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Abstract

Syndromic CLN3-Batten is a fatal, pediatric, neurodegenerative disease caused by variants 

in CLN3, which encodes the endolysosomal transmembrane CLN3 protein. No approved 

treatment for CLN3 is currently available. The protracted and asynchronous disease presentation 

complicates the evaluation of potential therapies using clinical disease progression parameters. 

Biomarkers as surrogates to measure progression and effect of potential therapeutics are needed. 

We performed proteomic discovery studies using cerebrospinal fluid (CSF) samples from 28 

CLN3-affected and 32 age-similar non-CLN3 individuals. Proximal extension assay (PEA) of 

1467 proteins and untargeted data-dependent mass spectrometry [MS; MassIVE FTP server (ftp://

MSV000090147@massive.ucsd.edu)] were used to generate orthogonal lists of protein marker 

candidates. At an adjusted p-value of <0.1 and threshold CLN3/non-CLN3 fold-change ratio 

of 1.5, PEA identified 54 and MS identified 233 candidate biomarkers. Some of these (NEFL, 

CHIT1) have been previously linked with other neurologic conditions. Others (CLPS, FAM217B, 

QRICH2, KRT16, ZNF333) appear to be novel. Both methods identified 25 candidate biomarkers, 

including CHIT1, NELL1 and ISLR2 which had absolute fold-change ratios >2. NELL1 and 

ISLR2 regulate axonal development in neurons and are intriguing new candidates for further 

investigation in CLN3. In addition to identifying candidate proteins for CLN3 research, this study 

provides a comparison of two large-scale proteomic discovery methods in CSF.
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INTRODUCTION

Since the first descriptions of its clinical presentation in 1894 and identification of the 

underlying genetic cause in 1994, CLN3 (OMIM #204200, Juvenile Neuronal Ceroid 

Lipofuscinosis) remains a challenging disease for basic and translational research. CLN3 

is a pan-ethnic, recessive, multisystemic, neurodegenerative disorder with an estimated 

prevalence of 1:100,000 to 1:1,000,000 worldwide.1 The classic syndromic presentation 

typically involves vision loss starting around pre-school years that progresses to blindness 

within the next few years.2 Neurocognitive involvements begin with development plateauing 

around 7-9 years of age, followed by progressive short-term memory and skill loss. Seizure 

onset in the classic CLN3 presentation typically occurs during the pre-teen years. Motor 

involvements can start with non-functionally limiting symptoms (e.g., in-toeing, crouched 

gait) in the mid-teens and progress to wheelchair dependency by the late teens to early 20’s. 

There is also a non-syndromic presentation of CLN3 disease that involves later onset and 

slower progression of vision loss.3

CLN3 codes for a 468-amino acid predicted transmembrane protein that is implicated in 

many cellular pathways but awaiting a clearly defined function.4 Recent studies identified 

elevated levels of glycerophosphodiester species in CLN3 mouse and pig models and CLN3-

affected individuals5,6, with the work from Laqtom et al.6 suggesting an essential role of 

CLN3 protein in the clearance of these compounds from the lysosome. The most common 

disease-associated variant, a 966-base pair deletion present in ~80% of chromosomes in 

affected individuals, is predicted to remove exons 7 and 8 and trigger either nonsense 

mediated mRNA decay7,8 or production of a truncated product with novel function9–11.

The protracted and sequential presentation of CLN3 signs and symptoms over years 

to decades complicates both early diagnosis and the development of clinical outcome 

measures applicable for therapeutic trials, which are typically designed to be conducted 

within 1-2 years. Biomarkers may provide useful diagnostic tools and quantifiable surrogate 

outcome measures of disease state for insights into treatment efficacy. Biomarker discovery 
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approaches require pathologically relevant, clinically well-characterized samples and high 

sensitivity, low sample consumption assays. Cerebrospinal fluid (CSF) can provide an 

important and practical research surrogate for the central nervous system pathology.12

In this study, we analyzed CLN3 CSF samples for potential biomarkers using conventional 

data-dependent mass spectrometry or multiplexed two-antibody recognition of a panel of 

protein targets coupled with nucleic acid amplification methods (e.g., proximal extension 

assay, Olink®).13 We expected that results from the two orthogonal methods will contain 

both distinct and overlapping candidates, either of which could contribute to the generation 

of new hypotheses and targets for better understanding of CLN3 pathology.

MATERIALS and METHODS

Ethics Statement

We used samples collected under natural history protocols approved by the National 

Institutes of Health Institutional Review Board. Prior to study enrollment, we reviewed 

and obtained written consent for individuals 18 years of age or older. We obtained written 

permission from parents or legal guardians and assent as appropriate from those younger.

Cerebrospinal Fluid Samples (CSF)

Collection of CSF from healthy pediatric individuals is not ethically permitted. To compare 

CLN3 (NCT03307304) with age similar samples, we used CSF from 1) anonymized 

unused residuals from pediatric patients evaluated in an emergency room [pediatric 

laboratory controls, PLC (NCT00344331)], 2) pediatric participants from natural history 

protocols conducted by our group who have a non-neurodegenerative condition [Smith-

Lemli-Opitz syndrome (SLOS, NCT00001721) or Creatine Transporter Deficiency (CTD, 

NCT02931682)]. The CLN3, SLOS and CTD CSF samples were collected from the L2-

L5 lumbar region and processed in an identical manner. Anonymized PLC samples from 

a pediatric emergency care facility would have been collected using a standard clinical 

procedure via lumbar puncture, though we do not have access to the clinical records 

for verification. PLC, SLOS, and CTD samples were simultaneously used as non-NPC 

comparison samples in study of Niemann-Pick disease, type C1 biomarker discovery14. 

Additional healthy adult lumbar CSF samples were obtained from PrecisionMed (https://

www.precisionmed.com).

