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Introduction: Myotonic dystrophy (DM), the most common adult-onset muscular 
dystrophy, affects not only motor function and muscle integrity but also leads to 
debilitating cardiopulmonary, gastrointestinal, and multisystem complications. 
Central nervous system (CNS) involvement is increasingly recognized, manifesting 
as impairments in working memory, executive function, sleep regulation, and mood 
and behavior. These interrelated, multisystemic features contribute to multifaceted 
symptoms that significantly reduce quality of life for patients and their families. 
To identify potential biomarkers of CNS disease activity in DM1, we performed 
the first exploratory cerebrospinal fluid (CSF) proteomic profiling study.
Methods: CSF samples from patients with DM1 (n = 11) and healthy controls (n = 
5) were analyzed using Olink monoclonal antibody panels, quantifying 1,072 
proteins. LASSO (Least Absolute Shrinkage and Selection Operator) regression 
identified proteins discriminating between DM1 and controls. Pathway 
enrichment analysis was performed using the Reactome database to assess 
biological significance.
Results: Six candidate biomarker proteins were differentially expressed between 
between DM1 patients and controls: CKAP4, SCARF1, NCAM1, CD59, PTH1R, 
and CA4. LASSO analysis further identified 15 proteins discriminating DM1 and 
controls, implicating pathways related to neuronal health, neuroinflammation, 
cognitive impairment, skeletal abnormalities, motor control, neuromuscular 
junction integrity, and cytoskeletal regulation. Dysregulated pathways 
included IGF transport, MAPK signaling, NCAM signaling, and broader signal 
transduction cascades pathways also implicated in other neurodevelopmental, 
neurodegenerative, and neuromuscular disorders.
Discussion: This first exploratory CSF proteomic analysis in DM1 identified 
dysregulated protein networks that may underlie CNS dysfunction in this 
multisystemic disease. These findings provide novel insights into DM1 
pathophysiology and support the potential of CSF proteomic signatures as 
candidate diagnostic tools, indicators of disease activity, and measures of 
therapeutic response, pending validation in larger, independent cohorts.
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1 Introduction

Myotonic dystrophy type 1 (DM1) represents the most prevalent 
form of muscular dystrophy in adults, affecting approximately one in 
every 2,100 births worldwide (Johnson et al., 2021). This complex 
multisystem disorder presents with a heterogeneous array of clinical 
manifestations, encompassing myotonia, progressive muscle wasting, 
insulin resistance, posterior cataracts, gastrointestinal and cardiac 
abnormalities, as well as neuropsychiatric disturbances (Day and 
Ranum, 2005). The central nervous system (CNS) manifestations are 
particularly debilitating, featuring intellectual disability, executive 
dysfunction, attention deficits, and centrally mediated fatigue and 
sleep disorders, which collectively contribute to significant functional 
impairment in affected individuals. At the molecular level, DM1 
caused by an expansion of CTG trinucleotide repeats within the 3′ 
untranslated region of the dystrophia myotonica protein kinase 
(DMPK) gene on chromosome 19, where disease severity 
demonstrates a direct correlation with the number of repeats (Hunter 
et al., 1992; Harley et al., 1993; Redman et al., 1993; Morales et al., 
2012). These expanded repeats lead to an RNA gain-of-function, 
whereby toxic RNA forms hairpin loop structures that sequester 
essential RNA-binding proteins (RBPs), particularly MBNL factors, 
thereby disrupting normal RNA splicing and downstream cellular 
signaling cascades (Mankodi et al., 2000; Ho et al., 2004). Additionally, 
hyperphosphorylation of CUGBP1 impairs its function and 
contributes to widespread dysregulation of key signaling pathways and 
post-translational modifications (Ward et al., 2010). Despite decades 
of research elucidating these pathogenic mechanisms, no therapeutic 
interventions currently exist to halt or slow DM1 progression, 
underscoring the urgent need for reliable biomarkers and the 
identification of altered signaling pathways. These biomarkers are 
crucial for evaluating the effectiveness of new treatments and the 
understanding of dysregulated signaling mechanisms will facilitate the 
development of more effective and targeted therapeutic strategies.

Proteomics has emerged as a powerful tool for identifying 
potential biomarkers, uncovering disrupted signaling pathways, and 
providing insights into protein post-translational modifications in 
diseases like DM1. Recent investigations leveraging multi-omics 
strategies, including comprehensive proteomic analyses, have 
provided significant insights into the pathological mechanisms 
underlying DM1 in both murine models and human patient samples. 
Notably, Hernández and colleagues identified upregulation of RAB3A 
and hyperphosphorylation of synapsin I in DMSXL mice, establishing 
a direct link between synaptic protein dysregulation and the 
neurological manifestations characteristic of DM1 (Hernández-
Hernández et al., 2013). Complementing these findings, proteomic 
analysis revealed significant downregulation of the glutamate 
transporter GLT1, resulting in enhanced neurotoxicity in both 
DMSXL mice and human patients due to MBNL depletion (Sicot et 
al., 2017). Furthermore, the integration of phospho-proteomics with 
advanced cell imaging techniques has illuminated the profound 
impact of expanded CUG RNA on glial cell metabolism in DMSXL 
astrocytes (González-Barriga et al., 2021), while Solovyeva et al. 
employed combined transcriptomic and proteomic approaches to 
identify novel disease-associated genes in the HSALR mouse model 
(Solovyeva et al., 2024).

Recent clinical investigations have successfully utilized unbiased 
proteomic profiling to identify dysregulated proteins in DM1 

fibroblasts, including CAPN1 and CTNNB1, which are modulated by 
GSK3β, thereby demonstrating the clinical utility of proteomics for 
disease monitoring (Grande et al., 2021). Additionally, comprehensive 
proteomic profiling across human fibroblasts, murine skeletal muscle, 
and cardiac tissue has revealed that biomarkers such as periostin are 
intimately linked to cardiac dysfunction and overall disease severity 
in DM1 (Nguyen et al., 2023). Muscle biopsy studies have further 
identified proteins associated with myogenesis and muscle function, 
suggesting promising therapeutic targets for ameliorating muscle 
pathology in DM1 patients (Aoussim et al., 2023). In the landmark 
OPTIMISTIC trial, proteomic analysis of blood samples revealed 
specific proteins that correlated with CTG repeat length and physical 
activity levels, offering potential biomarkers for tracking disease 
progression and therapeutic response ('t Hoen et al., 2023).

The utility of cerebrospinal fluid (CSF) proteomics for biomarker 
discovery has been extensively demonstrated across various 
neurological disorders, including spinal muscular atrophy (Beaudin 
et al., 2023), Alzheimer’s disease (Gaetani et al., 2021; Dammer et al., 
2022), bipolar disorder (Göteson et al., 2021; Isgren et al., 2022), and 
multiple sclerosis (Huang et al., 2020; Rabin et al., 2024). However, the 
present study represents a first-ever investigation into the application 
of CSF proteomics for identifying potential biomarkers and elucidating 
disrupted protein signaling pathways specifically in DM1. In this 
investigation, we performed Olink proteomic analysis of CSF samples 
from 11 DM1 patients and 5 healthy controls to systematically 
examine the central nervous system pathophysiology of DM1 and 
identify potential biomarkers. A secondary objective was to 
characterize dysregulated protein pathways, which may reveal shared 
pathophysiological mechanisms with other neuromuscular disorders 
and provide insights into common therapeutic targets.

