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Hypolipidaemia among patients with PMM2-CDG is associated with low circulating PCSK9 levels: a case report followed by observational and experimental studies
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INTRODUCTION

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is an important regulator of cholesterol metabolism. 1 2 Low-density lipoprotein (LDL) receptor (LDLR) removes LDL cholesterol (LDLc) from circulation, and PCSK9 inhibits this process by binding to the LDLR, which eventually leads to its degradation. [START_REF] Seidah Ng | the proprotein convertases in hypercholesterolemia and cardiovascular diseases: emphasis on proprotein convertase subtilisin/kexin 9[END_REF][START_REF] Kn | adenoviral-Mediated expression of PcSK9 in mice results in a low-density lipoprotein receptor knockout phenotype[END_REF][START_REF] Da | the cellular trafficking of the secretory proprotein convertase PcSK9 and its dependence on the lDlr[END_REF][START_REF] Zhang | Binding of proprotein convertase subtilisin/kexin type 9 to epidermal growth factor-like repeat a of low density lipoprotein receptor decreases receptor recycling and increases degradation[END_REF] Several monoclonal antibodies against PCSK9 have been developed to lower LDLc. So far, clinical trials suggest that PCSK9 inhibitors reduce both LDLc and risk of cardiovascular events without other significant impact on events, including neurocognitive sequelae, myalgia, diabetes and liver damage. [START_REF] Karatasakis A | effect of PcSK9 inhibitors on clinical outcomes in patients with hypercholesterolemia: a metaanalysis of 35 randomized controlled trials[END_REF] However, the average follow-up of these clinical trials has been less than 3 years, and thus, the long-term effects of PCSK9 inhibition remain unclear.

The concern regarding adverse effects of longterm PCSK9 inhibition, particularly relating to those affecting neurocognitive function has been raised previously. First, PCSK9 was initially characterised in a systematic screen for proteins associated with cerebellar neuron cell death and thus was originally dubbed 'Neuronal Apoptosis Regulated Convertase-1'. [START_REF] Seidah Ng | the secretory proprotein convertase neural apoptosis-regulated convertase 1 (narc-1): liver regeneration and neuronal differentiation[END_REF] Second, in addition to neuronal apoptosis, PCSK9 is also a regulator of neuronal differentiation in mice. [START_REF] Seidah Ng | the secretory proprotein convertase neural apoptosis-regulated convertase 1 (narc-1): liver regeneration and neuronal differentiation[END_REF] Third, PCSK9 is highly expressed in the cerebellum of adult humans. 8 9 Altogether, it remains unknown whether prolonged PCSK9 inhibition could have adverse neurocognitive effects.

In this case report, we describe a patient with very low circulating PCSK9 levels and a striking neurological phenotype. To rule out a secondary genetic cause of the neurological phenotype beyond PCSK9 mutations, we conducted wholeexome sequencing (WES) of the index case. Unexpectedly, we discovered pathogenic compound heterozygous mutations in the PMM2 gene, which encodes phosphomannomutase 2 that is highly expressed in many tissues, including liver and brain. PMM2 deficiency results in congenital disorder of glycosylation type -1a (PMM2-CDG). [START_REF] Matthijs G, Schollen E, Pardon E | Mutations in PMM2, a phosphomannomutase gene on chromosome 16p13, in carbohydrate-deficient glycoprotein type i syndrome (Jaeken syndrome)[END_REF] While a diagnosis of PMM2-CDG is in keeping with the neurological phenotype, notably, hypolipidaemia is a commonly reported feature among patients with PMM2-CDG, prevalent in 74% of such patients. [START_REF] Schiff | clinical, laboratory and molecular findings and long-term follow-up data in 96 French patients with PMM2-cDg (phosphomannomutase 2-congenital disorder of glycosylation) and review of the literature[END_REF] To evaluate whether hypolipidaemia among patients with PMM2-CDG may be mediated by low PCSK9 activity, we pursued a series of follow-up investigations including the following: (i) measurement of circulating PCSK9 levels in an independent cohort of patients with PMM2-CDG and (ii) in vitro experiments to elucidate the effects
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of defective PCSK9 N-glycosylation on its ability to enhance LDLR degradation.

