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Abstract
GNE myopathy (GNEM) is a neuromuscular disorder caused by biallelic mutations in the gene GNE,
which encodes a bifunctional enzyme essential for the biosynthesis of sialic acid. Despite extensive
characterization, no effective therapies or validated biomarkers exist, and the molecular mechanisms
driving disease pathology remain poorly understood. This study identifies the proteoglycan serglycin as a
preliminary candidate biomarker in GNEM and investigates the mechanisms underlying its dysregulation.
Proteomic analysis of serum samples from GNEM patients revealed reduced circulating serglycin levels.
In contrast, increased intracellular serglycin was observed in GNE knockout and GNEM patient iPSC-
derived myoblasts, suggesting impaired secretion and/or degradation. To investigate the basis of this
accumulation, intracellular trafficking and autophagic pathways were examined. Proteomic profiling from
HEK GNE knockout cells revealed alterations in pathways involved in membrane trafficking, Golgi
function, and glycoprotein processing, consistent with broader disruptions in the secretory system that
may impair serglycin export and contribute to its intracellular retention. In GNEM iPSC-derived
myoblasts, serglycin overlapped with LAMP1-positive lysosomal compartments and the ER-phagy
receptor FAM134B, suggesting association with lysosomal and ER-phagy related pathways. Functional
assays further indicated impaired autophagic flux in mutant cells. Together, these findings support a
model in which combined defects in secretion and autophagic clearance contribute to intracellular
serglycin accumulation and reduced circulating levels. This study identifies serglycin as a potential
circulating biomarker for GNEM and highlights dysregulation of secretory and degradative pathways as
converging features of disease pathology.

Introduction
GNE myopathy (GNEM) is a rare, autosomal recessive neuromuscular disorder, caused by mutations in
the gene GNE. The GNE gene encodes the bifunctional enzyme UDP-N-acetylglucosamine 2-
epimerase/N-acetylmannosamine kinase, which catalyzes sequential steps in the biosynthesis of sialic
acid [1–3]. Although the genetic basis of GNEM was identified more than 25 years ago [1], the molecular
mechanisms driving disease pathogenesis remain incompletely understood.

GNEM has long been hypothesized to result from the hyposialylation of essential muscle
glycoconjugates [4–7]. However, clinical trials employing sialic acid supplementation or related
approaches have demonstrated limited or no clinical benefit, suggesting that hyposialylation alone may
not fully account for disease onset or progression [8–12]. The lack of clear positive results may reflect
insufficient sensitivity of current clinical outcome measures, inadequate delivery of therapeutic
compounds to affected muscle tissue, or the possibility that hyposialylation represents only one
component of a more complex pathogenic process [8, 13]. Compounding these challenges is the
absence of validated diagnostic and disease-progression biomarkers, which remains a major barrier to
therapeutic development [13]. The need for robust biomarkers is particularly critical in rare disease,
where sensitive and minimally invasive markers could enable earlier disease detection, reduce reliance
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on costly and labour-intensive diagnostic testing, and provide reliable longitudinal measures to assess
disease progression [14–16].

Emerging evidence suggests that GNE dysfunction affects multiple cellular processes beyond sialic acid
biosynthesis [17], including cytoskeletal organization [18–23], oxidative stress responses [24, 25],
endoplasmic reticulum stress signaling [26–29], myogenesis [30] and autophagy [30–33]. A defining
pathological feature of GNEM is the presence of rimmed (autophagic) vacuoles in affected muscle fibers
on muscle biopsy [34]. These structures consist of clusters of autophagic vacuoles and myeloid-like
bodies and contain intracellular aggregates of proteins such as amyloid-β, α-synuclein, and abnormally
phosphorylated tau. Consistent with this pathology, GNEM muscle biopsies frequently show
accumulation of macroautophagy markers, including LC3 and p62/SQSTM1, along with increased
expression of lysosomal proteins such as LAMP1 and LAMP2 which may localize to rimmed vacuoles [4,
35, 36]. Similar disruptions in autophagy and lysosomal pathways have been reported across multiple
cellular models of GNEM, including patient-derived fibroblasts [31], induced pluripotent stem cell (iPSC)-
derived myogenic progenitors [30], and other engineered immortalized cell systems [27, 32, 33, 37].
However, the precise mechanisms linking GNE dysfunction to autophagy impairment remain unclear,
including whether these defects arise directly from GNE dysfunction, altered sialylation states, or
broader disruptions in cellular proteostasis.

Serglycin is a small intracellular proteoglycan best characterized for its role in the storage and regulated
secretion of bioactive molecules, particularly in hematopoietic and endothelial cells [38, 39]. Structurally,
serglycin consists of a small core protein containing a serine/glycine-rich repeat region that serves as
the attachment site for highly sulfated glycosaminoglycan (GAG) chains [38]. Recently, serglycin has
been shown to be expressed and secreted by human skeletal muscle where it may participate in
extracellular matrix remodeling and stress-responsive signaling [40]. In myoblasts, serglycin localizes to
perinuclear cytoplasmic vesicles and traffics through the classical secretory pathway, suggesting that its
intracellular distribution may be affected by disruptions in vesicle trafficking and protein quality control
processes [40].