To enable data comparisons across publications using biosamples from the same CLN3 

participants, we use a consistent identifier (SP_._._) for the participants (Supplemental Table 

1). We collected CSF under sedation (except SP29.2.2), following an overnight fast. Samples 

were aliquoted and frozen at −80 C within 1 hour of collection. Blood-contaminated samples 

identified by gross visual inspection were centrifuged at 1600 xg for 10 minutes prior to 

freezing.

Proximal Extension Assay (PEA; Olink® 1536)

We prepared 96-well plates containing CSF samples as previously described15 and 

shipped these on dry ice to Olink® (Boston, MA) for Olink® Explore 1536 panel 
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(Oncology, Cardiometabolic, Neurology, and Inflammation) assay16. For analyses, we 

used the normalized protein expression (NPX), a log2 transformed measure of expression 

(Supplemental Table 2). A change of one NPX, in Olink® output data, equates to a two-fold 

change of protein expression level as compared to internal assay controls.

Mass Spectrometry (MS)

The protein content of CSF samples was determined by Bradford assay17 and 20 μg 

equivalent of each sample were digested in-gel with trypsin (1:50 ratio, Promega #V5111, 

specificity, carboxyl side of K and R) and peptides extracted as described previously18,19. 

A total of 45 samples were analyzed in three TMT16-plex studies (Supplemental Table 

1). To facilitate comparison between the three TMT16-plex studies, a bridging reference 

standard was included in each study comprising a pool of all 45 samples analyzed. An 

equal number of CLN3 and non-CLN3 samples were assigned to each TMT16-plex study 

to eliminate any potential study-related bias. After digestion, samples were labeled with 

TMT16-plex reagents using manufacturer’s (ThermoFisher Scientific) protocols, pooled 

and desalted prior to high pH reverse-phase HPLC fractionation20. Twenty-two high pH 

reverse-phase-HPLC fractions from each TMT16-plex study were analyzed by LC-MS/MS.

Chromatography was conducted as described20. TMT reporter ion intensities from the 

TMT16-plex labeled CSF peptides were measured using SPS-MS321 on a Thermo Orbitrap 

Eclipse Tribrid mass spectrometer. Each 3s cycle started with a full MS scan acquired 

in the Orbitrap (375–1600 m/z, 120 K resolution, RF Lens 60%). For MS2, parent ions 

were isolated in the quadrupole (2 m/z isolation width), fragmented, and then scanned in 

the ion trap (normalized collision energy of 35%, 400–1600 m/z). For MS3, parent ions 

were isolated in the quadrupole, and 10 MS2 fragment ions isolated in the ion trap were 

fragmented by HCD (collision energy of 55%) and scanned in the Orbitrap detector (2 m/z 

isolation width, 100–500 m/z, 50K resolution).

Peak lists were generated using Proteome Discoverer version 2.2 with no constraints with 

respect to retention time, charge state or peak count, and a minimum signal/noise of 1.5 

and minimum and maximum precursor masses of 350 Da and 10,000 Da. Data were 

searched using a local implementation of the Global Proteome Machine version 322,23 

(GPM Fury with X!Tandem version ALANINE 2017.02.01) (Beavis Informatics Ltd., 

Winnipeg, Canada) against a human proteome based on ENSEMBL GRCh37.70 (Aug 

2012; 56 680 total genes, 20 447 protein coding genes) and a custom database containing 

laboratory contaminants and other non-murine proteins. TMT MS3 reporter ion intensities 

were extracted with correction for isotope channel crossover using custom in-house software 

and exported to Excel, as previously described24 (Supplemental Tables 3A–C).

Mass spectrometry data normalization and filtering

TMT reporter intensities for each spectra were first divided by the sum of the TMT 

reporter ion intensity for each channel to correct for differences in labeling efficiency or 

amount of protein labeled. Intensities for each channel thus corrected were then normalized 

to the bridging reference channel (134N) to allow cross comparison between the three 

TMT studies. Protein assignments were filtered to those with two or more unique peptides 
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(Supplemental Table 3D), and peptides were filtered for those with a total TMT intensity 

of >10000, a reference channel intensity of >1000, fully tryptic digestion with no missed 

cleavage sites, and an absence of posttranslational modifications deemed to increase 

variability in the data (asparagine or glutamine deamidation, methionine dioxidation, 

tryptophan mono- and dioxidation, and isobaric labeling of tyrosine at positions other than 

the N terminus) (Supplemental Table 3E).

Raw files, mgf files, GPM result files, Excel workbooks listing protein and peptide 

assignments, and keys for data interpretation are archived in the MassIVE (http://

massive.ucsd.edu) and ProteomeXchange (http://www.proteomexchange.org/) repositories 

with accession number MSV000090147.

Data Analysis

Computational analyses were conducted using R version 4.0. PCA, Kruskal-Wallis and 

ANOVA modeling, and multiple testing correction were conducted with R base package 

stats.

Differential Abundance Analysis—The PEA outputs protein abundance measurements 

for proteins in targeted panels as a log2 scale NPX value. Prior to differential 

abundance analysis, protein abundance measurements, originally provided by Olink as 

Excel spreadsheets with information encoded as cell color, were combined into a cleaned 

protein-by-sample matrix in tab-delimited format ready for programmatic processing in R. 

In instances where a protein was measured in more than one panel, a suffix was added to the 

protein name, allowing both protein measurements to be present in the combined matrix.

A cell in the NPX matrix with an “NA” value or QC warning indicates that there was an 

error in measuring the abundance of a given protein (row) in a given sample (column). Any 

protein for which the NPX values were noted with one of those two errors across 75% or 

more of all samples were removed from the analysis. Five proteins were removed and 1467 

retained for downstream analysis. This filtering process was also conducted across samples, 

identifying cases where 75% or more of the protein measurements for a given sample were 

noted with one of the above two errors. All samples passed this threshold. Sample PCAs 

were constructed to visually identify outliers, leading to the exclusion of two PLC samples 

(Supplemental Table 2).