METHODS

Genetic investigations in the index case

Sanger sequencing of PCSK9 and its 12 exons was conducted at the Institut de Recherches Cliniques de Montréal for the proband, father and mother. WES of the proband and his father was performed at the Genetic and Molecular Epidemiology Laboratory in Hamilton, Ontario, Canada. Two different WES technologies were utilised. For the proband, WES was conducted on the Illumina Hiseq1500 (2×100 bp reads) using the TrueSeq Exome Capture kit, and for the father, WES was completed on the Ion Torrent Proton sequencer (1×125 bp reads) using the Ampliseq Exome Enrichment kit. Raw sequence reads were aligned to the human genome reference sequence (version hg19), variant calling was performed and poor quality variants were filtered out. The specific bioinformatics pipeline applied for the aforementioned processes depended on the WES technology. Specifically, the Genome Analysis Tool Kit V.2.5.2 and the Torrent Variant Calling V.5.0.3 pipelines were applied to the proband and father, respectively. [START_REF] Ma | a framework for variation discovery and genotyping using next-generation Dna sequencing data[END_REF] The program, Annovar, was used to annotate variant mutation effects based on RefGene transcripts. [START_REF] Wang | annOVar: functional annotation of genetic variants from high-throughput sequencing data[END_REF] Only rare nonsynonymous mutations within intellectual disability-associated genes were considered. Rare mutations were defined as those having a minor allele frequency (MAF) less than 0.01 within both external and internal databases. External databases included the NHLBI GO Exome Sequencing Project (ESP6500), the 1000 Genomes (1 KG) project and the Exome Aggregate Consortium, and the genome Aggregation Database (gnomAD). [START_REF] Brooks Ld | abecasis gr, altshuler DM, 1000 genomes Project consortium. a global reference for human genetic variation[END_REF][START_REF] Auer Pl | Sequencing Project. guidelines for large-scale sequence-based complex trait association studies: lessons learned from the nHlBi exome sequencing project[END_REF][START_REF] Lek | exome aggregation consortium. analysis of protein-coding genetic variation in 60,706 humans[END_REF] The internal database consisted of ~1000 exome sequences, which were run on both Ion Torrent and Illumina WES systems. A MAF threshold of 0.01 was applied within each major ethnic strata of external databases (Europeans, Africans, Latin Americans, East Asians, South Asians) such that if a variant was common (MAF >0.01) in even a single ethnic group, then it was excluded. Nonsynonymous mutations included missense, stopgain, stoploss, splicing and insertion/deletion mutations. A list of 1136 candidate genes associated with intellectual disability was compiled from Gilissen et al 17 (2014).

Measurement of circulating PCSK9 levels

Serum PCSK9 levels were measured in the proband and his father using an in-house high sensitivity ELISA as reported. 18 19 Using the same assay, PCSK9 levels were also measured in an independent cohort of patients with PMM2-CDG (N=8) and age-matched controls without PMM2-CDG (N=6). These individuals were recruited from Lyon, France at the Centre de Biologie et de Pathologie Est. A diagnosis of PMM2-CDG was confirmed through genetic testing and/or transferrin isoform analysis. Differences in the levels of PCSK9 and total cholesterol levels between patients with PMM2-CDG and controls were evaluated using the Student's t-test. Statistical analysis was performed in 'R' V.3.5.0.