In this study, we investigated whether serglycin is dysregulated in GNEM and evaluated its potential as a
candidate circulating biomarker. Using patient serum samples and cellular models of GNEM, we
characterized serglycin abundance, localization, and its relationship to secretory trafficking and
autophagy-lysosomal pathways.

Methods

Sample preparation for LC-MS/MS for patient serum
samples
Snap frozen serum samples were gently thawed at 4°C. After short vortex and spin down, 10µl of each
serum sample were added to 190µl of lysis buffer (50mM TEAB, pH 7.8, 5% SDS, supplemented with
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cOmplete™ ULTRA protease inhibitor cocktail, Roche Cat no. 05892970001). Protein concentration was
quantified using the BCA assay according to the manufacturer’s instructions.

Reduction of disulfide bonds was performed by incubation with 10mM TCEP at 37°C for 30 minutes,
followed by alkylation with 15 mM IAA at room temperature for 30 minutes in the dark. For proteolytic
digestion, 100µg of total protein from each sample was processed using the S-Trap protocol (Protifi)
with a protein-to-trypsin ratio of 20:1. Digestion was carried out for 2 hours at 47°C, and the reaction was
terminated by acidification with formic acid to a final pH below 3.

Sample preparation and protein digestion for HEK WT and GNE knockout proteomics

Frozen HEK WT and GNE KO cell pellets were treated with 200µL of lysis buffer (50mM TEAB, pH 7.8, 5%
SDS, supplemented with cOmplete™ ULTRA protease inhibitor cocktail, Roche Cat no. 05892970001),
followed by mechanical disruption using a Bioruptor® sonication system (Diagenode) for 10 minutes (30
seconds on/30 seconds off, 10 cycles) at 4°C. To achieve complete homogenization, samples were
additionally subjected to probe sonication (30 seconds, 1 second on/1 second off, amplitude 40%), and
insoluble material was removed by centrifugation (20,000g for 15 minutes at 4°C). Protein concentration
in the cleared supernatant was quantified using the BCA assay according to the manufacturer’s
instructions.

Reduction of disulfide bonds was performed by incubation with 10mM TCEP at 37°C for 30 minutes,
followed by alkylation with 15mM IAA at room temperature for 30 minutes in the dark. For proteolytic
digestion, 100µg of total protein from each sample was processed using the S-Trap protocol (Protifi)
with a protein-to-trypsin ratio of 20:1. Digestion was carried out for 2 hours at 42°C, and the reaction was
terminated by acidification with formic acid to a final pH below 3.

Check for proteolysis efficiency
The completeness of proteolytic cleavage was evaluated following desalting by monolithic column
separation (PepSwift PS-DVB PL-CAP200-PM, Dionex) using an UltiMate 3000 HPLC system (Dionex,
Germering, Germany). For each analysis, 1µg of digest was injected directly. Chromatographic
separation was achieved with a binary gradient (solvent A: 0.1% TFA; solvent B: 0.08% TFA in 84%
acetonitrile), starting at 5–12% B over 5 minutes, followed by 12–50% B over 15 minutes, at a flow rate of
2.2 µL/min and 60°C. UV detection was carried out at 214 nm [41].

DIA-LC-MS/MS analysis for HEK cell lysates and patient serum
samples
All samples were subjected to analysis using an UltiMate 3000 RSLC nano UHPLC system paired with a
QExactive HF mass spectrometer, consistently applying 1µg of peptide per sample. Initially, the samples
were loaded onto a 75 µm x 2 cm, 100 Å, C18 pre-column at a flow rate of 20 µl/min for 20 minutes.
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Subsequently, separation was carried out on a 75 µm x 50 cm, 100 Å, C18 main column with a flow rate
of 250 nl/min, utilizing a linear gradient composed of solution A (99.9% water, 0.1% formic acid) and
solution B (84% acetonitrile, 15.9% water, 0.1% formic acid). The gradient length was set to 120 minutes
(3–45% solution B). The gradient protocol included: 3% solution B for 20 minutes, 3–35% over 120
minutes, followed by three wash steps each reaching 95% solution B for 3 minutes. Post-wash, the
instrument was allowed to equilibrate for 20 minutes. MS data acquisition was performed in DIA (data-
independent acquisition) mode, utilizing an in-house developed spectral library. Each sample was spiked
with an appropriate quantity of iRT standard (Biognosys). Full MS scans were recorded from 300–1100
m/z at a resolution of 60,000 (Orbitrap), using the polysiloxane ion at 445.12002 m/z as a lock mass.
The automatic gain control (AGC) was set at 3E6, with a maximum injection time of 20 milliseconds. Full
MS scans were succeeded by 23 DIA windows, each covering 28 m/z with a 1 m/z overlap, starting at
400 m/z, acquired at a resolution of 30,000 (Orbitrap) with an AGC of 3E6 and a normalized collision
energy (nCE) of 27 (CID).