2 Materials and methods

2.1 Study participants

We conducted comprehensive proteomic profiling of 11 
participants diagnosed with DM1, aged 25–54 years, and 5 non-carrier 
healthy controls (HCs). All studies and protocols were performed in 
compliance with the Institutional Review Board at Stanford University. 
Written informed consent was obtained from all participants before 
study participation, in accordance with the Declaration of Helsinki 
(Version 2013) and other applicable regulatory requirements. All DM1 
diagnoses were genetically confirmed by molecular testing 
demonstrating CTG repeat expansions in the DMPK gene on 
chromosome 19q13.3.

2.2 CSF sample preparation and proteomic 
profiling

CSF was collected from the patient in accordance with the 
approved protocol. The initial 0.5 mL of CSF was discarded to 
minimize potential contamination from blood or tissue introduced 
during needle insertion. Subsequent CSF fractions were collected; a 
small portion was used for routine cell count and biochemical testing 
to confirm sample quality, while the remaining CSF underwent 
centrifugation at 1,000 rpm for 15 min at 4 °C to pellet the cellular 
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components. Subsequently, aliquots of the supernatant were 
transferred to cryovials and frozen at −80 °C for proteomic analyses. 
Proteomic analysis was performed using the Olink ® platform 
(Uppsala, Sweden), with results reported in the Normalized Protein 
expression (NPX) scale, an arbitrary unit on a Log2 scale. The study 
utilized the Olink® 15 panels including cardiometabolic, 
cardiovascular II, cardiovascular III, cell regulation, development, 
immune response, inflammation, metabolism, neurology, oncology 
II, organ damage, and neuro exploratory panels, which collectively 
identified 1,113 proteins. The amplified sequences were detected and 
quantified using standard real-time PCR. Protein levels were 
normalized using Olink’s Intensity Normalized (v2) procedure, while 
data from the Neuro Exploratory panel1 employed the Inter-Plate 
Controls (IPC) normalization method due to its bimodal distribution. 
For quality control, four internal Olink® controls were included in 
each sample to ensure assay performance and sample integrity. Quality 
assessments were conducted in two phases: first, we checked that the 
standard deviation (SD) of the internal controls was below 0.2 NPX 
for each sample. Second, we ensured that the deviation of the internal 
control concentration from the median value was less than 0.3 NPX.

2.3 Data analysis

CSF proteomic data from both DM1 patients and control subjects 
were preprocessed to ensure data quality. We filtered the data to 
remove low-quality entries, defined as proteins with detection in fewer 
than 80% of samples, signal intensities below the platform’s limit of 
detection, or high technical variability (CV > 20%), retaining only 
proteins with consistent and reliable measurements. Differential 
expression analysis (Smyth, 2004) was conducted using linear models 
(limma package) with the design ~ group + sex, treating group (DM1 
vs. HC) as the main effect and sex as a covariate. For each protein, we 
calculated mean expression levels across groups and derived log2 fold 
changes (log2FC) for interpretability. Two-sample t-tests were 
performed, and multiple testing correction was applied using the 
Benjamini-Hochberg method (Benjamini and Hochberg, 1995). 
Proteins with False Discovery Rate (FDR)-adjusted p-values < 0.05 
were considered significantly differentially expressed. In addition, to 
ensure data reliability, proteins with more than 25% missing NPX 
values across samples were excluded. This filtering step was applied 
after initial exploratory analysis to examine their correlations and 
potential interactions. Box plots were created for each differentially 
expressed protein to visually compare DM1 and control groups, 
highlighting medians, interquartile ranges, and outliers, with 
significant proteins annotated for p-values below 0.05 (group effects 
are sex-adjusted). LASSO regression (Bakochi et al., 2021), a 
regularized regression method, was applied to identify proteins 
predictive of group classification (DM1 vs. controls), including sex as 
an additional predictor. As a sensitivity analysis, proteins were 
revisualized for sex and LASSO was re-run on the residuals, yielding 
consistent results. Proteins with absolute feature importance greater 
than 0.3 (|β| > 0.3) were considered significant contributors. In 
addition, only proteins with missing values in fewer than 25% of 

1  https://olink.com/products/olink-target-96

samples were retained to ensure data reliability. Fifteen proteins were 
selected by LASSO regression based on their predictive contribution 
to the model’s ability to classify samples correctly. Statistical 
significance of LASSO-selected proteins was subsequently assessed 
using two-sample t-tests with Benjamini-Hochberg correction for 
multiple testing. Among these, four proteins overlapped with the six 
statistically significant proteins identified through differential 
expression analysis, highlighting their dual role as both statistically 
robust and predictive candidate biomarkers. To interpret the biological 
relevance of differentially expressed proteins, pathway enrichment 
analysis was performed using curated gene sets from Reactome. 
Pathways with FDR-adjusted p-values < 0.05 were considered 
significant, and results were visualized in bar plots representing the 
top enriched pathways associated with DM1. Pathway enrichment 
results were validated by recalculating p-values and applying cross-
validation techniques to ensure statistical robustness. A volcano plot 
was generated to present the distribution of differentially expressed 
proteins, with log2FC values plotted against −log10 p-values to 
highlight proteins with both high statistical significance and large 
expression changes. Proteins surpassing significance thresholds were 
visually emphasized as potential biomarker candidates.

2.4 Statistical power analysis

To assess the statistical power of our study given the small sample 
size, we conducted post-hoc power analyses for all differentially 
expressed proteins using observed effect sizes, sample sizes (n = 11 
DM1, n = 5 HC), and α = 0.05. Cohen’s d effect sizes were calculated 
from mean differences and pooled standard deviations for each 
protein. Power calculations were performed using the pwr.t.test 
function in R (pwr package version 1.3–0). For the six significantly 
differentially expressed proteins, power ranged from 38% (CA4, 
Cohen’s d = 1.0) to 82% (CD59, Cohen’s d = 2.1), indicating adequate 
power (≥80%) only for proteins with very large effect sizes. Proteins 
with moderate effect sizes showed power ranging from 38 to 65%, 
reflecting the exploratory nature of this investigation and underscoring 
the need for validation in larger cohorts. The complete power analysis 
results are provided in Supplementary Table S1.

3 Results

We conducted a comprehensive analysis comparing proteomic 
profiles in the CSF of DM1 participants versus healthy controls to 
identify differentially expressed proteins and novel pathways using the 
Olink platform (Figure 1).

3.1 Demographics

A total of 16 participants were included in the study: 11 
individuals with myotonic dystrophy type 1 (DM1) and 5 age- and 
sex-matched healthy controls (CTL) (Table 1). The DM1 group 
ranged in age from 25 to 54 years (mean age: 36.1 ± 9.8 years), with 
a predominance of females (10 females, 1 male). Reported CTG 
repeat sizes ranged from 75 to over 1,000, including one individual 
with a general DMPK expansion without a specific repeat count. 
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Clinical phenotyping revealed varying disease severity among 
DM1 participants: most individuals (9/11) presented with distal 
muscle involvement, while one had combined distal and proximal 
weakness. No participants showed isolated proximal involvement. 
Regarding functional status, five participants were independently 
mobile, while six required assistances. Hypersomnia was reported 
in 5 of the 11 DM1 participants. The control group consisted of 
four males and one female, aged between 30 and 62 years (mean 
age: 44.4 ± 12.3 years). All control participants were neurologically 
healthy with no known neuromuscular disorders. Principal 
component analysis showed that PC1 explains 64% of the total 
variance, with partial separation between DM1 and control 
samples along PC1. Most DM1 samples clustered to the right, while 
most control samples clustered to the left. A few overlapping 
samples in the center suggest mild heterogeneity or shared signal 
(Figure 2).