Differential protein abundance was then analyzed for various sample group comparisons. 

Fold change ratios between two conditions were calculated as the difference in median 

log2 protein abundance between the two conditions. A Kruskal-Wallis rank-sum test was 

conducted for each protein to assess the difference in protein abundance between samples 

in different conditions. P-values generated for each protein from the Kruskal-Wallis test 

were then adjusted to account for multiple testing using the Benjamini-Hochberg correction. 

Proteins with an adjusted p-value < 0.1 were identified as differentially abundant between 

the two conditions of the contrast.

The differential abundance analysis on the MS dataset mirrors the analysis conducted on the 

PEA dataset, with the following modifications. No protein or sample outliers were identified 
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in the original matrix. The MS dataset included both NA, indicating measurement error, and 

true zero values in the input matrix. To properly incorporate the true zero values into the 

log fold change calculations, the medians of each group in a comparison were calculated, 

followed by a log2 transformation and a difference of median calculation. If the median 

protein abundance in either group is 0, we report NA as the log fold change (Supplemental 

Table 3F).

Metadata Covariate Analysis—Additional analyses were conducted to ensure that the 

results of the differential abundance analyses were not influenced by covariates that would 

confound evaluation of the effect of genotype alone. Age and Sex were assessed as potential 

covariates in the differential abundance analysis. To do so, the distribution of patient age was 

compared between sample groups in each contrast of interest, and a Wilcox rank-sum test 

was used to determine if the patient age distributions were significantly different between 

sample groups, indicating a potential covariate. Similarly, patient sex distributions were 

compared between sample groups for each contrast of interest, and a Chi-square test was 

used to assess statistical significance of distributional differences. This was conducted 

for both the PEA and MS datasets. Age demonstrated distributional differences between 

CLN3 and non-CLN3 samples in only the MS dataset. However, given that the two dataset 

results are compared to identify high-confidence biomarkers, introduction of Age as a 

covariate should be included in the PEA model as well as the MS model. Sex demonstrated 

distributional differences in only the Olink dataset and only when comparing CLN3 samples 

to a subset of non-CLN3 samples (CTD+SLOS).

We re-analyzed the PEA and MS data using an ANOVA model, rather than Kruskal-Wallis, 

which allows for covariates to be introduced. An ANOVA model was constructed for each 

protein using Age as a covariate, and Benjamini-Hochberg was used for multiple testing 

correction. Log2 fold change calculations remained the same.

Comparison of PEA and MS Results—We compared the results from the two 

discovery assays on samples analyzed by both methods. Using this sample subset, the 

Kruskal-Wallis testing and log2 fold change calculations were executed as above for each 

assay independently, but only using the samples in common. Not all proteins were quantified 

in both the PEA and MS assays. However, for those that are quantified in both assays, we 

can identify high confidence biomarkers as those proteins for which the adjusted p-value < 

0.1 when using the PEA and the MS protein abundance measurements.

Enrichment Analyses—To identify proteins with similar changes in abundance in the 

remaining ~1500 proteins assayed, we first created a matrix of protein-by-protein correlation 

(i.e., Spearman correlation coefficient of pairwise correlation between all proteins in the 

assay)25. We then conducted hierarchical clustering on the matrix to generate a dendrogram. 

Euclidian distance was used for a complete linkage hierarchical clustering. We used a height 

cut point of 10 for the PEA and 12 for the MS dendrogram to produce larger sets of more 

similar clusters. The entire correlation matrix was then plotted as a heatmap, with clusters 

annotated according to a given cut point.
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The 1467 proteins assayed by the PEA method represent a selection of the proteome/

genome, and the limited number of differentially expressed proteins make functional 

enrichment analyses using overrepresentation tests challenging. To assess coordinated, but 

potentially subtle, functional enrichment, we used the gene set enrichment analysis (GSEA) 

approach26. This evaluates which proteins in the ranked list are annotated with each GO 

term, and whether these proteins tend to be clustered toward the beginning or end of the list. 

For the CLN3 versus non-CLN3 rank lists, we used log2 fold change for ranking PEA and 

MS protein expression levels. The ranked list used as input to GSEA contains the log2 fold 

change of all proteins, regardless of directionality.

RESULTS

Sample characteristics and sensitivity analyses

Proximal Extension Assay—CSF samples used in the PEA assay and the demographics 

of study participant donors are shown in Table 1. Comparing CLN3 (n=28) to non-CLN3 

(n=32) samples, age median and range values are similar, whereas sex in the latter group 

skewed males given the inclusion of CTD, an X-linked condition. CLN3 genotype and 

phenotype (syndromic or vision-only) are provided in Supplemental Table 1. Fourteen 

(50%) of the CLN3 CSF samples are from individuals homozygous for the common 966-bp 

(c.461-280_677+382) deletion variant. The remaining 14 samples are from individuals with 

other disease associated CLN3 genotypes. Two CLN3 individuals (SP5.2.2 and SP29.2.2) 

have the vision-only phenotype. Age-similar pediatric CSF comparison samples were 

obtained from study participants with non-neurodegenerative conditions [CTD, SLOS, 

and emergency room visit residuals (PLC)]. Comparisons of CTD versus SLOS, CTD 

versus PLC, or SLOS versus PLC showed no protein with expression differences below 

the 0.1 adjusted p-value. Thus, these non-CLN3 pediatric samples were combined as the 

comparison group.