Analysis of DIA data from HEK cell lysates and patient serum
samples
For the analysis of the samples acquired with nano-LC-MS/MS in DIA mode, the data was introduced to
the Spectronaut software (Biognosys) and analyzed with a direct DIA-based search. As library the human
proteome data was selected from UniProt (www.uniprot.org) containing 20,405 entries (downloaded on
January 23rd 2023). Search and extraction settings were kept as standard (BGS Factory settings)
Normalization was done by the software, using global normalization based on the median. For reliable
label-free quantification, only proteins identified with ≥ 2 unique peptides were considered for further
analysis. Subsequently, the average normalized abundances (determined using Spectronaut) were
calculated for each protein and used to determine the ratio between the leukocytes from the patients
and the corresponding controls. Finally, a Student's t-test with p-values was calculated in MS Excel. Only
proteins with a p-value of ≤ 0.05 and an abundance ratio of ≥ 2 or ≤ 0.5 (up-regulated as well as down-
regulated) were considered as finally regulated.

ELISA
Serglycin levels were measured in serum samples derived from GNEM patients and controls using the
“Human SRGN ELISA kit” (AssayGenie Cat no. HUES03361). The assay was performed according to the
manufacturers’ instructions, and the samples were used at a dilution of 1:2000. Serum samples were
stored at -80°C and thawed on ice prior to analysis. Samples were measured in technical duplicates, and
repeated freeze–thaw cycles were avoided. Standard curves were generated for each plate using
recombinant protein standards provided with the respective kit. Absorbance was measured using a
microplate reader at the recommended wavelength, and protein concentrations were calculated by
interpolation from the corresponding standard curves.
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Antibodies
The antibodies used were obtained from the following companies: Serglycin H-9 (Santa Cruz
Biotechnology Cat no. sc-393521) (Immunoblot (IB) 1:500), Serglycin C-11 (Santa Cruz Biotechnology
Cat no. sc-374657) (Immunofluorescence (IF) 1:100), LAMP1 (New England Biolabs Cat no. 9091S) (IF
1:300), FAM134B (ProteinTech Cat no. 21537-1-AP) (IF 1:100, IB 1:1000), LC3B (Cell Signalling Cat no.
3868S) (IF 1:200, IB 1:1000), p62 (SQSTM1) (Cedarlane Cat no. PM045) (IF 1:200, IB 1:1000), GAPDH
(Cell Signalling Cat no. 2118S) (IB 1:1000). HRP conjugated secondary antibodies for immunoblotting
were purchased from Thermo Fisher, anti-mouse IgG (H + L) (Cat no. 31430) (1:5000) and anti-rabbit IgG
(H + L) (Cat no. 31460) (1:5000). Alexa Fluor tagged secondary antibodies for immunofluorescence were
purchased from Thermo Fisher, goat anti-mouse IgG (H + L) 488 (Cat no. A-11029) (1:1000), goat anti-
rabbit IgG (H + L) 594 (Cat no. A-11012) (1:500), donkey anti-rabbit IgG (H + L) 647 (Cat no. A31573)
(1:500). Hoechst 33342 nuclear stain was purchased from Thermo Fisher (Cat no. H3570) (1:5000).

Cell culture and maintenance: HEK cells, iPSCs/ESCs, and iPSC-
derived myoblasts
Human Embryonic Kidney (HEK) wild type and GNE knock out cells (a gift from Dr. Rüdiger Horstkorte at
Martin Luther University, Halle, Germany)[42] were maintained in 10cm plates in high glucose Dulbecco’s
Modified Eagle Media (DMEM) (Thermo Fisher Cat no. SH30022FS) supplemented with 10% fetal bovine
serum (FBS) (Sigma Cat no. F1051), 1% L-glutamine (Thermo Fisher Cat no. SH3003401), 1% Penicillin-
Streptomycin (Fisher Cat no. SV30010) at 37°C, 5% CO2. Cells were passaged using Trypsin (Thermo

Fisher Cat no. 25200072) once they reached 100% confluency.

Human induced pluripotent stem cell (iPSC) and embryonic stem cell (ESC) lines were maintained under
feeder-free hypoxic conditions on Matrigel coated plates (Corning Cat no. 40230) in mTeSR Plus
(STEMCELL Technologies Cat no. 100–0276) with media changes every other day. Colonies were
passaged every 4–6 days using an in-house 0.5mM EDTA solution. The GNEM patient lines were a gift
from Drs. Margherita Milone and Jason Doles at the Mayo Clinic, Rochester, USA and the Indiana
University School of Medicine, respectively [30]. The PGPC-3 and PGPC-14 control lines were a gift from
Dr. James Ellis at Sick Kids, Toronto, Canada [43]. iPSC and ESC lines were differentiated into myogenic
progenitors using a serum free differentiation protocol as described in Chal et al [44].

The iPSC-derived myogenic progenitors were cultured on Matrigel coated 6-well plates in Skeletal
Muscle Cell Growth Media 2 (Lonza Cat no. CC-3245) at 37°C, 5% CO2. Cells were passaged using
TrypLE (Thermo Fisher Cat no. 12604021) once they reached 50–70% confluency. Both iPSCs, ESCs, and
myogenic progenitors were cryopreserved in 90% of their culture media and 10% DMSO.

Cell treatments

Page 7/29



For immunoblot experiments HEK cells were seeded at 300,000 cells per well in a 6 well plate. The
following evening the media was removed, and fresh glucose and serum free media (Thermo Fisher Cat
no. 11966025) was added for the initial 24-hour time point. Media changes were similarly performed for
2-, 4-, 6-, 8-hour time points. An identical time course experiment was performed by replacing media with
fresh growth medium containing 25uM of chloroquine (Sigma Cat no. C6628). Following completion of
the final time point of the time course, cells were collected as described below.

