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Abstract: Glioblastoma Multiforme (GBM) is a brain tumor with a poor prognosis and low survival 

rates. GBM is diagnosed at an advanced stage, so little information is available on the early stage of 

the disease and few improvements have been made for earlier diagnosis. Longitudinal murine mod-

els are a promising platform for biomarker discovery as they allow access to the early stages of the 

disease. Nevertheless, their use in proteomics has been limited owing to the low sample amount 

that can be collected at each longitudinal time point. Here we used optimized microproteomics 

workflows to investigate longitudinal changes in the protein profile of serum, serum small extra-

cellular vesicles (sEVs), and cerebrospinal fluid (CSF) in a GBM murine model. Baseline, pre-symp-

tomatic, and symptomatic tumor stages were determined using non-invasive motor tests. Forty-

four proteins displayed significant differences in signal intensities during GBM progression. 

Dysregulated proteins are involved in cell motility, cell growth, and angiogenesis. Most of the 

dysregulated proteins already exhibited a difference from baseline at the pre-symptomatic stage of 

the disease, suggesting that early effects of GBM might be detectable before symptom onset. 
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1. Introduction 

Glioblastoma Multiforme (GBM, World Health Organization (WHO) grade IV astro-

cytoma [1]) is the most malignant glial tumor and is associated with a very poor progno-

sis, with a median survival of just 15 months [2]. The vast majority of GBM occurs de-

novo in older patients (primary GBM), with only 5% arising from low-grade astrocytoma 

in younger patients (secondary GBM) [3]. Current GBM treatments are limited to com-

plete tumor resection followed by radiotherapy and adjuvant chemotherapy [3]. 

GBM diagnosis relies on neuroimaging techniques, often performed after the clinical 

presentation of symptoms and thus showing a considerable size and differentiation of the 

mass [4,5]. Extended resections have been shown to increase the median survival time, 

but can also cause motor deficits and functional decline [4]. 
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It is widely established that tumor stage and grade determine patient outcomes and 

patient treatment [5,6] in many types of tumors. For instance, earlier diagnosis of breast 

cancer allows the tumor to be treated in the initial stage, significantly improving patient 

prognosis [7]; the introduction of screening for the prostate-specific antigen has decreased 

prostate cancer lethality by 21% [8,9]; and screening for α-fetoprotein [10,11] has enabled 

earlier detection and concomitant improvements in the outcome of hepatocellular carci-

noma [12,13]. A lack of biomarkers for earlier-stage GBM has impeded any investigation 

of possible beneficial effects of early diagnosis in terms of treatment outcome. 

Biomarker discovery for patient diagnosis has been the subject of a wide body of 

research, utilizing many diverse omics technologies and patient materials [14–18]. To be 

practical, an assay for early diagnosis should be based on accessible body fluids, such as 

urine, saliva, serum/plasma, and cerebrospinal fluid (CSF), or performed in material de-

rived from biological fluids such as extracellular vesicles (EVs) and circulating tumor cells 

[19]. 

The identification of biomarkers for earlier detection of GBM is hampered by the ab-

sence of early-stage patient material because patients are diagnosed when the disease is 

already advanced. Animal models likely represent the only solution to investigate early-

stage GBM because they provide the possibility to perform longitudinal analyses, includ-

ing at pre-symptomatic stages. 

Murine models are well established for GBM [20]; syngenic GBM models, in contrast 

to human transplant models, do not require an immune-deficient system and can mimic 

the interaction between GBM and the brain tissue environment [21]. Despite its ad-

vantages, the longitudinal analysis of biofluids in rodent models is challenging owing to 

the limited sample volume that may be obtained at each time point. The amount of bio-

fluid that may be withdrawn is determined by the number of time points, the weight of 

the animal, and the recovery time between collections, to preserve animal welfare and 

reduce sampling invasiveness [22]; for instance, just 75 µL of serum may be obtained every 

14 days for adult mice [23]. Highly sensitive approaches for the molecular characterization 

of the samples obtained from each time point, from each individual animal, are needed 

for this type of analysis. 