In visualizing proteins differentially expressed in CLN3 versus non-CLN3 samples with 

adjusted p-value < 0.1, 27/28 CLN3 samples clustered separately from the non-CLN3 

samples. The remaining CLN3 sample from the youngest participant (SP19.2.1) clustered 

with a sub-group of the non-CLN3 samples (Figure 1A). An SLOS and a PLC sample 

cluster with the CLN3 group. While the PLC sample was from one of the older participants 

in the PLC cohort, the SLOS sample was not. This SLOS sample and those forming the 

sub-group of non-CLN3 samples have no apparent distinction in demographics or disease 

presentation in comparison to the other participants within their respective cohort. Removing 

the two vision-only CLN3 samples effected a more homogenous clustering of CLN3 and 

non-CLN3 samples, with the exception of the 2nd youngest (SP21.2.1) CLN3 samples now 

cohorting with the non-CLN3 group (Figure 1B).

Since PLC samples were obtained from residual clinical samples and not processed using 

the same procedures as those in our studies, we also conducted analyses using samples 

collected in our studies only. Comparisons of CLN3 versus non-PLC (CTD+SLOS) samples 

yielded less proteins differentially expressed at adjusted p-value < 0.1. In this heatmap 

clustering, all CLN3 samples, except for that from the youngest participant (SP19.2.1), 
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grouped together (Figure 1C). Exclusion of the two vision-only samples showed similar 

clustering pattern (Figure 1D).

Mass spectrometry—Characteristics of CSF samples used for quantitative isobaric-label 

mass spectrometry and the demographics of study participant donors are shown in Table 1 

and Supplemental Table 1. The CLN3 CSF samples (n=20) were all from individuals with 

syndromic presentation. Age median and range values are higher in the non-CLN3 group 

(n=25) given inclusion of commercial healthy adult samples. Similar to PEA, the non-CLN3 

cohort skewed males given inclusion of CTD samples. In visualizing proteins differentially 

expressed in CLN3 versus non-CLN3 (CTD+SLOS+Adult) samples with adjusted p-value 

< 0.1, 20/25 non-CLN3 samples clustered separately from the CLN3 samples (Figure 2A). 

The five non-CLN3 samples that clustered with the CLN3 group are from individuals with 

the highest ages. Restricting the comparison to CLN3 versus non-CLN3 below 24 years of 

age grouped 17/18 non-CLN3 together, with the sample with the highest age (23.96 years) 

remaining grouped with the CLN3 samples. The two CLN3 samples that grouped with the 

non-CLN3 cohort belong to participants aged 7.3 and 7.8 years (Figure 2B).

Sensitivity Analyses—To evaluate further the clustering patterns described above, we 

compared potential analysis differences of 1) excluding the vision-only samples from the 

CLN3 cohort and 2) including age as a covariate versus including all CLN3 samples 

in analyses without age as a covariate. In the PEA data sets, the lists of differentially 

abundant proteins for the all CLN3 vs. all non-CLN3 and syndromic CLN3 vs. all non-

CLN3 contrasts are similar (Supplemental Table 4). The lists of differentially expressed 

proteins for the all CLN3 vs. all non-CLN3 and all CLN3 vs. non-PLC contrasts displayed 

greater differences that likely reflect the decreased statistical power given smaller cohort 

size (Supplemental Table 4). In the MS data sets, the lists of differentially abundant proteins 

for the all CLN3 vs. all non-CLN3 and all CLN3 vs. all non-CLN3 under 24 years of 

age contrasts identified similar differentially abundant proteins with the latter contrast also 

identifying a larger unique set of proteins (Supplemental Table 5).

Given the above clustering of higher age non-CLN3 samples with the CLN3 group, we 

evaluated the effect of age on protein expression. Re-analyses of the PEA and MS data using 

an ANOVA model and Age as a covariate, showed that across all contrasts listed in the 

previous paragraph the two statistical modeling approaches identified > 50% of differentially 

abundant proteins in common. The ANOVA with covariates analyses consistently identified 

a larger set of differentially abundant proteins unique from the Kruskal-Wallis analyses 

(Supplemental Tables 6, 7).

Based on the above sensitivity analyses, and to provide a clear and conservative discussion 

of candidate biomarkers, we will focus the subsequent data presentation and discussion on 

the following analyses: 1) all PEA CLN3 vs. all PEA non-CLN3 samples, 2) all MS CLN3 

vs. all MS non-CLN3 samples, 3) Kruskal-Wallis statistical model due to its robustness for 

non-normality.
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Differential expression

Proximal Extension Assay—At an adjusted p-value < 0.1, 146 proteins were 

differentially expressed in all CLN3 compared to non-CLN3 samples, as depicted in a 

volcano plot (Figure 3A). Of the 146 proteins 54 were 1.5-fold or more (i.e., absolute 

log2 fold change > 0.585) differentially expressed between the two cohorts, with 49 

(33%) higher and 5 (3%) lower in CLN3 (Supplemental Table 8). The top proteins 

with differential expression at p < 0.1 and absolute log2 fold change ≥ 1 in CLN3 

compared to non-CLN3 (Table 2A, Figure 3A) include several previously identified in 

models of other neurodegenerative and neurometabolic conditions or processes: NEFL 

(neurofilament light chain27 and previously identified in CLN315), CHIT1 (chitinase 1) and 

CHI3L1 (chitinase 3-like 128), CTSH (cathepsin H29), CPVL (carboxypeptidase vitellogenic 

like14,30), LEP (leptin31), EFEMP1 (EGF containing fibulin extracellular matrix protein 

132), CD302 (C-type lectin domain family 13, member A33,34). A protein with ≥ 2-fold 

differential expression, and per our Pubmed search [(complete protein name OR symbol) 

AND (nerv* OR neuro*)] not previously associated with other neurological conditions, 

was CLPS (colipase). Though CLPS is more commonly associated with being produced 

by and regulating the function of the pancreas, CLPS mRNA has been detected in rat 

hypothalamus35.