3.2 CSF proteomic profile identified 
differentially expressed proteins in DM1

The Olink multiple panel global proteomic profile identified a 
total of 1,072 proteins in the comparison between DM1 and HC 
groups (Figure 3). Six candidate biomarker proteins CKAP4, 
SCARF1, NCAM1, CD59, PTH1R, and CA4 exhibited significant 
differential expression (p < 0.05) between the two groups. All six 
proteins were downregulated in DM1 CSF (Figure 4). LASSO 
regression analysis identified 15 candidate proteins that 
distinguished the two groups (Figure 5). Eleven proteins EZR, 
ADGRG2, CPA2, SRC, THBS4, NMNAT1, P4HB, IL-1ra, IL-6, 
NCAN, ANGPT1, and PTN were upregulated in DM1, while three 
proteins IGFBP6, CDH1, and MET were downregulated in DM1 
compared to HCs (Figure 6).

3.3 Enrichment analysis identifies altered 
pathways between DM1 and HCs

Reactome enrichment analysis (Figure 7) revealed significant 
differences in protein expression levels across various pathways 
between DM1 and HC groups. Notable pathways included IGF 
transport, MAPK signaling, L1CAM, NCAM, and post-translational 
protein phosphorylation signaling, underscoring their potential role 
as biological processes implicated in DM1 pathophysiology.

4 Discussion

In this exploratory analysis of DM1 cerebrospinal fluid (CSF) 
proteomic profiles, we identified six proteins that were significantly 
downregulated in DM1 compared to healthy controls (HCs) using 
differential expression analysis. Additionally, LASSO regression 
identified 15 proteins that distinguished DM1 from controls. These 
proteins represent diverse pathways involved in neuronal health, 
neuroinflammation, neuroprotection, neuronal survival, neuronal 
growth, synaptic plasticity, cognitive impairment, and cytoskeletal 
regulation. Enrichment analysis revealed several significantly 
dysregulated pathways associated with DM1, including IGF transport, 
MAPK signaling, L1CAM, and NCAM. These findings underscore the 
value of integrating proteomic profiling with advanced predictive 
modeling to identify biological processes involved in 
DM1 pathophysiology.

Our CSF proteomic findings complement recent multi-omics 
investigations in DM1, offering CNS-specific insights and revealing 
convergent disease mechanisms across molecular levels. Braun et al. 
(2022) demonstrated that RNA interference and CUG repeat-derived 
siRNAs drive transcriptomic dysregulation in DM1, influencing 
individual phenotypes. While their work highlights RNA-level 

FIGURE 1

Study strategy and schematic illustration of CSF Olink proteomics. CSF collected from patients with DM1 (n = 11), and HC (n = 5) was used for Olink 
multiple panels. Subsequent bioinformatics analysis was performed to identify differentially expressed proteins, and pathway analysis.
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TABLE 1  Demographics of the study participants.

Clinical 
severity

5 4 3 2 1 5
cDM - Severe

4
cDM - Mod

3
Moderate adult

2
Mild adult

1 Normal

Condition Age Sex CTG 
Repeats

Prox 
- Mod 
Severe

Distal + 
Proximal

Only 
distal

Min - 
Myotonia

Normal Not 
independent

Independent With 
hypersomnia

No 
hypersomnia

With 
hypersomnia

No 
hypersomnia

Subject 1 DM1 25 F 500 X X

Subject 2 DM1 54 F 75 X X

Subject 3 DM1 44 F 542 X X

Subject 4 DM1 42 F 129 X X

Subject 5 DM1 32 F 368 x x

Subject 6 DM1 32 F 250–350 X X

Subject 7 DM1 26 F 536 X X

Subject 8 DM1 31 M DMPK 

expansion

X X

Subject 9 DM1 26 F DMPK 

expansion

X X

Subject 10 DM1 54 F 714 X X

Subject 11 DM1 41 F 1,005 X X

Subject 12 CTL 62 M

Subject 13 CTL 33 F

Subject 14 CTL 55 M

Subject 15 CTL 42 M

Subject 16 CTL 30 M

DM1, Myotonic Dystrophy Type 1; Y, Years; CTG, cytosine, thymine, and guanine.
CTG repeat sizes were obtained from clinical genetic testing reports when available. Precise repeat counts were not uniformly available for all participants, precluding correlation analyses between repeat length and proteomic findings. One participant had documentation 
of DMPK expansion without specific repeat quantification.
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mechanisms, our proteomic analysis captures downstream protein-
level effects within the CNS, reinforcing the dysregulation of pathways 
such as MAPK signaling and cytoskeletal organization as central to 
DM1 pathology. Similarly, a large-scale serum proteomics study in 437 
DM1 samples from the OPTIMISTIC trial, identifying 161 proteins 
associated with CTG repeat length (Van As et al., 2025). Their results 
revealed systemic immune abnormalities, including 

hypogammaglobulinemia, which align with our observation of 
CNS-specific immune alterations (elevated IL-6, IL-1ra, and reduced 
CD59). While serum proteomics correlated with motor function 
measures, our CSF biomarkers may reflect CNS-related symptoms 
such as cognitive and sleep disturbances. The limited protein overlap 
between biofluids underscores the importance of compartment-
specific analyses and supports multi-compartment biomarker 

FIGURE 2

Principal Component Analysis (PCA) of DM1 and control samples shows partial group separation: PC1 accounts for 64% of the total variance. There is 
partial separation between the two groups along PC1, with most DM1 samples clustering on the right and most control samples clustering on the left 
or in the lower corner. A few samples overlap in the center, indicating mild heterogeneity or shared signaling between the groups.

FIGURE 3

Volcano plot of proteomic analysis showing CSF proteomic changes between DM1 and HC. Log2 of the fold change is represented on the x-axis and 
−log10 of the p value on the y-axis. The horizontal red line indicates p = 0.05 and the vertical red lines indicate a fold change greater than 1 or inferior 
to −1.
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strategies. Finally, alignment with the proteogenomic study in DM1 
mouse models further validates our findings, demonstrating shared 
dysregulated proteins and pathways across species. Together, these 
cross-platform and cross-compartment observations strengthen the 
evidence for convergent molecular mechanisms in DM1 and highlight 
potential therapeutic targets within both systemic and CNS domains 
(Solovyeva et al., 2024).

We demonstrate significant decreases in CKAP4 expression in 
DM1 CSF, consistent with previous research on cytoskeletal proteins 
in neurodegenerative disorders. This reduction suggests potential 
disruption in microtubule stability, impaired axonal transport, and 
compromised neuromuscular junction function. Additionally, 
decreased CKAP4 may contribute to neuroinflammation, increased 
neuronal vulnerability, and impaired synaptic plasticity, all of which 
could exacerbate the neurological and cognitive impairments 
observed in DM1 patients. These findings align with prior research 
highlighting the role of cytoskeletal proteins in neuronal function and 
their dysregulation in neurodegenerative disorders such as Friedreich’s 
ataxia, spinocerebellar ataxia type 5, Alzheimer’s disease, and 
Parkinson’s disease (Zhang et al., 2015; Bamburg and Bernstein, 2016; 
Piermarini et al., 2016; Avery et al., 2017; Del Rey et al., 2018; Muñoz-
Lasso et al., 2020). Furthermore, CKAP4’s role in regulating 
transcription factors like FOXM1, which are involved in DNA repair 
through AKT/ERK signaling pathways associated with somatic 
polynucleotide repeat expansion CKAP4-mediated activation of 
FOXM1 via phosphorylation pathways regulates malignant behavior 
of glioblastoma cells (Xu et al., 2023), supports that CKAP4 
dysregulation may underlie the cellular dysfunction observed in 
DM1. We also observed downregulation of SCARF1 in DM1 patients, 
which may indicate impaired neuroinflammatory responses, as 