Experimental characterisation of defective PCSK9 N-glycosylation on LDLR

Naïve HepG2 cells and HepG2 cells lacking PCSK9 (PCSK9-KO; Seidah et al ATVB in revision) were cultured in Dulbecco's modified Eagle minimal essential medium supplemented with 10% (v/v) fetal bovine serum (Invitrogen) and were maintained at 37°C under 5% CO 2 . [START_REF] Ly | an unbiased mass spectrometry approach identifies glypican-3 as an interactor of proprotein convertase subtilisin/ kexin type 9 (PcSK9) and low density lipoprotein receptor (lDlr) in hepatocellular carcinoma cells[END_REF] Cells were seeded in poly-L-lysine (50 µg/mL) coated 12-well plates (1.2×10 5 cells/well). For the co-transfection experiments, 24 hours post-seeding, cells were transfected using jetPEI (PolyPlus) and a total of 2 µg of cDNA (1.2 µg PCSK9 cDNA, 0.8 µg LDLR cDNA), according to manufacturer's protocol, followed by replacement of the culturing medium by serum-free medium 24 hours post-transfection and incubation at 37°C for an additional 24 hours. For the media swap experiments, 24 hours post-seeding, cells were cultivated for 24 hours in serum-free medium followed by an additional 24 hours incubation with conditioned media from HEK293 cells expressing either wildtype (WT) or N533Q PCSK9, or empty vector (no PCSK9 control).

Following the incubation times specific to each experiment, cultured cells were washed twice with ice-cold phosphatebuffered saline and lysed on ice with ice-cold, non-denaturing cell lysis buffer (20 mM Tris-HCl, pH 8, 137 mM NaCl, 2 mM disodium ethylenediaminetetraacetic acid (Na 2 EDTA), 1% nonyl phenoxypolyethoxylethanol (NP-40), 10% glycerol, 4% protease inhibitor cocktail without EDTA) for 40 min, with gentle rotation. Cell lysates were cleared by centrifuging for 12 min at 15 000 x g at 4°C and the total protein content was measured using the Bio-Rad DC Protein assay. In total, 15-20 μg of protein was separated on 8% Tris glycine sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to a polyvinylidene fluoride membrane. Western blotting was performed for human LDLR (goat anti-human LDLR, 1:1000; AF2148; R&D Systems), PMM2 (rabbit anti-PMM2, 1:1000; 10 666-1-AP; Proteintech), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (rabbit anti-GAPDH, 1:2500; ab9485; Abcam) and for human PCSK9-V5 (mouse anti-V5, 1:5000; Invitrogen). After incubation with the appropriate secondary antibodies, the membranes were revealed using Clarity Western ECL Substrate (Bio-Rad), imaged with a GelDoc XR +instrument (Bio-Rad) and the bands of interest quantified using ImageLab 5.2.1 software (Bio-Rad).

RESULTS

Case presentation

A young male patient was seen at the Neurogenetics clinic at the Hospital for Sick Children, Toronto, Canada. He had a longstanding history of developmental delay, ataxia, cerebellar atrophy, and initially presented with global developmental delays as a very young child. He first sat at 2 years, crawled at 3 years and was not able to walk until the age of 4 years. He spoke his first words at 3 years, and was not able to speak in full sentences until he was 8 years old. On functional review, he had moderate dysarthria, but no swallowing difficulties. He had fine motor difficulties and needed assistance to cut food and feed himself, as well as dress. He had definite imbalance while walking, with several falls on a weekly basis. He also had occasional episodes of bladder incontinence. He was otherwise healthy and did not require any medications.

On physical examination, he had significant scoliosis, mild winging of the scapulae, widely spaced inverted nipples and pectus excavatum. Cranial nerve exam revealed end-gaze nystagmus bilaterally. Muscle tone was mildly hypotonic, muscle bulk and strength were completely normal. Cerebellar examination revealed multiple abnormalities including dysmetria, dysdiadochokinesis, irregular fast finger movements and toe tapping. Gait analysis revealed a wide-based ataxic gait and Romberg was positive. Deep tendon reflexes were 1+ bilaterally and plantar responses flexor. Sensation was normal to light touch, pain and proprioception; however, there was decreased vibration sense. MRI of the brain revealed cerebellar atrophy associated with increased T2 hyperintense signal of the cerebellum. Nerve conduction studies revealed decreased motor nerve conduction velocities and polyneuropathy. Serum albumin, alpha-fetoprotein, alanine aminotransferase (ALT), aspartate aminotransferase (AST), gammaglutamyl transferase (GGT), International Normalized Ratio (INR), and partial thromblastin time (PTT) were all normal. Lipid profiling (table 1) revealed the levels of total cholesterol (fifth percentile), high-density lipoprotein cholesterol (>95th percentile) LDLc (<5th percentile), triglycerides (<5th percentile) and PCSK9 (<30th percentile).