Mass Spectrometry—At an adjusted p-value < 0.1, 662 proteins had differential 

expression level in CLN3 compared to non-CLN3 samples, as depicted in a volcano plot 

(Figure 3B). 234 of the 662 proteins were 1.5-fold or more differentially expressed between 

the two cohorts, with 26 (4%) higher and 208 (31%) lower in CLN3 (Supplemental Table 

9). Of the markers with ≥ 2-fold differential expression (Table 2B, Figure 3B), CHIT1, 

CA8 (carbonic anhydrase 836), BCS1L [BC1 (ubiquinol-cytochrome C reductase) synthesis-

like37], COL23A1(collagen type XXIII alpha 1 chain38), NT5DC2 (5’-nucleotidase 

domain containing 239), SCG5 (secretogranin V40), ASXL3 (additional sex combs like 

transcriptional regulator 341), C9orf84 (shortage in chiasmata 142), GPR161 (G protein-

coupled receptor 16143), MSI2 (musashi RNA binding protein 244), ATP6AP2 (ATPase 

H+ transporting accessory protein 245), FHL1 (four-and-a-half Lin11, Isl-1 and Mec-3 

domains 146), HYDIN (hydrocephalus-inducing axonemal central pair apparatus protein47), 

CHGA (chromogranin A48), UNC13C (unc-13 homolog C49), CA3 (carbonic anhydrase 

350,51), CKM (creatine kinase, M-type52), CHST10 (carbohydrate sulfotransferase 1053), 

SHISA6 (Shisa family member 654), PCSK1 (proprotein convertase subtilisin/kexin type 

155), MGAT3 (beta-1,4-mannosyl-glycoprotein 4-beta-N-acetylglucosaminyltransferase56), 

WFDC1 (WAP four-disulfide core domain 157,58), have been associated with neurologic 

conditions or processes in various models. Biomarkers with ≥ 2-fold differential expression, 

and per our Pubmed search not previously associated with other neurological conditions or 

processes include: FAM217B (family with sequence similarity 217 member B), QRICH2 

(glutamine rich 2), KRT16 (keratin 16), ZNF333 (zinc finger protein 333). FAM217B has 

been reported to have repressed expression in ulcerative colitis59 and differentially expressed 

in glucokinase-positive neurons60. QRICH2 regulates formation of sperm flagella and when 

absent is associated with male infertility61. Variants in its homolog gene, QRICH1, is linked 

to a neurodevelopmental short stature syndrome62. QRICH1 is not present or detected in 

either the PEA or mass spectrometry analyses. KRT16 is a member of the keratin family 
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involved in inflammatory responses, whose abundance level has been reported to increase in 

a mouse model of brain ischemia63 or complex regional pain syndrome64, and blood sample 

from individuals with fascioscapulohumeral dystrophy65. Variants in the gene encoding 

ZNF333 have been associated in certain analytical models of Alzheimer samples66 and with 

markers of apoptosis67. (CD302 and NEFL were not detected in the MS analysis of CSF.)

Assay Comparisons

To identify the most likely biomarker candidates, we compare changes identified by PEA 

and MS for proteins that were found by both methods to be significantly altered. We focused 

the analyses on the subsets of CLN3 (n=20) and non-CLN3 (n=10) CSF samples that were 

used in both assays (Table 1 and Supplemental Table 1). PEA measured 1002 proteins for 

which the mass spectrometry assay did not consistently identify (i.e., NA values) (Table 

3A). Fifty-nine (6%) of these have adjusted p-value < 0.1, with the proteins that have the 

largest magnitude log2 fold change being NEFL (2.5) and CD302 (−3.4) (Figure 4, Table 

3A, Supplemental Table 10). In comparison, mass spectrometry measured 2833 proteins for 

which PEA did not consistently identify. Of these, 478 (17%) have adjusted p-value < 0.1, 

with the proteins that have the largest magnitude log2 fold change being CCPG1 (0.96) and 

ZNF333 (−2.3).

Overall, 460 proteins were measured by both assay methods (Table 3B, Supplemental Table 

10). Of these, 310 (67%) proteins showed concordant changes (i.e., log2 fold change in 

the same direction in both assays). Twenty-five proteins have adjusted p-values < 0.1 by 

both PEA and MS assay methods and concordant log2 fold change (Table 4). The majority 

(23/25) showed concordant decreases. Sixty percent of these are proteins that are involved in 

neuronal or ocular processes. Three markers are measured by and have concordant changes 

as well as have adjusted p-value < 0.1 and log2 fold change > 1 in CLN3 in both assays. 

CHIT1 is a marker elevated in Gaucher disease and other neurologic conditions28. NELL1 

(neural epidermal growth factor-like 1), and its homolog NELL2 (PEA p-adjusted = 0.12, 

log2 fold change = 0.21; MS p-adjusted = 0.01, log2 fold change = −0.71), are involved 

in directing axon outgrowth in neurons and retinal ganglions.68,69 ISLR2 (immunoglobulin 

superfamily containing leucine rich repeat 2, LINX) similarly has been associated with 

Alzheimer disease70 and retinal axon guidance71. Expression level for NELL1 and ISLR2 

have high correlations with each other in both the PEA (rho=0.86) and MS (rho=0.57) 

hierarchical clustering.

Protein expression patterns

To identify patterns for the differential expression outcomes, we evaluated protein 

correlations and gene set expression in the CLN3 versus non-CLN3 contrasts. To generate 

correlation values we used the following Kruskal-Wallis contrasts: 1) all PEA CLN3 vs. all 

PEA non-CLN3 samples, 2) all MS CLN3 vs. all MS non-CLN3 samples, 3) the subsets 

of CLN3 (n=20) and non-CLN3 (n=10). We calculated the correlations of differential 

abundance for each pair of proteins assayed and performed hierarchical clustering to find 

potential additional proteins with differential abundance not identified by the Kruskal-Wallis 

analyses25,72. We hypothesized that this may provide insights into which proteins are 

similarly affected by the absence of CLN3, and perhaps potential cellular response patterns. 
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We also evaluated functional enrichment using GSEA to incorporate the protein expression 

level data and account for PEA using only a subset of the proteome.