For immunofluorescence experiments HEK cells were seeded at 2,500 cells/well on Matrigel coated 96-
well plates (Ibidi Cat no. 89626-90). Time course experiments were performed as described above.
Following the completion of the final time point, cells were washed gently with PBS and fixed for 15
minutes in 4% PFA.

Cell lysate preparation
At experimental end point, cell culture media was removed, and HEK cells were washed with ice cold
PBS. Cells were then scraped in 1ml of cold PBS and collected in Eppendorf tubes which were spun
down at 1000RPM for 5 minutes at 4°C. The supernatant was removed, and cell pellets were stored at
-80°C until lysis. For collection of iPSC-myoblasts, cells were washed with PBS and incubated in TrypLE
at 37°C for 5 minutes or until cells detached in single cell suspensions. Cells were then collected in a
TrypLE-PBS mixture and spun down at 1000RPM. The supernatant was discarded, and the cell pellets
were stored at -80°C until lysis. Cell pellets from both HEK cells and iPSC-myoblasts were then placed on
ice, and freshly prepared Triton-X lysis buffer (150mM NaCl, 10mM Tris-HCl, 1x protease and
phosphatase inhibitor cocktail, 1% Triton-X) was added to each sample. The pellets were resuspended by
pipetting up and down, followed by a brief vortex, and then placed on a rotator at 4°C for 30 minutes. The
lysates were subsequently centrifuged at 12,000RPM for 15 minutes at 4°C. The supernatant was
transferred to a fresh tube and stored at -80°C while the pellet was discarded.

Immunoblotting
Protein quantification was performed on cell lysates using the DC-Assay (BioRad Cat no. 5000113,
5000114, 5000115) with BSA (Thermo Fisher Cat no. 23209) dilutions as standards. Proteins were
resolved by SDS-PAGE and transferred to PVDF membranes. For serglycin immunoblots, proteins were
resolved on 10% acrylamide gels and transferred via a wet transfer (25mM tris-base, 190mM glycine,
20% methanol) overnight at 40V at 4°C. For LC3 immunoblots, proteins were resolved on 15% acrylamide
gels and transferred using Trans-Blot Turbo Transfer System and Transfer Kit (BioRad Cat no. 1704272).
Membranes were incubated with Ponceau S solution (Sigma Cat no. P7170) to ensure proper transfer
and equal protein loading. Membranes were then blocked in 4% skim milk in TBST for 1 hour at room
temperature. Following blocking, membranes were incubated with primary antibodies of interest at
desired dilution overnight at 4°C. Secondary HRP-conjugated antibody incubation was performed for 1
hour at room temperature. Membranes were imaged using Clarity Western ECL (BioRad Cat no. 170–
5060) with the ChemiDoc system (BioRad). Immunoblots were quantified using the ImageJ software
normalizing the protein of interest either to Ponceau S or loading control GAPDH.
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Immunofluorescence
HEK and iPSC-derived myoblasts were grown on Matrigel coated 96-well plates (Ibidi Cat no. 89626-90).
Once cells reached the desired confluence or upon completion of previously described time course
experiments, cells were washed with PBS and fixed for 15 minutes in 4% PFA. Following fixation cells
were washed 3 times with PBS. PFA was quenched in a 0.1M glycine plus 0.1% Triton-X solution for 10
minutes, followed by 3 washes in PBS. Cells were then blocked and permeabilized in a 5% horse serum,
2% BSA, 0.1% Triton-X solution for 30 minutes at room temperature. Following this step cells were
incubated with desired primary antibodies in blocking solution without Triton-X overnight at 4°C. The
next day cells were washed with PBS and incubated with appropriate secondary fluorescent antibodies
for 1 hour in the dark at room temperature. Following additional PBS washes cells were incubated for 10
minutes at room temperature with Hoechst after which they were stored at 4°C in PBS until imaging.

Microscopy
High-throughput imaging was performed on the Revvity Opera Phenix automated confocal system at 63x
magnification. Images were analyzed on our Columbus Image Analysis Server using custom pipelines to
identify nuclei, spots, and percentage overlap.

Statistical analysis
Data were analyzed using GraphPad Prism version 11.0.1. Statistical comparisons were performed using
Welch’s t-tests, one-way analysis of variance (ANOVA) with Dunnett’s post hoc tests, or mixed-effects
two-way ANOVA with Šidák post hoc tests, as appropriate for the experimental design. Results are
presented as mean ± standard deviation. Statistical significance was defined as p < 0.05. Asterisks
indicate levels of significance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results

Identification of serglycin as potential biomarker in GNEM
As part of a discovery-based approach, unbiased proteomic profiling was performed on serum samples
from six patients with GNEM (age range: 35–50 years) and 5 age-matched control individuals using a
DIA-based workflow. This analysis enabled the identification of 8 significantly upregulated proteins and 4
significantly downregulated proteins. Among the latter, serglycin was identified based on the
quantification of two unique peptides and showed a reduction to 44% of protein abundance compared
with control samples (p-value = 0.0001, Fig. 1A, B).