The father of the proband was generally healthy and unremarkable with respect to neurological or motor deficits. He had a body mass index of 28.2 and a history of type 2 diabetes, which was diagnosed at 35 years. Like the proband, the father also had lower-than-average total cholesterol (30th percentile), LDLc (28th percentile), triglycerides (44th percentile) and PCSK9 (<50 percentile) (table 1).

Targeted sequencing of PCSK9 to identify genetic cause of low PCSK9 levels

We hypothesised that low PCSK9 levels in the father and the proband might be explained by loss-of-function (LOF) variants within the PCSK9 gene. Indeed, Sanger sequencing of PCSK9 led to the identification of several established LOF PCSK9 variants in both the proband and the father (figure 1). The proband was heterozygous for one known LOF PCSK9 variant (p.10Leu insertion), whereas the father was heterozygous for two LOF PCSK9 variants (p.10Leu insertion and p.Arg46Leu). Other studies have demonstrated that heterozygosity for the p.Ar-g46Leu and p.10Leu insertion variants is associated with a 15%, and 14.2% reduction in LDLc, respectively. [START_REF] Yue | the c.43_44insctg variation in PcSK9 is associated with low plasma lDl-cholesterol in a caucasian population[END_REF][START_REF] Cohen | Sequence variations in PcSK9, low lDl, and protection against coronary heart disease[END_REF][START_REF] Qiu C | What is the impact of PcSK9 rs505151 and rs11591147 polymorphisms on serum lipids level and cardiovascular risk: a meta-analysis[END_REF] Based on the aggregate genetic effect of LOF PCSK9 variants, the father was predicted to have had 29.2% lower LDLc (11th percentile), and the proband was predicted to have had 14.2% lower LDLc (28th percentile). The higher-than-expected LDLc in the father (28th vs estimated 11th percentile) could not be attributed to the presence of the aforementioned cardiometabolic LOF risk factors. In addition, the lower observed versus estimated LDLc in the proband (<5th vs estimated 28th percentile), the low levels of triglycerides (<5th percentile), as well as the neuromuscular syndrome in the proband, led us to hypothesise that the higher-than-expected LDLc in the father and lower LDLc in the proband could be due to protein-altering mutations in other genes beyond PCSK9.

WES to identify secondary genetic causes

WES was performed in the proband and his father to identify secondary genetic causes of hypolipidaemia and the neurological phenotype. Overall, 49 270 variants were detected in the proband. Several filters were applied to hone in on diseasecausing mutations. Given the severity of the disease, we reasoned that mutations were likely to be protein-altering and rare in the general population. Furthermore, because both the father and the mother did not exhibit neurological manifestations, diseasecausing mutations likely followed de novo or recessive inheritance in the proband (assuming complete penetrance). As such, the search for pathogenic variants was limited to those that were rare (MAF <0.01), non-synonymous, located within intellectual disability-associated genes, and compatible with de novo or recessive inheritance. After applying these criteria, 15 variants remained.

Among the 15 candidate variants were two heterozygous PMM2 variants, p.Arg141His and p.Pro69Ser (figure 1; table 2). Biallelic mutations in PMM2 cause CDG Type 1a (PMM2-CDG) and this specific configuration of compound heterozygous alleles has been described in a French family with PMM2-CDG. 10 24 Furthermore, high-performance liquid chromatography assay revealed elevated disialo-transferrin and slightly decreased tetrasialo-transferrin, a pattern consistent with diagnosis of PMM2-CDG. Within the proband, p.Arg141His and p.Pro69Ser are likely situated in trans on different alleles. The father was heterozygous for the p.Arg141His allele but homozygous WT for Pro69. This suggests that p.Arg141His was transmitted to the proband paternally and p.Pro69Ser maternally. Unfortunately, it was not possible to directly confirm maternal inheritance of p.Pro69Ser as the mother was deceased. The variant p.Arg141His is the most frequently identified pathogenic mutation in patients with CDG, accounting for more than half of all PMM2-CDG cases. [START_REF] Schiff | clinical, laboratory and molecular findings and long-term follow-up data in 96 French patients with PMM2-cDg (phosphomannomutase 2-congenital disorder of glycosylation) and review of the literature[END_REF] The frequency of the p.Arg141His variant in the gnomAD, the largest public repository of exome sequences, is 0.0041. In contrast, P69S was not observed in more than 120 000 gnomAD participants (table 2). 