SCARF1 is critical for clearing apoptotic cells and reducing 
inflammation (Ramirez-Ortiz et al., 2013). Similarly, we identified 
significantly reduced NCAM1 expression in DM1, consistent with 
previous studies linking decreased NCAM1 levels in plasma to 
neurological impairments, including autism spectrum disorder (ASD) 
(Yang et al., 2019), and its role as a sensitive biomarker in sera for 
Charcot–Marie–Tooth disease (CMT) (Jennings et al., 2022). In DM1, 
lower NCAM1 expression may contribute to impaired neuronal 
adhesion, disrupted synaptic plasticity, and reduced neuroplasticity, 
all of which can lead to cognitive and memory deficits. However, we 
did not directly assess their functional role within this cohort and 
from an exploratory perspective, these proteins may serve as 
candidates for further investigation in larger cohorts, particularly to 
link expression changes to functional outcomes such as cognitive 
measures for NCAM1 or developmental pathways for MAPK the 
future studies integrating functional assays will be needed to clarify 
these relationships.

A key strength of our study is the use of LASSO regression, 
which effectively handles high-dimensional CSF proteomic data by 
selecting the most relevant proteins that differentiate DM1 patients 
from HCs while mitigating overfitting risk. Among the 15 proteins 
upregulated in DM1 including EZR, ADGRG2, CPA2, SRC, THBS4, 
and IL-6 we observed that Thrombospondin-4 (THBS4) is 
significantly upregulated in DM1 CSF. Düzenli et al. (2022) provide 
evidence for TSP4’s role in neuropathic pain development, 
suggesting that its blockade could be a promising therapeutic 
approach. Additionally, THBS4 is involved in cell adhesion and 
cytoskeletal organization (Lawler et al., 1993) and has been reported 
as a potential biomarker for spinal muscular atrophy (SMA), with 
reduced levels found in pediatric SMA patients (Dobelmann et al., 

FIGURE 4

Significantly expressed proteins between DM1 and TD groups. Box plots showing decreased levels of CKAP4 (a), SCARF1 (b), NCAM1 (c), CD59 (d), 
PTH1R (e), and CA4 (f) in DM1 as compared to TD. The heavy line in each box represents the median, the lower and upper box edges represent the 
25th and 75th percentiles, respectively, and the lower and upper whiskers represent the smallest and largest observations, respectively. Statistically 
significant differences (p < 0.05) are marked with a*.
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FIGURE 5

Proteins identified by LASSO logistic regression distinguishing DM1 from control samples. Bar plot displaying the LASSO (L1-regularized logistic 
regression) coefficients for proteins retained in the final model. The magnitude and direction of each coefficient indicate the relative contribution of 
each protein to group classification, with larger absolute values representing stronger predictive influence.
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2024). Our observation of increased THBS4 expression in DM1 
suggests CNS involvement and potential to serve as a 
broader biomarker.

Src is a non-receptor protein tyrosine kinase widely expressed in 
the central nervous system that plays a crucial role in neuronal 
development and synaptic plasticity. It is essential for regulating pain 
transmission and is involved in signaling pathways of various 
neurological diseases, including migraine and neuropathic pain (Nie 
et al., 2021). We observed elevated Src levels in DM1, and studies 
indicate that Src inhibition is a promising target for treating chronic 
pain (Ge et al., 2020). Additionally, inhibiting Src has been shown to 
reduce neuroinflammation and protect dopaminergic neurons in 
Parkinson’s disease models (Yang et al., 2020). Interestingly, increased 
Src phosphorylation has been reported in models of spinal and bulbar 
muscular atrophy (SBMA), where Src inhibition improved disease 
phenotypes (Iida et al., 2019). While exploratory, our findings suggest 
that the identified proteins could serve as promising biomarkers for 
future studies. For SRC, our results show upregulation, which, 
consistent with SBMA studies, may reflect modulation of protein 
function relevant to disease pathways and phenotypes.

Furthermore, we observed dysregulation of angiogenic and 
inflammatory pathways in DM1, notably a decrease in ANGPT1 
expression. ANGPT1 plays a key role in regulating the vascular 
endothelial barrier and its dysregulation has been implicated in 
chronic inflammation in Duchenne muscular dystrophy (DMD) (Lin 
et al., 2023). Our findings suggest that ANGPT1 dysregulation may 
also contribute to the pathological inflammation observed in DM1. 
Inflammation in DM1 was further supported by the elevated levels of 
pro-inflammatory cytokines IL-6 and IL-1ra in CSF, consistent with 
previous reports in other neuromuscular disorders such as DMD and 
SMA (Stephenson et al., 2020; Nuzzo et al., 2023). Interestingly, the 
reduced expression of CD59, a complement regulator, also suggests 
that impaired complement regulation may exacerbate inflammation 
and tissue damage in DM1 (Dalakas et al., 2020). Together, these 
findings indicate that the altered inflammatory response in DM1 
could contribute to neurodegeneration and worsen CNS dysfunction.

We identified significant dysregulation in critical protein signaling 
pathways, including insulin signaling and MAPK pathways, which 
may play key roles in DM1 pathophysiology. These findings are 
consistent with previous investigations where impairments in protein 

FIGURE 6

Box plots of proteins selected using LASSO regression for differentiation between DM1 patients and controls. The box plots display the distribution of 
expression levels for each selected protein in DM1 patients compared to controls. The heavy line in each box represents the median, the lower and 
upper box edges represent the 25th and 75th percentiles, respectively, and the lower and upper whiskers represent the smallest and largest 
observations, respectively. Statistically significant differences determined by two-sample t-tests with Benjamini-Hochberg correction for multiple 
testing are marked with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). These proteins showed significant differences between the two groups, indicating 
their potential as candidate biomarkers for distinguishing DM1 from healthy controls.
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signaling are well-established contributors to neuromuscular (Vainzof 
and Zatz, 2003) and CNS (Chico et al., 2009) dysfunction, muscle 
degeneration, and progression of various brain disorders (Réthelyi et 
al., 2023). Insulin resistance, a hallmark feature of metabolic syndrome 
in DM1, has been documented in over 30 clinical studies spanning six 
decades (Nieuwenhuis et al., 2019). Approximately 17% of DM1 
patients experience insulin resistance, which is associated with 
significant cardiovascular issues, particularly cardiac failure (Boengler 
et al., 2017). Furthermore, reduced glucose uptake in the brain has 
been linked to cognitive deficits, including impairments in visuospatial 
and verbal memory (Annane et al., 1998; Okkersen et al., 2017). In 
preclinical models, DMPK knockout mice exhibit impaired insulin 
signaling and metabolic abnormalities, including abnormal glucose 
tolerance and decreased glucose uptake, suggesting defective 
intracellular trafficking of insulin and IGF-1 receptors (Llagostera et 
al., 2007). The role of insulin signaling in DM1 is further supported 
by clinical trials using metformin, which has shown promising effects 
on exercise capacity and mobility in DM1 patients (Bassez et al., 2018) 
and is established as an effective treatment for hyperglycemia in DM1 
(Kouki et al., 2005). Our current CSF proteomic analysis complements 
these findings, revealing altered IGF transport in DM1 and further 
underscoring disrupted insulin signaling role in CNS function.