ELISA-based quantification of serglycin was performed to validate the proteomic findings using an
independent analytical approach and serum samples derived from further individuals. To this end, a total
of 14 serum samples from adult controls (age range: 20–56 years; median age: 34 years) and 23 serum
samples from patients with GNEM (age range: 29–57; median age: 41) were analyzed. This analysis
revealed a mean serglycin concentration of 4137.76ng/mL in controls and 2684.57ng/mL in GNEM
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patient samples, demonstrating a statistically significant reduction of this minimally invasive biomarker
in GNEM (t-test p < 0.0001, Fig. 1C). Serum serglycin levels showed no significant correlation with age,
neither in the overall cohort nor within subgroup analyses. In GNEM patients, age-dependent analysis
demonstrated only a weak negative trend (R² = 0.075; p = 0.207), whereas no meaningful association
was detectable in controls (R² = 0.002; p = 0.924) (Fig. 1D). Overall, these findings suggest that age does
not substantially influence serum serglycin levels and that, at most, GNEM patients may exhibit a trend
toward further reduction in association with disease progression.

Characterization of serglycin in cellular models of GNEM
To further validate and characterize serglycin as a candidate biomarker for GNEM, its expression levels
were evaluated in cellular models of the disease. The distribution and abundance of serglycin were first
examined via immunofluorescence in HEK wild type and GNE KO cells. Staining revealed increased
intracellular accumulation of serglycin in HEK GNE KO cells compared to WT controls (Fig. 2A-C).
Serglycin was also assessed by immunoblotting, which detected both the core serglycin protein as well
as several higher molecular weight species consistent with its heavily glycosaminoglycan (GAG)-
modified forms. These analyses similarly showed increased overall serglycin levels in GNE KO cells
compared to controls (Fig. 3A-E).

To assess serglycin in a more disease-relevant context, iPSC-derived myoblasts were generated from
two GNEM patients and three healthy controls. Immunofluorescence analysis revealed perinuclear
localization of serglycin in these cells, consistent with previous reports [40], along with apparent
increased intracellular accumulation in both Patient 1 and 2 compared to controls (Fig. 2D-G).
Immunoblot analysis showed considerable variability, with no clear trend observed in serglycin levels
relative to controls (Fig. 3F-H).

Identification of dysregulated pathways in GNEM
Under the premise that HEK cells in which the GNE gene has been knocked out represent a cellular
system modelling defective sialic acid homeostasis [42], these cells were used to investigate the effect
of GNE protein loss on the global proteomic signature using an unbiased proteomics approach.
Consistent with this, the GNE knockout cells exhibit a complete absence of polysialic acid (data not
shown), supporting their use as a cellular model of GNEM. Based on the known subcellular localization
of the GNE protein [45, 46], particular attention was given to proteins residing in the ER-Golgi system, as
these are presumed to represent potential targets of primary pathophysiological cascades. The
proteomics revealed statistically significant dysregulation of 105 proteins, of which 40 were upregulated
and 65 downregulated (Table 1 and Supplemental Table 1). Functional annotation of the differentially
abundant proteins revealed enrichment of proteins involved in secretory pathway and membrane
trafficking processes. Among the highlighted proteins, multiple components of the ER-Golgi
glycosylation machinery and nucleotide-sugar transport system were identified, including TMEM165,
SLC35B2, SLC35E1, POFUT1, GALNT2, and the lysosomal sialidase NEU1, pointing to perturbations in
glycosylation processes. In addition, several proteins associated with Golgi organization and vesicular
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trafficking were dysregulated, such as GLG1, GOLIM4, ARFGAP3, ASPSCR1, STK26, LRRC59, JAGN1 and
SPAG9. Notably, a substantial subset of proteins participate in endosomal and lysosomal transport
pathways, including TM9SF1, STX7, SMAP2, RAB9A, VAMP7, TBC1D23, and SPG21, suggesting broader
alterations of the cellular protein clearance machinery. Along this line, proteins linked to autophagy and
proteostasis, such as SQSTM1/p62 and SNCA, were also affected. Finally, changes were observed in ER-
Golgi resident enzymes involved in lipid metabolism and membrane homeostasis (SPTLC2, ACSL1,
ACSL4, CRAT), processes that are critical for vesicle formation and organelle integrity.
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Table 1
Key proteins up- or downregulated in HEK GNE knockout cells compared with wildtype. Proteins with p-

value of ≤ 0.05 and an abundance ratio (denoted as fold change) of either ≥ 2 (upregulated) or ≤ 0.5
(down-regulated) are included in this table.