Circulating PCSK9 levels in additional patients with PMM2-CDG

Circulating serum PCSK9 and total cholesterol levels were measured in an independent cohort of patients with PMM2-CDG (N=8) and age-matched controls (N=6). PCSK9 levels were 42% lower in patients with PMM2-CDG as compared with controls (mean difference=-41.33 ng/mL; 95% CI: -60.70 to -21.97; p=0.0006) (figure 2). Total cholesterol levels were 33% lower in patients with PMM2-CDG as compared with controls (mean difference=-1.33 mmol/L; 95% CI: -2.49 to -0.16; p=0.03). Detailed characteristics of patients with PMM2-CDG are presented in online supplementary table S1.

Experimental characterisation of defective PCSK9 N-glycosylation on LDLR

PCSK9 enhances the degradation of LDLR by two pathways: (i) a major extracellular pathway where circulating PCSK9 binds the cell surface LDLR and the endocytosed PCSK9-LDLR complex is targeted for lysosomal degradation, and (ii) a minor intracellular pathway by directly targeting the PCSK9-LDLR complex for degradation after its exit from the Golgi apparatus, best seen in transfection experiments . [START_REF] Poirier | Dissection of the endogenous cellular pathways of PcSK9-induced low density lipoprotein receptor degradation: evidence for an intracellular route[END_REF][START_REF] Cameron | effect of mutations in the PcSK9 gene on the cell surface lDl receptors[END_REF][START_REF] Benjannet | Seidah ng. the proprotein convertase (Pc) PcSK9 is inactivated by furin and/or Pc5/6a: functional consequences of natural mutations and post-translational modifications[END_REF] PMM2-CDG is characterised by a global defect in N-glycosylation affecting numerous proteins beyond PCSK9. To study whether the specific loss of PCSK9 N-glycosylation could account for hypolipidaemia among patients with PMM2-CDG, as an experimental model we used a PCSK9 p.Asn533Gln (N533Q) mutant, which abrogates the only PCSK9 N-glycosylation site at Asn 533 . [START_REF] Seidah Ng | the secretory proprotein convertase neural apoptosis-regulated convertase 1 (narc-1): liver regeneration and neuronal differentiation[END_REF] To study the functional consequences of the loss of PCSK9 N-glycosylation on LDLR degradation, we selected two human hepatic HepG2 cell lines: naïve HepG2 cells as previously reported [START_REF] Kiss | the proprotein convertase subtilisin/kexin type 9-resistant r410S low density lipoprotein receptor mutation: a novel mechanism causing familial hypercholesterolemia[END_REF] and HepG2 cells where PCSK9 was deleted by CRISPR-Cas9-mediated (HepG2-PCSK9) knockout (KO) of its gene (Seidah et al, in revision). These cells were analysed for PCSK9 activity following their co-transfection with human cDNAs coding for LDLR with C-terminally V5-tagged WT PCSK9 or its N533Q mutant (intracellular pathway), or on their incubation with media obtained from HEK293 cells that express either WT or N533Q PCSK9 (media swap; extracellular pathway), as reported. [START_REF] Kiss | the proprotein convertase subtilisin/kexin type 9-resistant r410S low density lipoprotein receptor mutation: a novel mechanism causing familial hypercholesterolemia[END_REF] Western blot analyses demonstrate that in both cell lines (HepG2 naive and HepG2 KO PCSK9), loss of PCSK9 N-glycosylation (N533Q) does not significantly affect cellular LDLR levels via the intracellular pathway when compared with WT (co-transfection experiments) (figure 3A,B). However, a trend towards higher LDLR levels (loss of PCSK9 activity) was observed when the N533Q mutant was incubated with both cell lines as compared with WT (extracellular pathway; media swap) (figure 3A,B).