Here, a set of microproteomics procedures are reported for the longitudinal prote-

omics analysis of serum, small extracellular vesicles isolated from serum (serum-sEV), 

and cerebrospinal fluid. The workflows were applied for the investigation of early-stage 

biomarkers in a recently developed GBM mouse model, in which glioma-induced early 

dysfunction is longitudinally monitored via behavioral analyses of motor function. 

2. Results 

The frontal cortex is the most common anatomical location of glioma [24]. GBM in-

duction in the primary motor cortex (located in the frontal lobe) induces motor deficits 

and neurological symptoms in mice [25]. Motor function was monitored through behav-

ioral tasks to chart tumor progression, and thereby define pre-symptomatic and sympto-

matic stages. 

The results from Grip strength and Rotarod tests are shown in Figure 1 and were 

consistent with previous findings, namely a decrease in grip strength and motor perfor-

mance with tumor progression [25]. The pre-symptomatic stage of GBM was defined as 

12 days post inoculation, when the onset of motor symptoms had begun but was not com-

pletely manifest. Blood and CSF withdrawal was performed 15 days prior to inoculation 

(baseline), and 12 days and 21 days afterward (T1 and T2, respectively). The tumor vol-

ume at the pre-symptomatic and symptomatic stages of tumor progression for the synge-

neic mouse model used in this study was previously evaluated [25] and confirmed that 

tumor growth mainly occurs between 14 and 23 days post-inoculation. Figure S1 shows 

the Hoechst-stained brain section of a glioma-bearing mouse 23 days after tumor implan-

tation (coronal brain section, 45 μm, 1:500 v/v). 
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Figure 1. Motor tests and assessment of tumor progression. (A) Grip strength test. GBM mice (red 

line, n = 6) displayed a significant deterioration of grip strength starting from day 5 with respect to 

naïve mice (blue line, n = 9), which instead showed a slight improvement in task performance over 

the time course of the study and in accordance with data previously reported. (B) Rotarod test. 

Both groups showed an increase in their motor performance until day 12 due to the learning com-

ponent of this motor task[25]. However, from day 15, after tumor induction, the GBM mice (red 

line, n = 6) exhibited worse performance, indicative of significant motor dysfunction with respect 

to naïve animals. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 using a two-

way repeated-measures ANOVA with Holm–Sidak post hoc correction. 

2.1. Serum, Serum sEVs, and CSF Proteomics 

Longitudinal analysis of circulating proteins from small animal models is challeng-

ing due to the limited amount of biofluids that can be sampled per time point. The amount 

of biofluid that may be withdrawn is determined by the number of time points, the weight 

of the animal, and the recovery time between collections, to preserve animal welfare and 

reduce sampling invasiveness [22]. The analytical methods were first optimized in order 

to process the low amounts of biofluids that could be obtained from each animal at each 

time point. 

In-depth proteome coverage of serum must contend with the high dynamic range of 

protein concentration [26,27]. An SDC-based proteomics workflow that includes immu-

nodepletion of highly abundant proteins and sample fractionation after TMT labeling was 

developed. Using this protocol, we were able to quantify more than 600 serum proteins 

from just 15 µL of serum. 

The de-facto gold standard for EV isolation, ultracentrifugation [28], is prone to ves-

icle aggregation and disruption. The typical sample volume for ultracentrifugation is sev-

eral milliliters [29,30], far more than the quantity available in longitudinal studies involv-

ing small animals [31]. For these reasons, we used an SEC-based protocol that was able to 

efficiently isolate sEVs from just 50 µL of serum, thereby enabling longitudinal analysis 

of mice [32]. An average of 1.8 µg of sEV of proteins could be isolated per time point. 

These sEV proteins were then processed for proteomics analysis using a modified SP3 

protocol [33], which led to the identification of 274 protein groups. The combination of 

these protocols enabled the parallel analysis of serum and serum sEVs from each time 

point of each animal (serum amount available ≤ 75 μL [22]). The serum sEV data included 

99 proteins that were not present in the serum dataset (Figure S2A and Supplementary 
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Material 4). Furthermore, a comparison of the sEV dataset with the ExoCarta Top 100 da-

tabase of exosome markers revealed the presence of 26 exosome markers, 9 of which were 

identified in all samples (Supplementary Material 4). 