Gene Description Possible Function Fold
Change

TM9SF1 Transmembrane 9 superfamily
member 1

Endosomal-lysosomal trafficking 9.44

TMEM165 Transmembrane protein 165 Golgi membrane protein involved
in Mn²⁺ homeostasis and
glycosylation

3.71

SLC35B2 Adenosine 3'-phospho 5'-
phosphosulfate transporter 1

Golgi 3'-phosphoadenylyl
sulfate:adenosine 3',5'-
bisphosphate transporter for
sulfation reactions

3.26

SLC35E1 Solute carrier family 35 member E1 Nucleotide sugar transporter
(Golgi-associated)

2.61

SQSTM1 Sequestosome-1 Selective autophagy receptor
(p62); ubiquitin-binding scaffold

2.54

POFUT1 GDP-fucose protein O-
fucosyltransferase 1

ER glycosyltransferase O-Fuc
family

2.45

SNCA Alpha-synuclein Alpha-synuclein; synaptic vesicle
regulation

2.43

GLG1 Golgi apparatus protein 1 Golgi glycoprotein; cargo
trafficking receptor

2.39

GOLIM4 Golgi integral membrane protein 4 Golgi integral membrane protein;
vesicle trafficking

2.36

ARFGAP3 ADP-ribosylation factor GTPase-
activating protein 3

ARF1 GTPase-activating protein;
COPI vesicle formation

2.33

GALNT2 Polypeptide N-
acetylgalactosaminyltransferase 2

Golgi O-glycosyltransferase
initiating mucin-type glycosylation

2.18

ASPSCR1 Tether containing UBX domain for
GLUT4

Tethering protein for GLUT4
vesicles

2.15

STX7 Syntaxin-7 Endosomal SNARE protein
mediating late endosome–
lysosome fusion

2.15

SMAP2 Stromal membrane-associated
protein 2

Role in clathrin-dependent
retrograde transport from early
endosomes to trans-Golgi network

2.14

NEU1 Sialidase-1 Lysosomal sialidase; glycoprotein
degradation

2.09
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Gene Description Possible Function Fold
Change

JAGN1 Protein jagunal homolog 1 Endoplasmic reticulum
transmembrane protein involved in
vesicle-mediated transport

0.48

RAB9A Ras-related protein Rab-9A Late endosome-to-Golgi trafficking
GTPase

0.43

SPG21 Maspardin Endosomal-lysosomal trafficking
protein

0.40

STK26 Serine/threonine-protein kinase 26 Serine/threonine kinase; Golgi
polarization & exocytosis

0.40

VAMP7 Vesicle-associated membrane
protein 7

Vesicular SNARE; late
endosome/lysosome fusion

0.40

TBC1D23 TBC1 domain family member 23 Endosome-to-Golgi trafficking 0.38

LRRC59 Leucine-rich repeat-containing
protein 59

ER membrane ribosome receptor;
nuclear import modulation

0.22

ATP11C Phospholipid-transporting ATPase
IG

Phospholipid flippase; vesicle
membrane asymmetry

0.18

Taken together, these findings reveal that loss of GNE is associated with coordinated alterations in
proteins regulating glycosylation, ER-Golgi organization, and endosomal-lysosomal trafficking,
suggesting that disruption of the secretory and membrane trafficking systems may represent an
important downstream consequence of impaired sialic acid homeostasis.

Dysfunctional autophagic flux in GNE KO cells

Rimmed vacuoles containing protein aggregates are a hallmark feature observed in muscle biopsies
from GNEM patients [47, 48]. These biopsies stain positive for autophagy-associated markers including
LC3 and p62/SQSTM1, supporting a possible connection between disrupted autophagy and rimmed
vacuole formation [4, 30, 35, 48, 49]. Consistent with this, multiple studies have reported impaired
autophagic flux across various cellular models of GNEM [30, 32, 33]. Autophagic flux was therefore
examined in HEK WT and GNE KO cells lines motivated in part by prior proteomics data (Table 1) which
showed increased abundance of p62/SQSTM1 in GNE KO relative to WT cells, a finding which was
further validated by immunoblot analysis (Fig. 4).

Immunofluorescence studies were also conducted in the HEK cells following chloroquine (CQ)
treatment, an autophagy inhibitor that blocks autophagosome-lysosome fusion, as well as under glucose
and serum free conditions (GF) which induces cellular stress and autophagy. Initial experiments
demonstrated an increase in p62 staining in HEK GNE KO cells compared to controls across all time
points (p = 0.038), while LC3 staining exhibited greater variability but overall tended to be lower in the
GNE KO cells relative to WT (p = 0.0846) (Fig. 5).
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A parallel time-course analysis using immunoblotting assessed the LC3II/I ratio, a commonly used read
out for autophagic flux, following either CQ treatment or GF media starvation. Significant differences
were observed between wildtype and GNE KO cells under both treatment conditions (p < 0.05 for CQ and
GF), with GNE KO cells exhibiting a blunted response. These findings are consistent with a potential
defect in autophagosome maturation and/or lysosomal clearance in the GNE KO cells (Fig. 6).

Serglycin accumulates in lysosomal and ER-Phagy
compartments in GNEM myoblasts
To further investigate whether serglycin accumulation is linked to defects in autophagy-related
degradation pathways, its subcellular localization was assessed relative to lysosomal and ER-phagy
markers. iPSC-derived myoblasts, which exhibit prominent perinuclear serglycin staining, were used for
overlap analysis with the lysosome marker LAMP1, and ER-phagy marker FAM134B. Initial experiments
showed increased overlap between serglycin and LAMP1 in Patient 2 compared to control (Fig. 7), while
enhanced overlap with FAM134B was evident in both patients lines relative to controls (Fig. 8). These
findings are consistent with the possibility that retained serglycin is directed to lysosomal and ER-phagy
compartments for degradation, a process that may be impaired in the context of autophagic
dysfunction.