Effect of PMM2 knockdown on PCSK9 and LDLR levels

We next investigated the functional consequences of the knockdown of PMM2 on the N-glycosylation of PCSK9 and LDLR. Accordingly, we transfected PMM2 small interfering ribonucleic acid (siRNA) and control siRNA into naïve HepG2 cells and HepG2 cells stably expressing human PCSK9-V5 (at ~150 ng/ mL levels, similar to human plasma levels). The data show that at 2 and 5 nM siRNA, the best knockdown we could get was not more than 45% decrease in PMM2 mRNA levels with no significant changes in those of PCSK9, LDLR or sterol regulatory element-binding protein 2 (SREBP-2) (online supplementary figure S1). At the protein level, we also observed a decrease in PMM2 by ~40% at the 5 nM siRNA concentration (online supplementary figure S2). At higher siRNA concentrations (≥10 nM), cellular toxicity was observed based on visible cell rounding (not shown). Based on SDS-PAGE migration (as seen for PCSK9-N533Q, figure 3), 40% of PMM2 knockdown did not affect the N-glycosylation of PCSK9 (cellular or secreted; 1 N-glycosylation site) or cellular LDLR (4 N-glycosylation sites) (online supplementary figure S2). Since PMM2 could affect a number of proteins implicated in cellular trafficking, we noticed that under these knockdown conditions in HepG2 stable PCSK9-V5 cells, the levels of secreted PCSK9 were modestly, but significantly, reduced by ~20% without affecting cellular LDLR levels (online supplementary figure S2). These results reveal that more than ~50% reduction in PMM2 levels are needed to see any effect on N-glycosylation of PCSK9 or LDLR, befitting the mild phenotype observed in individuals exhibiting heterozygote PMM2 mutations. Indeed, the father presented PCSK9 and LDLc levels that are close to normal, as opposed to the proband that exhibited ~1.5 and~4 fold lower circulating PCSK9 and LDLc levels, respectively (table 1).

DISCUSSION

The proband presented with severe neurological deficits, hypolipidaemia and low circulating PCSK9 levels. Despite having lower LDLc levels, PCSK9 gene sequencing revealed fewer LOF variants in the proband than his father. Subsequent WES of all protein-coding genes led to the identification of two pathogenic variants within the PMM2 gene, leading to a diagnosis of PMM2-CDG. Accordingly, we explored whether defective PCSK9 N-glycosylation secondary to PMM2-CDG could account for the lower-than-expected LDLc levels in the proband. Indeed, we verified that circulating PCSK9 and total cholesterol levels were significantly lower in an independent cohort of patients with PMM2-CDG as compared with controls (online supplementary table S1). Furthermore, in vitro experiments suggested that loss of extracellular PCSK9 N-glycosylation may reduce its activity on cell surface LDLR (figure 3), thereby enhancing LDLR levels and resulting in lower circulating LDLc levels (hypolipidaemia).

PMM2-CDG is a CDG resulting in defective synthesis of N-linked oligosaccharides, and hypolipidaemia is prevalent in approximately three out of every four patients. [START_REF] Schiff | clinical, laboratory and molecular findings and long-term follow-up data in 96 French patients with PMM2-cDg (phosphomannomutase 2-congenital disorder of glycosylation) and review of the literature[END_REF] Hitherto, the mechanisms underlying hypolipidaemia in patients with PMM2-CDG have never been explored. Human PCSK9 has only one N-glycosylation site at Asn 533 , and the PCSK9 p.Asn533Gln (N533Q) mutant that would abrogate the N-glycosylation of PCSK9 does not hamper the folding or secretion of PCSK9 in human embryonic kidney cells (HEK293). [START_REF] Seidah Ng | the secretory proprotein convertase neural apoptosis-regulated convertase 1 (narc-1): liver regeneration and neuronal differentiation[END_REF] In contrast, our experiments in human hepatocyte-derived cells (HepG2) suggest that defective N-glycosylation may reduce its ability to enhance LDLR degradation via the extracellular but not the intracellular Since most PCSK9 function in the liver is mediated through the extracellular pathway, [START_REF] Seidah Ng, Awan Z, Chrétien | Pcsk9: a key modulator of cardiovascular health[END_REF] loss of PCSK9 N-glycosylation would be expected to result in overall reduced PCSK9 activity, higher LDLR levels and lower circulating LDLc. These experimental findings are concordant with the expectation that the proband with non-glycosylated PCSK9 had lower circulating LDLc levels than his heterozygote father.

