnexin (Rabbit, ab22595, Abcam), GM130 (Mouse, 610822, BD-Biosciences), TGN46 (Sheep, AHP500GT, BioRad), α-dystroglycan (IIH6; Mouse, sc-53987, Santa Cruz Biotechnology), β-integrin (Mouse, sc-13590, Santa Cruz Biotechnology) or Wheat Germ Agglutinin (WGA-Alexa Fluor™ 488 Conjugate, W11261, Thermo Fisher Scientific) were added in the appropriate dilutions in PBS 2% FBS for 3h at room-temperature or over-night at 4°C. After three washes with PBS for 5 minutes, incubation with secondary antibodies Alexa Fluor™-488 and Alexa Fluor™-594 fluorescent-conjugated antibodies (Thermo Fisher Scientific) was performed in PBS 2% FBS for 1h at room-temperature in the dark. Three washes with PBS for 5 minutes were performed and the glass slides were mounted in DAPI Fluoromount-G® (CliniSciences) overnight at 4°C. For the endogenous FKRP protein A. LGMD2I/CMD 14 (Louhichi et al., 2004) (Kefi, Amouri, Chabrak, Mechmeche, & Hentati, 2008;Quijano-Roy et al., 2006) †Leiden Muscular Dystrophy pages B. ) (Mercuri et al., 2006;Torelli et al., 2005) (Wahbi et al., 2008;Walter et al., 2004) NM_001039885.2:c.926A>G NM_001039885.2:(p.Tyr309Cys, (Y309C) -1 (Brockington et al., 2001;Mercuri et al., 2003;Torelli et al., 2005 CMD/LGMD2I 2 (Brockington et al., 2001;Quijano-Roy et al., 2006;Wahbi et al., 2008) †Leiden Muscular Dystrophy pages
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