Discussion
In this study, serglycin was identified as a dysregulated proteoglycan in both patient serum and cellular
models of GNEM, supporting its potential utility as a candidate disease biomarker. The data are
consistent with a model in which serglycin accumulation may arise from impaired secretion coupled
with defective autophagic and lysosomal processing. These findings suggest that GNE deficiency may
be associated with disruption of key proteins involved in vesicle trafficking and exocytosis, which may
contribute to the intracellular retention of serglycin and its rerouting to dysfunctional degradative
pathways. Overall, this study extends the current understanding of GNEM pathogenesis and supports
serglycin as a candidate circulating biomarker.

Consistent with this interpretation, intracellular accumulation of serglycin was observed across multiple
cellular models, including HEK GNE knockout cells and iPSC-derived GNEM patient myoblasts. Serglycin
in iPSC-derived myoblasts localized predominantly to the perinuclear region, consistent with prior reports
describing its enrichment within cytoplasmic vesicles and reliance on the classical secretory pathway for
secretion [40]. Importantly, these cellular observations are concordant with the serum proteomics and
ELISA data demonstrating reduced circulating serglycin in GNEM patients, consistent with the possibility
that serglycin is synthesized and post-translationally modified but may not be efficiently secreted.

Importantly, no detectable changes in the molecular weight or banding patterns of serglycin were
observed by immunoblot, suggesting no major changes in core protein size or gross glycosaminoglycan
(GAG) modifications. This is consistent with the known biology of serglycin, which is predominantly
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modified by sulfated GAG chains rather than N- or O-linked glycans terminating in sialic acid [38, 39, 50].
As such, its dysregulation is unlikely to reflect defective biosynthesis or glycan modification but may
instead point toward abnormalities in its intracellular trafficking, secretion, or degradation.

These observations are consistent with a model where defective secretion may represent an early event
in serglycin dysregulation, alongside broader disruptions in autophagy and proteostasis. Inhibition of ER-
to-Golgi transport has previously been shown to result in intracellular retention of serglycin in myoblasts
[40], which is consistent with the possibility that defects in vesicle transport or exocytosis could
contribute to its accumulation within perinuclear compartments. In this context, serglycin may be
redirected towards autophagic-lysosomal pathways for clearance however, defects in these pathways
could limit efficient degradation potentially contributing to its intracellular buildup.

Proteomic profiling of HEK wildtype and GNE knockout cells are consistent with this perturbed trafficking
model by showing widespread alterations in proteins associated with the secretory pathway, including
components involved in ER-Golgi trafficking, Golgi organization, glycosylation machinery, and
endosomal-lysosomal transport. In addition, dysregulation of proteins involved autophagy, proteostasis,
and lipid metabolism were also observed. Collectively, these findings suggest that loss of GNE is
accompanied by coordinated perturbations across multiple interconnected pathways governing
secretory trafficking and cellular protein handling. These findings also suggest that disruption of ER-
Golgi and endosomal-lysosomal systems represents an important downstream consequence of GNE
dysfunction.

Consistent with previous reports, autophagic dysfunction was observed in the HEK GNE KO cells as
indicated by increased p62 accumulation and a blunted LC3-II/I response following both nutrient
deprivation and chloroquine treatment. These findings align with prior studies in GNEM models, which
collectively suggest defects across multiple stages of the autophagy-lysosome pathway [30, 31, 33–36,
51, 52]. Supporting this, the increased overlap of serglycin with LAMP1-positive lysosomal
compartments and the ER-phagy receptor FAM134B in GNEM patient iPSC-derived myoblasts suggests
that the retained serglycin may be redirected toward autophagic-lysosomal and ER-associated
degradative pathways. In the setting of compromised degradative function, this rerouting may be
insufficient to result in efficient clearance, instead further contributing to the observed intracellular
accumulation of serglycin in GNEM cells.

Several limitations of this study warrant consideration. While the data are consistent with impaired
secretion and autophagic handling of serglycin, direct assessment of vesicle trafficking dynamics was
not performed and will be important to address in future studies. Additionally, it remains unclear whether
serglycin accumulation contributes to muscle pathology or primarily reflects broader cellular dysfunction
associated with GNEM. Further, given that defects in autophagy have been observed in other
myopathies, the specificity of serglycin dysregulation to GNEM remains to be established. More broadly,
while the proposed model is supported by correlative evidence, further studies will be required to
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determine causal relationships between GNE mutations, trafficking alterations, and serglycin
accumulation.

From a clinical perspective, the consistent reduction of serglycin in patient serum, and its intracellular
accumulation in disease relevant cellular models, suggest its potential as a minimally invasive candidate
biomarker for GNEM. Serglycin may be useful in patient stratification, monitoring disease progression, or
assessing therapeutic response, particularly for interventions targeting sialylation, cellular trafficking, or
autophagic pathways. However, further validation in larger, well-characterized clinical cohorts is required,
along with additional assessments of disease specificity, longitudinal dynamics and reproducibility
across multiple detection platforms.