Experimental results suggest that the specific loss of N-glycosylation on PCSK9 increases LDLR levels through a LOF mechanism of PCSK9 on LDLR. Furthermore, siRNA against PMM2 (40% reduction) also resulted in a modest but significant lower secretion of PCSK9. Thus, absence of PMM2 and loss of PCSK9 N-glycosylation would together result in reduced secretion and PCSK9 activity on LDLR, leading to lower LDLc. This agrees with the observation that serum PCSK9 and LDLc levels were lower in patients with PMM2-CDG than matched controls. Furthermore, N-glycosylation defects of other proteins regulating PCSK9 secretion and/or activity may also contribute to hypolipidaemia. A limitation of our study is that we could not experimentally study the effects of severe PMM2 deficiency observed in classic PMM2-CDG cases, who retain 0%-10% of normal enzymatic activity. [START_REF] Van Schaftingen E | Phosphomannomutase deficiency is a cause of carbohydrate-deficient glycoprotein syndrome type i[END_REF] At more than 40% siRNA knockdown of PMM2 in human hepatocytes (ie, 60% residual activity), cell toxicity was observed thus precluding a measurable effect on N-glycosylation. The latter level of PMM2 reduction is closer to the 50%-70% decrease in PMM2 activity observed in milder CDG cases and does not recapitulate levels of classic CDG. [START_REF] Westphal | Functional significance of PMM2 mutations in mildly affected patients with congenital disorders of glycosylation ia[END_REF] Altogether, our experimental and epidemiological findings suggest that hypolipidaemia in patients with PMM2-CDG may be mediated in part through defective N-glycosylation of PCSK9 and/or its regulators.

PCSK9 inhibition has become part of standard clinical treatment for patients with statin-resistant hyperlipidaemia or very high risk of atherosclerotic cardiovascular disease, but longterm side-effects remain unknown. Our original hypothesis that PCSK9 LOF variants explained the developmental delay in the proband was negated, as a secondary genetic cause (PMM2-CDG) befitting the neurological phenotype was discovered. Indeed, this is consistent with a recent phenome-wide analysis of the PCSK9 LOF variant, p.Arg46Leu, which found no association between mutation carrier status or PCSK9 inhibition and risk for cognitive dysfunction. 32 33 Furthermore, while complete loss of PCSK9 in humans is rare, there are several documented cases in which these so-called 'human PCSK9 KOs' exhibit no conspicuous neurological defects so far. 34 35 Consistent with other genetic studies, this case report provides further reassurance that long-term PCSK9 inhibition or silencing is unlikely to cause neurocognitive decline.

Of note, several studies have shown that N-glycans are important for the functional activity of amyloid precursor protein as well as its processing enzyme β-secretase, and defects in N-glycosylation have been linked to the development of Alzheimer's disease 36 37 and other neurocognitive disorders such as those associated with hippocampal atrophy. [START_REF] Liang H-C | glycosylation of human plasma clusterin yields a novel candidate biomarker of alzheimer's disease[END_REF] Therefore, the LOF double heterozygote p.Arg141His and p.Pro69Ser PMM2 mutations found in the proband should result in defects in N-glycosylation of a variety of proteins, which in sum could affect many pathways including neurocognitive functions that are particularly sensitive to disturbances in protein posttranslational modifications. 

Figure 1

 1 Figure 1 Pedigree summarising genetic findings. PCSK9 and PMM2 variants are displayed on the left and right, respectively. Variants are expressed in terms of their protein effects. Shapes with stippled patterns represent denote heterozygote carriers. PcSK9, proprotein convertase subtilisin/kexin type 9.