Proximal Extension Assay—Figure 5A shows the protein by protein correlation matrix 

using PEA data. Each cluster includes a group of proteins with differential abundances in 

CLN3 versus non-CLN3 that have a similar pattern of pairwise correlation coefficients with 

other proteins in the group (Supplemental Table 11). NEFL and LEP, as well as CHIT1, 

CTSH, CPVL, and CHI3L1 have r > 0.5 with other proteins that have significant adjusted 

p-value and log2 fold change, and also with those that do not (e.g., BAG3, CDH3) (Table 

2A). CLPS and EFEMP1 each has a relatively large list of correlative proteins involved 

in various neuronal cell development processes; some of these proteins did not meet the 

significance criteria in the differential abundance analyses (Table 2A, Supplemental Table 

4). The overall size of a cluster does not necessarily dictate the number of correlative 

proteins (e.g., compare proteins in cluster 8 versus 16). GSEA suggested an effect of CLN3 

deficiency on biological processes that include immune response, fusion, and transport 

(Figure 6A). Of the proteins assessed by PEA, CLN3 deficiency did not appear to affect 

enrichment for particular cellular components or molecular functions (Supplemental Figures 

1A and 2A).

Mass Spectrometry—Figure 5B shows the protein by protein correlation matrix using 

mass spectrometry data. Multiple proteins with significant differential abundance did not 

group with any cluster (Table 2B, Supplemental Table 12). SCG5, ATP6AP2, CHST10, 

and SHISA6 have large correlative clusters containing proteins classified to have binding or 

catalytic activity function. Some of these proteins did not meet the significance criteria in the 

differential abundance analyses (Supplemental Table 5). GSEA suggested an effect of CLN3 

deficiency on biological processes involving neuronal/axonal development and cellular 

metabolism (Figure 6B). Of the proteins assessed by mass spectrometry, CLN3 deficiency 

also affected enrichment for membranous and macromolecule cellular components, and 

receptor binding molecular functions (Supplemental Figures 1B and 2B).

DISCUSSION

Leveraging technical and methodological advancements in proteomics, we conducted 

discovery studies for candidate biomarkers for CLN3 disease using unique collections 

of CSF from pediatric study participants in a longitudinal prospective natural history 

protocol. Biomarkers identified in this study that have also been associated with other 

neurologic conditions provide support for the clinical relevance of the sampled cohorts and 

applied assays. As several of these biomarkers [such as NEFL73,74] have been evaluated 

in more frequently occurring conditions that are amenable to large-scale validation efforts, 

application of the overlapping biomarkers in interventional trials for rare diseases such as 

CLN3 holds promise. The overlaps imply that disease-specificity may necessarily derive 

from different combinations of changes in biomarker expression25. In addition to the fluid 

biomarkers that have also been recognized in other diseases, this discovery work also 

identified intriguing potentially CLN3-specific proteins, for which further work will be 

needed to determine their contribution to CLN3 specificity.
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The proximal extension assay combines antibody-based detection (thus, theoretically 

targeting proteins conformationally close to their native state) with signal amplification by 

next-generation sequencing. The PEA requirement for two antibodies capable of recognizing 

epitopes within limited distance from each other increases assay specificity and limits the 

detection of large number of proteins. Comparatively, mass spectrometry assay enables 

less constrained detection of digested peptides based on their mass and charge. While this 

allows detection of larger number of inferred proteins, a distinct difference resides with the 

detection of proteins in PEA versus peptides in MS. Combinatorial application and analysis 

of both methods for discovery of biomarkers for CLN3 provides an approach to mitigate 

each method’s limitations and identify a set of high-confidence biomarkers. Petrera et al.75 

compared PEA and LC-MS/MS methods in human plasma samples and identified 52/736 

(7%) overlaps, with 8-14/35 (23-40%) of the overlapping markers having moderate to 

high correlative findings. These lower percentages as compared to 31% (462/1467) marker 

overlap from our study likely relate to the smaller number of PEA markers evaluated and 

the more complex sample matrix in the use of plasma samples in the previous comparison. 

Panels with greater number of protein markers are now available from Olink®, and may 

prove instructive for further comparisons with mass spectrometry.

For further hypothesis generation, we looked for proteins with correlative changes in 

the CLN3 vs. non-CLN3 samples, and for enriched processes. Both approaches provided 

broad categories of other genes and processes of potential interest, some of which are 

similar to current information in the field (e.g., involvement of immune response biological 

process), and all of which are suggestive of much further investigations to pursue. 

Previous work towards identifying pathways affected in CLN3 used different sample type/

method combinations that included human lymphocytes/microarray76, mouse brain/mass 

spectrometry77, Cln3 knock-in mouse cerebellar cells/mass spectrometry78, and human post-

mortem CSF/mass spectrometry79. Thus, it is not unexpected that overall, there are very low 

correlations of the fold change values of each of these published marker list with the PEA 

or MS candidate biomarker list (Supplemental Table 13). Sample genotype heterogeneity 

in our cohort may also affect the fold change magnitude for some markers. Recent work 

by Minnis et al.11 demonstrated differences in regulated pathways and phenotypes in yeast 

cln3-equivalent mutations that are predicted to have similar cln3 protein outcome.

The orthogonal methods concordantly identified three markers of relevance and interest. 