The same SP3 workflow was adapted for the analysis of the longitudinal CSF sam-

ples, for which only around 5 µL were available per time point and corresponded to less 

than 2 µg of protein (see methods section for more details). The quality of CSF collection 

was assessed by comparing the proteins identified in all CSF samples with proteins pre-

viously reported in the CSF of murine models of stroke and neurodegenerative diseases 

[34–36]. The majority of proteins identified in the CSF dataset (circa 93%) were in agree-

ment with at least one of the reported datasets (Figure S2B and Supplementary Material 

4), supporting the quality of CSF collection, processing, and analysis. 

Despite the low amount of serum, immunodepletion of high-abundance proteins and 

high-pH fractionation allowed the identification of 644 protein groups. This result is com-

parable with other studies involving higher serum amounts and more extensive immuno-

depletion and fractionation [37,38] using similar instrumentation. The optimized SP3 

workflow allowed the quantification of 274 serum sEV proteins. CSF samples were com-

pared to a high-pH fractionated pooled sample using the match-between-runs function of 

MaxQuant. This approach led to the identification of 3002 protein groups, consistent with 

previous studies in which extensive fractionation was used to increase proteome coverage 

[39,40]. 

2.2. Longitudinal Proteomics Analysis of Mouse Serum, Serum sEVs and CSF 

The longitudinal proteomics dataset from serum consisted of 18 points, correspond-

ing to the baseline, T1, and T2 time points measured from six individual glioma-bearing 

mice. The LME model was individually fitted to each protein, under the condition that at 

least four valid values were present for each time point. The model was fitted to the log2 

transformed normalized intensities of 612 protein groups; of these, 38 were discarded be-

cause either the model residuals or the random effects were not normally distributed, and 

281 were discarded due to insufficient valid values. Figure 2 shows 17 protein groups that 

exhibited a significant change in level during GBM progression, with respect to the base-

line. In most cases, the fold change at the pre-symptomatic stage (T1) was less than that at 

the symptomatic stage (T2). 
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Figure 2. Protein groups that exhibited significant differences in the serum dataset; p-values refer to the H0 hypothesis 

that all coefficients of the model are zero. Regression coefficients are reported in blue for a T1 (pre-symptomatic) effect 

and in red for a T2 (symptomatic) effect, with their confidence interval at 95%. Regression coefficients represent the fold 

change compared to the baseline. 

For the sEV dataset, time points were complete for all mice, except for a missing T2 

and a missing baseline (from different mice). Protein intensities were log2 transformed 

and normalized by median subtraction. The LME model was fitted only if at least three 

baselines, three T1, and three T2 had valid values for the protein. The serum sEV dataset 

included quantitative information for 211 protein groups, 13 of which were then omitted 

because the residuals or random effects were not normally distributed and 102 due to 

insufficient valid values. Figure 3 shows 25 protein groups that exhibited a significant 

change in level during GBM progression. Again, the fold change at the pre-symptomatic 

stage (T1) was less than that at the symptomatic stage (T2) for the majority of proteins. 

Only one protein, apolipoprotein C-IV, exhibited significant differences in levels in both 

the serum and serum sEV datasets; different subunits of carboxypeptidase N were found 

to be differentially detected in GBM in the longitudinal serum dataset (carboxypeptidase 

subunit 2) and the longitudinal serum sEV dataset (carboxypeptidase catalytic chain). 
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Figure 3. Protein groups that exhibited significant differences in the serum sEV dataset; p-values refer to the H0 hypothesis 

that all coefficients of the model are zero. Regression coefficients are reported in blue for a T1 (pre-symptomatic) effect 

and in red for a T2 (symptomatic) effect, with their confidence interval at 95%. Regression coefficients represent the fold 

change compared to the baseline. 