Figure 3

 3 Figure 3 effects of PcSK9 on lDlr degradation. (a, intracellular pathway) Hepg2 naive cells or (B, intracellular pathway) Hepg2 PcSK9 KO cells were co-transfected with human lDlr and V5-tagged human PcSK9-Wt (Wt), PcSK9-n533Q (n533Q) or empty vector (v), as control. (a, extracellular pathway) Hepg2 naive cells or (B, extracellular pathway) Hepg2 PcSK9 KO cells were incubated for 24 hours with conditioned media from HeK293 cells (Media input): no PcSK9 media (v) or PcSK9media (~0.5 µg/ml), Wt or n533Q. cell lysates were analysed by Western blot using a goat anti-human lDlr, mouse anti-V5 for PcSK9 and rabbit anti-gaPDH for loading control. Media were immunoblotted with mouse anti-V5 for PcSK9. the Δn218 is the Furin-cleaved form of PcSK9 at arg 218 ↓. 26 Data are representative of three independent experiments, each performed in duplicate. Bars are averages±SD, and statistical analyses were performed by a Student's t-test. PcSK9, proprotein convertase subtilisin/ kexin type 9; KO, knockout; lDlr, low-density lipoprotein; Wt, wild type.

Figure 2

 2 Figure 2 comparison of circulating (a) PcSK9 and (B) total cholesterol levels between PMM2-congenital disorder of glycosylation patients (n=8) and controls (n=6). the midline of each boxplot represent median values. the diamond represents mean values. Differences between groups were statistically significant for both circulating levels of PcSK9 (p=0.0006) and total cholesterol (p=0.03). PcSK9, proprotein convertase subtilisin/kexin type 9.
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Table 1

 1 Lipid profiles of the proband and his father

		Proband	Father
	Total cholesterol, mmol/L (percentile)	2.54 (<5)	5.14 (30)
	HDLc, mmol/L (percentile)	1.53 (>95)	0.81 (7)
	LDLc, mmol/L (percentile)	0.76 (<5)	3.23 (28)
	Triglycerides, mmol/L (percentile)	0.55 (<5)	2.39 (44)
	PCSK9, ng/mL (percentile)	49.0 (<30)	72.9 (<50)
	Cholesterol percentiles were derived using age-standardised and sex-standardised
	percentiles from the Mayo Clinic study.		
	HDLc, high-density lipoprotein cholesterol; LDLc, low-density lipoprotein cholesterol;
	PCSK9, proprotein convertase subtilisin/kexin type 9.	

Table 2

 2 Summary of PMM2 variants identified in the proband

				genome
				Aggregation
				Database
				minor allele
	Genetic variant	cDNA change	Protein change	frequency
	chr16:8 905 010 (G/A)	c.G422A	p.Arg141His	0.0041
	chr16:8 898 650 (C/T)	c.C205T	p.Pro69Ser	Not reported
	The proband was heterozygous for both variants. cDNA and protein effects are
	reported according to the NM_000303 mRNA transcript.	

Acknowledgements

We thank the index family, PMM2-cDg cases, and all matched controls, for participating in this study.

Data availability statement all data relevant to the study are included in the

Contributors

Mc and gP analysed and interpreted exome sequencing results and performed all statistical analyses. gY recruited the index case and performed the clinical evaluation of the patient and his father. nS and DSr conducted all in vitro experiments. ac measured circulating PcSK9 levels in PMM2-cDg patients and the index cases' father. Dc provided the secondary cohort of PMM2-cDg cases. Mc, nS, and gY were major contributors in writing the manuscript. all authors read and approved the final manuscript. gP and nS are co-last authors.

Funding this work was supported by the canadian institutes of Health research grants Foundation Scheme 148363, a canada research chair 231335, and a Fondation leducq grant #13cVD03.

Competing interests gP has received consulting fees from Sanofi, Bristol-Myers Squibb, lexicomp and amgen and has received support for research through his institution from Sanofi. Mc, gY, DSr, ac, Dc and nS declare no competing interests.

Patient consent for publication Obtained.

Ethics approval this study was approved by the research ethics Board of the Hospital for Sick children, reB #1000009004.

Provenance and peer review not commissioned; externally peer reviewed.