In addition to insulin signaling, we observed dysregulation of 
mitogen-activated protein kinases (MAPKs), which are central 
regulators of neuronal development, synaptic plasticity, and cell 

survival (Kim and Choi, 2010). P38 MAPKs, in particular, mediate 
stress and inflammation responses as well as myogenesis, and have 
been explored as therapeutic targets in several neurodegenerative 
and neuromuscular disorders, including facioscapulohumeral 
muscular dystrophy (FSHD) (Ahmed et al., 2020; Brennan et al., 
2021). Additionally, p38 kinases are found in all major brain cell 
types and are involved in cognitive (Asih et al., 2020) and synaptic 
functions (Falcicchia et al., 2020). Our findings align with these 
studies, as we observed significant alterations in MAPK signaling 
pathways in DM1 patients, suggesting their involvement in disease 
progression. Recent studies have shown that inhibiting both PI3K/
Akt and ERK MAPK pathways in SMA models reduced levels of 
SMN protein and mRNA while affecting mTOR phosphorylation 
and autophagy markers, revealing potential therapeutic targets for 
SMA (Nuzzo et al., 2023). Our observations of altered MAPK and 
PI3K/Akt signaling in DM1 suggest dysregulation of pathways like 
GSK3β-CUGBP1 (Lutz et al., 2023), which may contribute to 
disease pathophysiology and provide potential avenues for future 
therapeutic strategies targeting both the molecular underpinnings 
and clinical progression of DM1.

While our study provides the first CSF proteomic 
characterization of DM1, several limitations must be 
acknowledged. The small cohort size (n = 16) reflects the rarity 
of DM1 and challenges in CSF collection, resulting in adequate 
statistical power only for large effect sizes and limited 

FIGURE 7

Top 10 reactome pathway enrichment analysis for DM1 using CSF proteomic data. The bar chart shows the −log10 (adjusted p-value) for each 
pathway, with pathways grouped and colored based on their −log10 (adjusted p-value). The analysis highlights key pathways involved in the condition, 
with the highest significance indicated by longer bars.
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generalizability due to the predominantly female sample (10/11 
DM1 participants). Given known sex-based differences in 
immune and neuroinflammatory responses, replication in larger, 
sex-balanced, and phenotypically diverse cohorts including 
congenital and childhood-onset DM1 is essential. Another key 
limitation is the lack of standardized CTG repeat length 
measurements for all participants, which precluded correlation 
analyses between molecular and genetic disease severity. Since 
repeat size strongly influences clinical phenotype, future studies 
should incorporate precise repeat quantification (e.g., triplet-
primed PCR or long-read sequencing) to explore genotype–
proteotype relationships and identify severity-specific 
biomarkers. Additionally, our reliance on a single proteomic 
platform (Olink) limits cross-platform validation; complementary 
technologies such as SOMAscan, Simoa, or ELISA are needed to 
confirm our findings and rule out platform-specific effects. 
Validation in additional matrices (e.g., plasma, muscle, or brain 
tissue) would also clarify compartment specificity and assess 
blood–brain barrier permeability. Encouragingly, several proteins 
identified here, including THBS4, NCAM1, and IL-6, have been 
independently validated in related neuromuscular disorders, 
supporting their biological relevance. Finally, while our Olink 
panels covered 1,072 proteins, they did not capture splice 
variants, an important consideration given the splicing defects 
underlying DM1. Despite these limitations, our exploratory 
findings establish a foundational dataset for future multi-center 
validation, functional correlation, and therapeutic evaluation 
studies aimed at advancing CSF-based biomarkers for DM1 
diagnosis and monitoring.

Data availability statement

The datasets generated during and/or analyzed during the current 
study are available from the corresponding author on 
reasonable request.

Ethics statement

All studies and protocols were performed in compliance with the 
Institutional Review Board at Stanford University. Written informed 
consent was obtained from all participants before study participation, 
in accordance with the Declaration of Helsinki (Version 2013) and 
other applicable regulatory requirements. The studies were conducted 
in accordance with the local legislation and institutional requirements. 
The participants provided their written informed consent to 
participate in this study.

Author contributions

MZ: Formal analysis, Validation, Writing – original draft, Writing – 
review & editing. TK: Data curation, Methodology, Validation, 
Writing – review & editing. KH: Conceptualization, Data curation, 
Investigation, Project administration, Writing – review & editing. LG: 
Resources, Writing – review & editing. TD: Writing – review & editing. 

EW: Data curation, Writing – review & editing. JS: Conceptualization, 
Data curation, Investigation, Methodology, Supervision, Visualization, 
Writing – review & editing. JD: Conceptualization, Data curation, 
Funding acquisition, Project administration, Resources, Supervision, 
Visualization, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This research is partially 
supported by a Myotonic Dystrophy Foundation (MDF) Early 
Career Fund.

Acknowledgments

We thank the participants of the community-based studies who 
donated their time and samples for this study.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnins.2025.1709678/
full#supplementary-material

https://doi.org/10.3389/fnins.2025.1709678
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2025.1709678/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2025.1709678/full#supplementary-material


Zafarullah et al.� 10.3389/fnins.2025.1709678

Frontiers in Neuroscience 12 frontiersin.org

References
Ahmed, T., Zulfiqar, A., Arguelles, S., Rasekhian, M., Nabavi, S. F., Silva, A. S., et al. 

(2020). Map kinase signaling as therapeutic target for neurodegeneration. Pharmacol. 
Res. 160:105090. doi: 10.1016/j.phrs.2020.105090

Annane, D., Fiorelli, M., Mazoyer, B., Pappata, S., Eymard, B., Radvanyi, H., et al. 
(1998). Impaired cerebral glucose metabolism in myotonic dystrophy: a triplet-size 
dependent phenomenon. Neuromuscul. Disord. 8, 39–45. doi: 10.1016/
S0960-8966(97)00144-2

Aoussim, A., Légaré, C., Roussel, M. P., Madore, A. M., Morissette, M. C., Laprise, C., 
et al. (2023). Towards the identification of biomarkers for muscle function improvement 
in myotonic dystrophy type 1. J. Neuromuscul. Dis. 10, 1041–1053. doi: 10.3233/
JND-221645

Asih, P. R., Prikas, E., Stefanoska, K., Tan, A. R. P., Ahel, H. I., and Ittner, A. (2020). 
Functions of p38 MAP kinases in the central nervous system. Front. Mol. Neurosci. 
13:570586. doi: 10.3389/fnmol.2020.570586

Avery, A. W., Thomas, D. D., and Hays, T. S. (2017). β-III-spectrin spinocerebellar 
ataxia type 5 mutation reveals a dominant cytoskeletal mechanism that underlies 
dendritic arborization. Proc. Natl. Acad. Sci. 114, E9376–E9385. doi: 10.1073/
pnas.1707108114

Bakochi, A., Mohanty, T., Pyl, P. T., Gueto-Tettay, C. A., Malmström, L., Linder, A., 
et al. (2021). Cerebrospinal fluid proteome maps detect pathogen-specific host response 
patterns in meningitis. eLife 10:e64159. doi: 10.7554/eLife.64159

Bamburg, J. R., and Bernstein, B. W. (2016). Actin dynamics and cofilin-actin rods in 
Alzheimer disease. Cytoskeleton 73, 477–497. doi: 10.1002/cm.21282

Bassez, G., Audureau, E., Hogrel, J. Y., Arrouasse, R., Baghdoyan, S., Bhugaloo, H., 
et al. (2018). Improved mobility with metformin in patients with myotonic dystrophy 
type 1: a randomized controlled trial. Brain 141, 2855–2865. doi: 10.1093/brain/awy231