In summary, these findings suggest that serglycin lies at the intersection of defective secretion, and
impaired autophagy in GNEM. Disruption of vesicle trafficking and exocytosis may contribute to the
intracellular retention and misdirection of serglycin toward dysfunctional degradative pathways. This
work provides additional insights into the current understanding of GNEM pathogenesis and highlights
serglycin as a preliminary candidate biomarker reflecting broader defects in cellular trafficking and
proteostasis.
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Figure 1

Identification and validation of serglycin as a serum biomarker in GNE myopathy.

A) Volcano plot of DIA-based serum proteomics data comparing a GNEM patient compared to control
B) Box plot of serum proteomics findings showing reduced serglycin abundance in a GNEM patient
relative to control.

C) ELISA-based quantification demonstrating reduced serglycin levels in GNEM patients compared with
healthy controls and FKRP-associated muscular dystrophy-dystroglycanopathy patients.

D) Correlation analysis of serum serglycin concentration and age in GNEM patients

P1: Patient 1; Ctrl: Control; SRGN: serglycin.
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Figure 2

Immunofluorescence analysis and quantification of serglycin in cellular models of GNE myopathy.
A-B) Representative serglycin staining in HEK WT (A) and GNE KO (B) cells (green = serglycin, blue =
Hoechst).
C) Quantification of serglycin puncta in HEK WT and GNE KO cells, showing increased puncta in GNE KO
(n=14 wells (approx. 2000 cells/well) across 3 plates).
D–F) Representative perinuclear serglycin staining in iPSC-derived myoblasts from a control (D) and
GNEM patients 1 (E) and 2 (F). Red boxes indicate regions shown at higher magnification on the right.
G) Quantification of serglycin puncta in iPSC-derived myoblasts from controls and GNEM patients (n=9-
18 wells (approx. 1000 cells/well) across 3 plates; two control lines combined into one bar).

SRGN: serglycin. Scale Bar 10um (HEK cells) and 50um (iPSC-myoblasts).
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Figure 3

Immunoblot analysis and quantification of serglycin in cellular models of GNE myopathy.

A) Representative serglycin immunoblot in HEK WT and GNE KO cells.

B-E) Quantification of distinct serglycin bands from HEK WT and GNE KO immunoblots (n=6)

F) Representative serglycin immunoblot in iPSC-derived myoblasts from controls (C) and GNEM patients
(Pt).

G-H) Quantification of distinct serglycin bands from iPSC-derived myoblasts (n=2-4; three control lines
are plotted within the control bar).

WT = HEK wildtype; KO = HEK GNE knockout; C = control; Pt = patient.
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Figure 4

Immunoblot analysis and quantification of p62 via cellular models of GNE Myopathy.

A) Serglycin immunoblot in HEK wildtype and GNE knockout cells.

B) Quantification of p62 on immunoblot from HEK WT and GNE KO cells (n=6)

WT = HEK wildtype; KO = HEK GNE knockout.
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Figure 5

Time-course immunofluorescence analysis of autophagy markers p62 and LC3 in chloroquine-treated
HEK cells.

A) p62 staining in HEK WT and GNEKO cells treated with 25uM of chloroquine over 24 hours (red = p62,
blue = Hoechst).

B) Quantification of p62 staining in HEK WT and GNE KO cells (n=3 (approx. 750 cells/well), 3 wells from
a single plate)

C) LC3 staining in HEK WT and GNEKO cells treated with 25uM of chloroquine for between 2 and 24
hours (red = LC3, blue = Hoechst).

D) Quantification of LC3 staining in HEK WT and GNE KO cells (n=3 (approx. 750 cells/well), 3 wells from
a single plate)

WT = wildtype; KO = knockout; CQ = chloroquine, Untx = untreated. Scale Bar 20um.
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Figure 6

Time-course analysis of autophagy marker LC3 in chloroquine-treated and glucose-starved HEK cells.
A) Representative LC3 immunoblot in HEK WT and GNEKO cells treated with 25µM chloroquine over 24
hours.
B) Quantification of LC3-II/I ratio in chloroquine-treated HEK WT and GNEKO cells (n=3).
C) Representative LC3 immunoblot in HEK WT and GNE KO cells treated with 25µM chloroquine over 24
hours.
D) Quantification of LC3-II/I ratio in glucose-starved (GF) HEK WT and GNEKO cells (n=3).
WT = wildtype; CQ = chloroquine; GF = glucose-free
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Figure 7

Overlap analysis of serglycin and LAMP1 in iPSC-derived myoblasts.
A) Representative immunofluorescence images of serglycin and LAMP1 staining in iPSC-derived
myoblasts from control and two GNEM patients (green = serglycin, red = FAM134B, blue = Hoechst)
B) Quantification of serglycin-LAMP1 overlap (n=7-15 wells (approx. 700 cells/well); three control lines
are combined into one control bar; replicates performed across 2 plates).

SRGN = serglycin. Scale Bar 20um.
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Figure 8

Overlap analysis of serglycin and FAM134B in iPSC-derived myoblasts.
A) Representative immunofluorescence images of serglycin and FAM134B staining in iPSC-derived
myoblasts from control and two GNEM patients (green = serglycin, red = FAM134B, blue = Hoechst)
B) Quantification of serglycin-FAM134B overlap (n=22-39 wells (approx. 750 cells/well); three control
lines are combined into one control bar; replicates performed across 3 plates).

SRGN = serglycin. Scale Bar 20um.
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