Five mice were used to estimate time point effects for CSF. Three mice missed the T2 

point, while one mouse missed both baseline and T1, so the model was fitted only for 

proteins with valid values for all samples. Protein intensities were log2 transformed and 

normalized by median subtraction. We identified 3002 protein groups, of which 2081 

lacked sufficient values and were discarded. 74 protein groups were discarded due to the 

non-normal distribution of either residuals or random effects. Figure 4 shows 3 protein 

groups that exhibited a significant change in level during GBM progression, with respect 

to the control animals. Again, the fold change at the pre-symptomatic stage (T1) was less 

than that at the symptomatic stage (T2). 
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Figure 4. Protein groups that exhibited significant differences in the CSF dataset; p-values refer to the H0 hypothesis that 

all coefficients of the model are zero. Regression coefficients are reported in blue for a T1 (pre-symptomatic) effect and in 

red for a T2 (symptomatic) effect, with their confidence interval at 95%. Regression coefficients represent the fold change 

compared to the baseline. 

Despite the very low volumes available from the longitudinal sampling of biofluids 

from individual animals of a murine GBM model, the longitudinal analysis of serum, se-

rum sEVs, and CSF revealed 44 protein groups that exhibited a significant temporal 

change during GBM progression (Figures 2–4). In particular, 22 proteins decreased and 

21 proteins increased in their concentration in at least one of the disease stages (T1 or T2) 

with respect to the baseline. Only one protein (N-fatty-acyl-amino acid synthase/hydro-

lase) increased its fold change at T1 but showed a significant decrease at T2 compared to 

baseline. 

Upregulated and downregulated proteins were each subjected to an enrichment 

analysis using STRING v.11. Up- and down-regulated pathways of proteins dysregulated 

in at least one time point are shown in Figure 5 along with the corresponding p-values. 

Up- and down-regulated pathways of proteins dysregulated at the presymptomatic stage 

are shown in Figure S3. 

 

Figure 5. KEGG pathways GO enrichment analysis of proteins upregulated (red) or downregu-

lated (green) in at least one time point. 

3. Discussion 

The discovery of circulating biomarkers for earlier diagnosis of GBM is limited by 

the lack of availability of body fluids and tissues from patients prior to diagnosis. In this 

context, a longitudinal study on small animal models enables the identification of candi-

date biomarkers, despite facing difficulties linked to the low sample amount involved in 

the analysis. 
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Here the sample preparations for serum, serum sEV, and CSF proteomics were scaled 

down to enable the longitudinal analysis of individual animals. The 15 µL serum used for 

the serum analysis and the 50 µL for the serum sEV analysis allowed the longitudinal 

analysis of serum and serum sEVs of the same individual animals at the same time points. 

Mouse CSF proteomics is usually limited by the low sample amount [36] and by the pres-

ence of CSF high-abundance proteins [41]; in the case of longitudinal studies, the sample 

amount is reduced even further because of issues related to sampling invasiveness. In this 

study, the SP3 microproteomics workflow was adapted to CSF samples, enabling the anal-

ysis of three time points across 36 days. 

Experimental difficulties associated with repeated samplings of small animal models 

means missing time points are not uncommon, particularly for CSF in which scarring can 

make sampling at later time points difficult or lead to blood contamination. Furthermore, 

the low volume of biofluid available at each time point from each animal [22] means the 

quantitative proteomics data can be prone to missing values because of the stochastic na-

ture of data-dependent acquisition. Here, the match-between-runs method was used to 

reduce the severity of this effect for the serum sEV and CSF datasets, but data-independ-

ent methods could help further reduce missing values [42,43]. Nevertheless, such longi-

tudinal analyses must contend with missing values; the linear mixed effects model used 

here was chosen because it models longitudinal changes in expression levels, incorporates 

statistical checks on the distribution of residuals and effects, and is robust to missing val-

ues [44]. LME has previously been used to investigate temporal changes in protein expres-

sion levels associated with clinical decline and childhood development [45,46]. 

When the LME method was applied to serum, serum sEVs, and CSF datasets, it led 

to the identification of more than forty dysregulated proteins. It is interesting to note that 

significant proteins in the three datasets exhibit little overlap, with just a single significant 

protein in common between serum and sEVs despite the serum origin of the vesicles. 