CHIT1, a hydrolase of glycosyl-containing compounds such as chitin, was clearly identified 

by both assay methods to be elevated in CSF of individuals with CLN3. CHIT1 and the non-

enzymatic related protein CHI3L1 are hypothesized to protect the central nervous system 

against damaging innate inflammatory or immunologic responses involving microglia and 

astrocytes, respectively28. While CHIT1 elevation has not been previously reported for 

CLN3, it has been linked with lysosomal disorders such as Gaucher and Niemann-Pick 

disease, type C180, as well as the infantile form of neuronal lipofuscinosis, CLN179. CHIT1 

level correlated with disease state in multiple sclerosis, Alzheimer, and stroke28. Its elevation 

in CLN3 hints at its potential as a marker for tracking progression or treatment responses, 

perhaps a role similar to that in Gaucher disease type 181.
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In contrast, to our knowledge neither NELL1 nor ISLR2, the two markers concordantly 

identified by both assays as being decreased in CLN3, have been examined as fluid 

biomarkers for diseases. First identified in chicken, nel transcripts were expressed in all 

embryonic tissues examined but were highest in the brain82. Post-natally, nel transcript 

levels were maintained in the brain, increased in the retina, and significantly decreased 

in non-neural tissues. Based on sequence, the chicken nel is orthologous to mammalian 

Nell2. NELL2 regulates differentiation and axon development in rat hippocampal neurons83, 

the mechanism for axonal growth guidance being through interactions with the Robo 

family of receptor proteins that direct axon formation69. Decreased Nell2 expression in 

mouse retina resulted in abnormal axonal development of the retinal ganglion cells68. In 

humans, NELL2 is strongly expressed in cortical neurons, apparent in oligodencytes, and 

insignificantly present in astrocytes84. While more prominently linked to regulation of bones 

and connective tissues, as a decrease in its expression affected skeletal development and 

led to perinatal death85, the homolog Nell1 transcripts were shown to be expressed in 

similar areas of mouse central and peripheral nerve tissues as Nel and Nell1 protein to form 

complex with Nel86. Like NELL2, decreased ISLR2 in CLN3 CSF sample is intriguing 

and apropos to the pathology. Identified through a screen for genes involved in regulating 

sensory and motor axonal development, Islr2 was found to be present in mouse embryonic 

spinal cord and dorsal root ganglia, and its absence to result in disrupted peripheral nerve 

growth87. In a different mouse model, Islr2 was detected in the hippocampus, apical 

cotex, and an area corresponding to the olfactory nucleus. In mice either homozygous or 

heterozygous for Islr2 knockout, severe hydrocephalus and defects in structures connecting 

the brain hemispheres occurred88. In another parallel to NELL2, failure of retinal ganglion 

cell axons to decussate at the optic chiasm occurred in an islr2 mutan zebrafish model71. 

NELL1 and ISLR2 will need further study to define their utility as biomarkers in CLN3 and 

their role in the disease process.

In summary, using two proteomic discovery methods we have identified promising 

cerebrospinal fluid candidate biomarkers for CLN3, a fatal pediatric neurodegenerative 

disease currently without treatment. Proteins independently identified by each method 

include those previously linked to neurological processes or diseases, suggesting biological 

relevance. Proteins identified by comparison of overlaps between the methods highlight 

potential new targets for investigations to further understanding of the underlying 

pathophysiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Clustering of cerebrospinal fluid samples analyzed using proximal extension assay. Samples 

that have adjusted p-value < 0.1 are grouped based on expression level pattern. A) All 

CLN3 versus all non-CLN3. B) Syndromic CLN3 versus all non-CLN3. C) All CLN3 versus 

non-PLC. D) Syndromic CLN3 versus non-PLC. Color gradient bar depicts ranges of age 

or protein expression levels. Panel: light green = inflammatory; pink = oncology; dark green 

= neurology; light blue = cardiometabolic. Direction: red = increased expression, blue = 

decreased expression in CLN3 compared to non-CLN3.
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Figure 2. 
Clustering of cerebrospinal fluid samples analyzed using mass spectrometry. Samples that 

have adjusted p-value < 0.1 are grouped based on expression level pattern. A) CLN3 versus 

all non-CLN3. B) CLN3 versus non-CLN3 < 24 years of age. Color gradient bar depicts 

ranges of age or protein expression levels. Direction: red = increased expression in CLN3 

compared to non-CLN3; blue = decreased expression in CLN3 compared to non-CLN3.
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Figure 3. 
Volcano plot depicting differential level of biomarkers in CLN3 versus non-CLN3 

cerebrospinal fluid samples analyzed using A) proximal extension assay and B) mass 

spectrometry. Protein level in CSF samples plotted as log2 fold change on the x-axis and 

−log10 adjusted p-value on the y-axis. Red: adjusted p-value < 0.1. Black: adjusted p-value 

≥ 0.1. Labeled proteins are those with adjusted p-value < 0.1 and absolute log2 fold change 

≥ 1. For visual clarity, protein labels containing “ENSP00000…” are shortened to their 

unique numbers only.
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Figure 4. 
Differential expression of biomarkers in cerebrospinal fluid samples analyzed using Olink® 

proximal extension assay (PEA) or mass spectrometry. The scatterplot shows the log2(fold 

change) for each protein using data from PEA (x-axis) and from mass spectrometry (y-axis). 