Beaudin, M., Kamali, T., Tang, W., Hagerman, K. A., Dunaway Young, S., Ghiglieri, L., 
et al. (2023). Cerebrospinal fluid proteomic changes after Nusinersen in patients with 
spinal muscular atrophy. J. Clin. Med. 12:6696. doi: 10.3390/jcm12206696

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a 
practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Stat Methodol. 
57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Boengler, K., Kosiol, M., Mayr, M., Schulz, R., and Rohrbach, S. (2017). Mitochondria 
and ageing: role in heart, skeletal muscle and adipose tissue. J. Cachexia. Sarcopenia 
Muscle 8, 349–369. doi: 10.1002/jcsm.12178

Braun, M., Shoshani, S., and Tabach, Y. (2022). Transcriptome changes in DM1 
patients’ tissues are governed by the RNA interference pathway. Front. Mol. Biosci. 
9:955753. doi: 10.3389/fmolb.2022.955753

Brennan, C. M., Emerson, C. P., Owens, J., and Christoforou, N. (2021). p38 MAPKs 
— roles in skeletal muscle physiology, disease mechanisms, and as potential therapeutic 
targets. JCI Insight 6:e149915. doi: 10.1172/jci.insight.149915

Chico, L. K., Van Eldik, L. J., and Watterson, D. M. (2009). Targeting protein kinases 
in central nervous system disorders. Nat. Rev. Drug Discov. 8, 892–909. doi: 
10.1038/nrd2999

Dalakas, M. C., Alexopoulos, H., and Spaeth, P. J. (2020). Complement in neurological 
disorders and emerging complement-targeted therapeutics. Nat. Rev. Neurol. 16, 
601–617. doi: 10.1038/s41582-020-0400-0

Dammer, E. B., Ping, L., Duong, D. M., Modeste, E. S., Seyfried, N. T., Lah, J. J., et al. 
(2022). Multi-platform proteomic analysis of Alzheimer’s disease cerebrospinal fluid and 
plasma reveals network biomarkers associated with proteostasis and the matrisome. 
Alzheimer's Res Ther 14:174. doi: 10.1186/s13195-022-01113-5

Day, J. W., and Ranum, L. P. W. (2005). Genetics and molecular pathogenesis of the 
myotonic dystrophies. Curr. Neurol. Neurosci. Rep. 5, 55–60. doi: 10.1007/
s11910-005-0024-1

Del Rey, N. L. G., Quiroga-Varela, A., Garbayo, E., Carballo-Carbajal, I., 
Fernández-Santiago, R., Monje, M. H. G., et al. (2018). Advances in Parkinson’s disease: 
200 years later. Front. Neuroanat. 12:113. doi: 10.3389/fnana.2018.00113

Dobelmann, V., Roos, A., Hentschel, A., Della Marina, A., Leo, M., Schmitt, L. I., et al. 
(2024). Thrombospondin-4 as potential cerebrospinal fluid biomarker for therapy 
response in pediatric spinal muscular atrophy. J. Neurol. 271, 7000–7011. doi: 10.1007/
s00415-024-12670-0

Düzenli, N., Can, C., and Önal, A. (2022). Blockage of thrombospondin 4 secreted by 
spinal astrocytes may be a promising therapeutic target in the treatment of neuropathic 
pain. Explor. Neuroprotective Ther. 2, 226–241. doi: 10.37349/ent.2022.00030

Falcicchia, C., Tozzi, F., Arancio, O., Watterson, D. M., and Origlia, N. (2020). 
Involvement of p38 MAPK in synaptic function and dysfunction. Int. J. Mol. Sci. 
21:5624. doi: 10.3390/ijms21165624

Gaetani, L., Bellomo, G., Parnetti, L., Blennow, K., Zetterberg, H., and Di Filippo, M. 
(2021). Neuroinflammation and Alzheimer’s disease: a machine learning approach to 
CSF proteomics. Cells 10:1930. doi: 10.3390/cells10081930

Ge, M. M., Zhou, Y. Q., Tian, X. B., Manyande, A., Tian, Y. K., Ye, D. W., et al. (2020). 
Src-family protein tyrosine kinases: a promising target for treating chronic pain. Biomed. 
Pharmacother. 125:110017. doi: 10.1016/j.biopha.2020.110017

González-Barriga, A., Lallemant, L., Dincã, D. M., Braz, S. O., Polvèche, H., 
Magneron, P., et al. (2021). Integrative cell type-specific multi-omics approaches reveal 
impaired programs of glial cell differentiation in mouse culture models of DM1. Front. 
Cell. Neurosci. 15:662035. doi: 10.3389/fncel.2021.662035

Göteson, A., Isgren, A., Jonsson, L., Sparding, T., Smedler, E., Pelanis, A., et al. (2021). 
Cerebrospinal fluid proteomics targeted for central nervous system processes in bipolar 
disorder. Mol. Psychiatry 26, 7446–7453. doi: 10.1038/s41380-021-01236-5

Grande, V., Hathazi, D., O’Connor, E., Marteau, T., Schara-Schmidt, U., Hentschel, A., 
et al. (2021). Dysregulation of GSK3β-target proteins in skin fibroblasts of myotonic 
dystrophy type 1 (DM1) patients. J. Neuromuscul. Dis. 8, 603–619. doi: 10.3233/
JND-200558

Harley, H. G., Rundle, S. A., MacMillan, J. C., Myring, J., Brook, J. D., Crow, S., et al. 
(1993). Size of the unstable CTG repeat sequence in relation to phenotype and parental 
transmission in myotonic dystrophy. Am. J. Hum. Genet. 52, 1164–1174

Hernández-Hernández, O., Guiraud-Dogan, C., Sicot, G., Huguet, A., Luilier, S., 
Steidl, E., et al. (2013). Myotonic dystrophy CTG expansion affects synaptic vesicle 
proteins, neurotransmission and mouse behaviour. Brain 136, 957–970. doi: 10.1093/
brain/aws367

Ho, T. H., Charlet-B, N., Poulos, M. G., Singh, G., Swanson, M. S., and Cooper, T. A. 
(2004). Muscleblind proteins regulate alternative splicing. EMBO J. 23, 3103–3112. doi: 
10.1038/sj.emboj.7600300

Huang, J., Khademi, M., Fugger, L., Lindhe, Ö., Novakova, L., Axelsson, M., et al. 
(2020). Inflammation-related plasma and CSF biomarkers for multiple sclerosis. Proc. 
Natl. Acad. Sci. 117, 12952–12960. doi: 10.1073/pnas.1912839117

Hunter, A., Tsilfidis, C., Mettler, G., Jacob, P., Mahadevan, M., Surh, L., et al. (1992). 
The correlation of age of onset with CTG trinucleotide repeat amplification in myotonic 
dystrophy. J. Med. Genet. 29, 774–779. doi: 10.1136/jmg.29.11.774

Iida, M., Sahashi, K., Kondo, N., Nakatsuji, H., Tohnai, G., Tsutsumi, Y., et al. (2019). 
Src inhibition attenuates polyglutamine-mediated neuromuscular degeneration in spinal 
and bulbar muscular atrophy. Nat. Commun. 10:4262. doi: 10.1038/s41467-019-12282-7

Isgren, A., Göteson, A., Holmén-Larsson, J., Pelanis, A., Sellgren, C., Joas, E., et al. 
(2022). Cerebrospinal fluid proteomic study of two bipolar disorder cohorts. Mol. 
Psychiatry 27, 4568–4574. doi: 10.1038/s41380-022-01724-2

Jennings, M. J., Kagiava, A., Vendredy, L., Spaulding, E. L., Stavrou, M., Hathazi, D., 
et al. (2022). NCAM1 and GDF15 are biomarkers of Charcot-Marie-tooth disease in 
patients and mice. Brain 145, 3999–4015. doi: 10.1093/brain/awac055

Johnson, N. E., Butterfield, R. J., Mayne, K., Newcomb, T., Imburgia, C., Dunn, D., 
et al. (2021). Population-based prevalence of myotonic dystrophy type 1 using genetic 
analysis of statewide blood screening program. Neurology 96, e1045–e1053. doi: 10.1212/
WNL.0000000000011425

Kim, E. K., and Choi, E. J. (2010). Pathological roles of MAPK signaling pathways in 
human diseases. Biochim. Biophys. Acta (BBA) 1802, 396–405. doi: 10.1016/j.
bbadis.2009.12.009

Kouki, T., Takasu, N., Nakachi, A., Tamanaha, T., Komiya, I., and Tawata, M. (2005). 
Low-dose metformin improves hyperglycaemia related to myotonic dystrophy. Diabet. 
Med. 22, 346–347. doi: 10.1111/j.1464-5491.2005.01432.x

Lawler, J., Duquette, M., Whittaker, C. A., Adams, J. C., McHenry, K., and 
DeSimone, D. W. (1993). Identification and characterization of thrombospondin-4, a 
new member of the thrombospondin gene family. J. Cell Biol. 120, 1059–1067. doi: 
10.1083/jcb.120.4.1059

Lin, Y., McClennan, A., and Hoffman, L. (2023). Characterization of the Ang/Tie2 
Signaling pathway in the diaphragm muscle of DMD mice. Biomedicine 11:2265. doi: 
10.3390/biomedicines11082265

Llagostera, E., Catalucci, D., Marti, L., Liesa, M., Camps, M., Ciaraldi, T. P., et al. 
(2007). Role of myotonic dystrophy protein kinase (DMPK) in glucose homeostasis and 
muscle insulin action. PLoS One 2:e1134. doi: 10.1371/journal.pone.0001134

Lutz, M., Levanti, M., Karns, R., Gourdon, G., Lindquist, D., Timchenko, N. A., et al. 
(2023). Therapeutic targeting of the GSK3β-CUGBP1 pathway in myotonic dystrophy. 
Int. J. Mol. Sci. 24:10650. doi: 10.3390/ijms241310650

Mankodi, A., Logigian, E., Callahan, L., McClain, C., White, R., Henderson, D., et al. 
(2000). Myotonic dystrophy in transgenic mice expressing an expanded CUG repeat. 
Science 289, 1769–1772. doi: 10.1126/science.289.5485.1769

Morales, F., Couto, J. M., Higham, C. F., Hogg, G., Cuenca, P., Braida, C., et al. (2012). 
Somatic instability of the expanded CTG triplet repeat in myotonic dystrophy type 1 is 
a heritable quantitative trait and modifier of disease severity. Hum. Mol. Genet. 21, 
3558–3567. doi: 10.1093/hmg/dds185

Muñoz-Lasso, D. C., Romá-Mateo, C., Pallardó, F. V., and Gonzalez-Cabo, P. (2020). 
Much more than a scaffold: cytoskeletal proteins in neurological disorders. Cells 9:358. 
doi: 10.3390/cells9020358

Nguyen, C. D. L., Jimenez-Moreno, A. C., Merker, M., Bowers, C. J., Nikolenko, N., 
Hentschel, A., et al. (2023). Periostin as a blood biomarker of muscle cell fibrosis, 
cardiomyopathy and disease severity in myotonic dystrophy type 1. J. Neurol. 270, 
3138–3158. doi: 10.1007/s00415-023-11633-1

https://doi.org/10.3389/fnins.2025.1709678
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.phrs.2020.105090
https://doi.org/10.1016/S0960-8966(97)00144-2
https://doi.org/10.1016/S0960-8966(97)00144-2
https://doi.org/10.3233/JND-221645
https://doi.org/10.3233/JND-221645
https://doi.org/10.3389/fnmol.2020.570586
https://doi.org/10.1073/pnas.1707108114
https://doi.org/10.1073/pnas.1707108114
https://doi.org/10.7554/eLife.64159
https://doi.org/10.1002/cm.21282
https://doi.org/10.1093/brain/awy231
https://doi.org/10.3390/jcm12206696
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1002/jcsm.12178
https://doi.org/10.3389/fmolb.2022.955753
https://doi.org/10.1172/jci.insight.149915
https://doi.org/10.1038/nrd2999
https://doi.org/10.1038/s41582-020-0400-0
https://doi.org/10.1186/s13195-022-01113-5
https://doi.org/10.1007/s11910-005-0024-1
https://doi.org/10.1007/s11910-005-0024-1
https://doi.org/10.3389/fnana.2018.00113
https://doi.org/10.1007/s00415-024-12670-0
https://doi.org/10.1007/s00415-024-12670-0
https://doi.org/10.37349/ent.2022.00030
https://doi.org/10.3390/ijms21165624
https://doi.org/10.3390/cells10081930
https://doi.org/10.1016/j.biopha.2020.110017
https://doi.org/10.3389/fncel.2021.662035
https://doi.org/10.1038/s41380-021-01236-5
https://doi.org/10.3233/JND-200558
https://doi.org/10.3233/JND-200558
https://doi.org/10.1093/brain/aws367
https://doi.org/10.1093/brain/aws367
https://doi.org/10.1038/sj.emboj.7600300
https://doi.org/10.1073/pnas.1912839117
https://doi.org/10.1136/jmg.29.11.774
https://doi.org/10.1038/s41467-019-12282-7
https://doi.org/10.1038/s41380-022-01724-2
https://doi.org/10.1093/brain/awac055
https://doi.org/10.1212/WNL.0000000000011425
https://doi.org/10.1212/WNL.0000000000011425
https://doi.org/10.1016/j.bbadis.2009.12.009
https://doi.org/10.1016/j.bbadis.2009.12.009
https://doi.org/10.1111/j.1464-5491.2005.01432.x
https://doi.org/10.1083/jcb.120.4.1059
https://doi.org/10.3390/biomedicines11082265
https://doi.org/10.1371/journal.pone.0001134
https://doi.org/10.3390/ijms241310650
https://doi.org/10.1126/science.289.5485.1769
https://doi.org/10.1093/hmg/dds185
https://doi.org/10.3390/cells9020358
https://doi.org/10.1007/s00415-023-11633-1


Zafarullah et al.� 10.3389/fnins.2025.1709678

Frontiers in Neuroscience 13 frontiersin.org

Nie, L., Ye, W. R., Chen, S., Chirchiglia, D., and Wang, M. (2021). Src family kinases 
in the central nervous system: their emerging role in pathophysiology of migraine and 
neuropathic pain. Curr. Neuropharmacol. 19, 665–678. doi: 10.2174/157015
9X18666200814180218

Nieuwenhuis, S., Okkersen, K., Widomska, J., Blom, P., 't Hoen, P. A. C., Van 
Engelen, B., et al. (2019). Insulin signaling as a key moderator in myotonic dystrophy 
type 1. Front. Neurol. 10:1229. doi: 10.3389/fneur.2019.01229

Nuzzo, T., Russo, R., Errico, F., D’Amico, A., Tewelde, A. G., Valletta, M., et al. (2023). 
Nusinersen mitigates neuroinflammation in severe spinal muscular atrophy patients. 
Commun. Med. 3:28. doi: 10.1038/s43856-023-00256-2

Okkersen, K., Buskes, M., Groenewoud, J., Kessels, R. P. C., Knoop, H., Van 
Engelen, B., et al. (2017). The cognitive profile of myotonic dystrophy type 1: a systematic 
review and meta-analysis. Cortex 95, 143–155. doi: 10.1016/j.cortex.2017.08.008