Internal points are for proteins found in both PEA and mass spectrometry datasets. Proteins 

found only in the PEA dataset are illustrated in the rug plot on the x-axis; proteins found 

only in the mass spectrometry dataset are illustrated in the rug plot on the y-axis. Points 

within the NA significance group reported an adjusted p-value of NA (not available) in at 

least one of the two methods. Significance for biomarker discovery is p < 0.1.
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Figure 5. 
Hierarchical clustering of expression level by protein-protein correlations. CSF protein 

expression measured by A) proximal extension assay and B) mass spectrometry. Clusters 

represent group of proteins with similar correlative patterns of change in levels when 

comparing CLN3 versus non-CLN3 samples. The significance vertical bars on the right 

depict the assay type, contrasts used to calculate the correlation coefficients for proteins 

within each cluster, and the Kruskal-Wallis adjusted p-value significance. olink/ms_full: 

all CLN3 vs. all non-CLN3. olink/ms_sub: subset of CLN3 vs. non-CLN3 used in both 
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proximal extension assay and mass spectrometry. White spaces in the vertical bars denote 

that the protein(s) were not included in the assay method.
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Figure 6. 
Gene set enrichment analysis for the top 20 enriched biological processes based on protein 

differential abundances as measured by A) proximal extension analysis and B) mass 

spectrometry. Count: number of proteins annotated within the given category. Normalized 

Enrichment Score (NES) quantifies the degree of overrepresentation in the ranked list 

of protein log2 fold change. Sign of the NES corresponds to differential abundance 

directionality of the majority of proteins in the category (e.g. positive NES = primarily 

positive log2 fold change). P.adjust: likelihood that the enrichment scores based on the 

rank list of protein differential abundances is different from a random permutation (smaller 

adjusted p-value = more likely to be different).
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Table 3.

Overlapping biomarkers identified by both proximal extension assay and mass spectrometry with A) any 

adjusted p value and B) adjusted p value < 0.1 in both methods. NA: no value. −: decreased level in CLN3 

samples. +: increased level in CLN3 samples.

A)

Proximal Extension Assay log2(fold change)

Mass Spectrometry log2(fold change) − + NA

− 267 121 1719

+ 29 43 1114

NA 607 395 18

B)

Proximal Extension Assay log2(fold change)

Mass Spectrometry log2(fold change) − + NA

− 23 1 434

+ 0 2 44

NA 52 7 NA
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Table 4.

Biomarkers identified by both proximal extension assay (PEA) and mass spectrometry (MS) with adjusted p-

value (adj p-val) < 0.1 in both methods and concordant in the log2 fold change (FC) direction. Bold: protein 

markers with concordant changes, adjusted p-value < 0.1, and absolute log2 fold change ≥ 1 in both assays. 

Protein function is derived from NCBI database (https://www.ncbi.nlm.nih.gov/gene) and www.genecards.org 

(https://www.genecards.org. Accessed January 3, 2023).

Protein Symbols PEA MS Protein Descriptions

adj p-val log2 FC adj p-val log2 FC

CHI3L1 5.6E-02 1.18 1.4E-02 0.74 member of glycosyl hydrolase 18 family, no chitinase activity

CHIT1 7.4E-03 2.69 8.7E-03 1.50 chitotriosidase

ACAN 2.0E-02 −0.68 9.1E-02 −0.91 extracellular matrix protein of aggrecan/versican proteoglycan family

BSG 3.3E-02 −0.67 9.4E-02 −0.84 plasma membrane protein involved in neural network formation

CLSTN2 2.0E-02 −0.76 5.7E-03 −0.74 predicted Ca2+-binding protein, synapse assembly/synaptic transmission

CRTAC1 8.4E-02 −0.67 1.1E-02 −0.72 glycosylated extracellular matrix protein, chondrocyte marker

DFFA 7.6E-02 −0.27 7.2E-02 −0.67 DNA fragmentation factor subunit A

EPHA10 7.2E-02 −0.99 5.7E-03 −0.75 receptor tyrosine kinase, mediator of neuronal cell mobility

GFRA2 6.5E-02 −0.67 6.8E-03 −0.75 cell surface receptor for neurotrophic factors

IGF2R 6.9E-02 −0.55 6.7E-03 −0.54 Insulin-like growth factor 2 and mannose 6-phosphate receptor

ISLR2 1.7E-02 −1.28 5.7E-03 −1.25 predicted integral membrane protein, axon extension regulation

JAM2 7.4E-02 −0.66 1.5E-02 −0.71 type I membrane protein of the junctional adhesion molecule family

KIT 2.3E-02 −1.02 6.7E-03 −0.87 glycosylated transmembrane receptor tyrosine kinase

L1CAM 6.9E-02 −0.77 7.6E-03 −0.76 axonal glycoprotein of the immunoglobulin supergene family

LRRN1 5.5E-02 −0.71 2.5E-02 −0.56 predicted membrane protein, synapse assembly regulation

NELL1 6.5E-02 −1.29 1.4E-02 −1.10 cytoplasmic protein, cell growth regulation and differentiation

NPTN 5.6E-02 −0.56 2.5E-02 −0.47 type I transmembrane protein, cell-cell/substrate interactions

NTRK2 4.8E-02 −0.65 2.4E-02 −0.53 neurotrophic tyrosine receptor kinase

NXPH1 9.2E-02 −0.69 1.0E-02 −0.84 secreted protein promoting dendrite-axon adhesion

PLXDC1 9.2E-02 −0.16 8.7E-03 −0.65 predicted to be involved in spinal cord development and angiogenesis

PTPRS 7.2E-02 −0.83 5.7E-03 −0.66 protein tyrosine phosphatase family, primary axonogenesis involvement

SMOC1 8.4E-03 −0.64 5.7E-03 −0.90 secreted protein, role in ocular and limb development

ST6GAL1 3.5E-02 −0.91 1.8E-02 −0.70 glycosyltransferase, generation of cell-surface carbohydrate 
determinants

TNR 7.4E-03 −0.46 5.7E-03 −0.86 extracellular matrix protein, neurite outgrowth/neural cell adhesion

VCAN 2.1E-02 −0.84 5.7E-03 −0.75 extracellular matrix chondroitin sulfate proteoglycan
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