Piermarini, E., Cartelli, D., Pastore, A., Tozzi, G., Compagnucci, C., Giorda, E., 
et al. (2016). Frataxin silencing alters microtubule stability in motor neurons: 
implications for Friedreich’s ataxia. Hum. Mol. Genet. 25, 4288–4301. doi: 10.1093/
hmg/ddw260

Rabin, A., Bello, E., Kumar, S., Zeki, D. A., Afshari, K., Deshpande, M., et al. (2024). 
Targeted proteomics of cerebrospinal fluid in treatment naïve multiple sclerosis patients 
identifies immune biomarkers of clinical phenotypes. Sci. Rep. 14:21793. doi: 10.1038/
s41598-024-67769-1

Ramirez-Ortiz, Z. G., Pendergraft, W. F., Prasad, A., Byrne, M. H., Iram, T., 
Blanchette, C. J., et al. (2013). The scavenger receptor SCARF1 mediates the clearance 
of apoptotic cells and prevents autoimmunity. Nat. Immunol. 14, 917–926. doi: 
10.1038/ni.2670

Redman, J. B., Fenwick, R. G., Fu, Y. H., Pizzuti, A., and Caskey, C. T. (1993). 
Relationship between parental trinucleotide GCT repeat length and severity of myotonic 
dystrophy in offspring. JAMA 269, 1960–1965.

Réthelyi, J. M., Vincze, K., Schall, D., Glennon, J., and Berkel, S. (2023). The role of 
insulin/IGF1 signalling in neurodevelopmental and neuropsychiatric disorders  – 
evidence from human neuronal cell models. Neurosci. Biobehav. Rev. 153:105330. doi: 
10.1016/j.neubiorev.2023.105330

Sicot, G., Servais, L., Dinca, D. M., Leroy, A., Prigogine, C., Medja, F., et al. (2017). 
Downregulation of the glial GLT1 glutamate transporter and Purkinje cell dysfunction 
in a mouse model of myotonic dystrophy. Cell Rep. 19, 2718–2729. doi: 10.1016/j.
celrep.2017.06.006

Smyth, G. K. (2004). Linear models and empirical bayes methods for assessing 
differential expression in microarray experiments. Stat. Appl. Genet. Mol. Biol. 3, 1–25. 
doi: 10.2202/1544-6115.1027

Solovyeva, E. M., Utzinger, S., Vissières, A., Mitchelmore, J., Ahrné, E., Hermes, E., 
et al. (2024). Integrative Proteogenomics for differential expression and splicing 
variation in a DM1 mouse model. Mol. Cell. Proteomics 23:100683. doi: 10.1016/j.
mcpro.2023.100683

Stephenson, K. A., Rae, M. G., and O’Malley, D. (2020). Interleukin-6: a neuro-active 
cytokine contributing to cognitive impairment in Duchenne muscular dystrophy? 
Cytokine 133:155134. doi: 10.1016/j.cyto.2020.155134

't Hoen, P., Van As, D., Claeys, T., Salz, R., Gabriels, R., Impens, F., et al. (2023). O15 large-
scale proteomics profiling of peripheral blood of DM1 patients identifies biomarkers for 
disease severity and physical activity. Neuromuscul. Disord. 33, S132–S133. doi: 10.1016/j.
nmd.2023.07.267

Vainzof, M., and Zatz, M. (2003). Protein defects in neuromuscular diseases. Braz. J. 
Med. Biol. Res. 36, 543–555. doi: 10.1590/s0100-879x2003000500001

Van As, D., Claeys, T., Salz, R., Van Haver, D., Dufour, S., Van Beelen, A., et al. (2025). 
Large-scale proteomics profiling of peripheral blood of DM1 patients identifies 
biomarkers for disease severity and functional capacity. Neurology. doi: 
10.1101/2025.09.05.25335077

Ward, A. J., Rimer, M., Killian, J. M., Dowling, J. J., and Cooper, T. A. (2010). CUGBP1 
overexpression in mouse skeletal muscle reproduces features of myotonic dystrophy type 
1. Hum. Mol. Genet. 19, 3614–3622. doi: 10.1093/hmg/ddq277

Xu, K., Zhang, K., Ma, J., Yang, Q., Yang, G., Zong, T., et al. (2023). CKAP4-mediated 
activation of FOXM1 via phosphorylation pathways regulates malignant behavior of 
glioblastoma cells. Transl. Oncol. 29:101628. doi: 10.1016/j.tranon.2023.101628

Yang, H., Wang, L., Zang, C., Wang, Y., Shang, J., Zhang, Z., et al. (2020). Src inhibition 
attenuates neuroinflammation and protects dopaminergic neurons in Parkinson’s disease 
models. Front. Neurosci. 14:45. doi: 10.3389/fnins.2020.00045

Yang, X., Zou, M., Pang, X., Liang, S., Sun, C., Wang, J., et al. (2019). The association 
between NCAM1 levels and behavioral phenotypes in children with autism spectrum 
disorder. Behav. Brain Res. 359, 234–238. doi: 10.1016/j.bbr.2018.11.012

Zhang, F., Su, B., Wang, C., Siedlak, S. L., Mondragon-Rodriguez, S., Lee, H. G., et al. 
(2015). Posttranslational modifications of α-tubulin in Alzheimer disease. Transl. 
Neurodegener. 4:9. doi: 10.1186/s40035-015-0030-4

https://doi.org/10.3389/fnins.2025.1709678
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.2174/1570159X18666200814180218
https://doi.org/10.2174/1570159X18666200814180218
https://doi.org/10.3389/fneur.2019.01229
https://doi.org/10.1038/s43856-023-00256-2
https://doi.org/10.1016/j.cortex.2017.08.008
https://doi.org/10.1093/hmg/ddw260
https://doi.org/10.1093/hmg/ddw260
https://doi.org/10.1038/s41598-024-67769-1
https://doi.org/10.1038/s41598-024-67769-1
https://doi.org/10.1038/ni.2670
https://doi.org/10.1016/j.neubiorev.2023.105330
https://doi.org/10.1016/j.celrep.2017.06.006
https://doi.org/10.1016/j.celrep.2017.06.006
https://doi.org/10.2202/1544-6115.1027
https://doi.org/10.1016/j.mcpro.2023.100683
https://doi.org/10.1016/j.mcpro.2023.100683
https://doi.org/10.1016/j.cyto.2020.155134
https://doi.org/10.1016/j.nmd.2023.07.267
https://doi.org/10.1016/j.nmd.2023.07.267
https://doi.org/10.1590/s0100-879x2003000500001
https://doi.org/10.1101/2025.09.05.25335077
https://doi.org/10.1093/hmg/ddq277
https://doi.org/10.1016/j.tranon.2023.101628
https://doi.org/10.3389/fnins.2020.00045
https://doi.org/10.1016/j.bbr.2018.11.012
https://doi.org/10.1186/s40035-015-0030-4

	Cerebrospinal fluid proteomic profiling reveals potential biomarkers and altered pathways in myotonic dystrophy type 1
	1 Introduction
	2 Materials and methods
	2.1 Study participants
	2.2 CSF sample preparation and proteomic profiling
	2.3 Data analysis
	2.4 Statistical power analysis

	3 Results
	3.1 Demographics
	3.2 CSF proteomic profile identified differentially expressed proteins in DM1
	3.3 Enrichment analysis identifies altered pathways between DM1 and HCs

	4 Discussion

	Acknowledgments
	References