When analyzing whole serum, the protein signals from serum sEVs would be masked by 

the much more abundant non-sEV serum proteins (which is the reason we implemented 

a separate sEV purification strategy to target serum sEV proteins). SEC isolation and mi-

croproteomics are needed to explore the protein content of sEVs without the interference 

of more abundant serum proteins. The unbiased analysis of sEVs is particularly relevant 

here, since vesicles are a promising source of GBM markers [47,48]. Among the proposed 

sEVs biomarkers, we identified several proteins that have previously been reported as 

derived from GBM exosomes. Six out of nineteen upregulated sEVs proteins were found 

in exosomes derived from two different human GBM cell lines [47] (Tln1, Myh9, Thbs1, 

Flna, Vcan, and Lamb1), and five markers that the authors associate with GBM invasive-

ness were present in the sEVs dataset but were not dysregulated (App, Ecm1, Gapdh, 

Itgb1, and Mvp). Six of the upregulated sEVs markers were detected in the exosomes of 

four out of five GBM cell lines in another proteomics study [48] (Tln1, Myh9, Thbs1, Flna, 

Fbln1, and Vtn). Several of the proposed markers from sEVs are commonly found in GBM-

derived exosomes. The enrichment analysis of proteins dysregulated in at least one time 

point showed a significant increase in cancer-related pathways, involving cell motility and 

invasion, proliferation, and angiogenesis. The circulating biomarkers identified here can 

be attributed to leakage from the tumor mass through the damaged blood–brain barrier 

[49,50] but also to the effects of the tumor mass on the surrounding environment. 

Enrichment analysis of upregulated proteins revealed increased expression of pro-

teins involved in focal adhesion complexes, ECM–receptor interactions, and proteogly-

cans in cancer pathways (focal adhesion: FDR 1.68e-06, Thbs1, Vtn, Itga2b, Lamb1, Flna, 

and Tln1; ECM-receptor interaction: FDR 2.41e-05, Thbs1, Vtn, Itga2b, and Lamb1; prote-

oglycans in cancer: FDR 0.0044, Vtn, Thbs1, and Flna). Among the proteins involved in 

the interaction with the ECM were structural components (FDR: 3.9e-04, Lamb1, Fbln1, 

and Vcan), membrane proteins (integrin αIIb), and cytoskeletal proteins (Tln1, Flna, and 

Myh9). The glycoprotein vitronectin is involved in cell adhesion, growth, and migration 

[51] and has been shown to protect GBM cells from apoptosis [52] and to promote glioma 
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cell migration [53,54]. An increase in circulating vitronectin has previously been proposed 

as a diagnostic and prognostic biomarker for glioma [55]. Filamin-A is a cytoskeleton pro-

tein involved in actin binding and plays a crucial role in interacting with integrins during 

cell migration [56]. Filamin-A has also been shown to be involved in GBM cell invasion 

and motility [57] and has been previously reported as overexpressed in the plasma of 

GBM patients [56]. Here, the proteins vitronectin, filamin-A, thrombospondin-1, talin-1, 

and laminin subunit beta 1 were found at increased levels in the serum sEVs of GBM, 

particularly at the symptomatic stage (T2). 

Upregulated proteins were involved in PI3K-Akt, MAPK, and Rap1 pathways (PI3K-

Akt, FDR 1.9e-04, Vtn, Itga2b, Angpt1, Thbs1, Lamb1; MAPK, FDR 0.0098, Flna, Angpt1, 

Cd14, Rap1: FDR 3.6e-04, Thbsp1, Angpt1, Itga2b, Tln1). The PI3K-Akt pathway is one of 

the most frequently dysregulated pathways in cancer, involved in cell growth, prolifera-

tion, apoptosis inhibition, and angiogenesis [58,59]. Of these proteins, angiopoietin-1 is 

involved in vessel stabilization [58] and modulating aberrant vessel development in GBM 

[59], while thrombospondin-1 has a role in angiogenesis [60] and is overexpressed in high-

grade gliomas, where it modulates expansion and invasion [61]. The MAPK pathway is 

linked to immune and stress responses [62] while the Rap1 pathway is involved in cell–

cell and cell–ECM interactions [63]. The monocyte differentiation antigen CD14, one of 

the proteins contributing to the over-representation of the MAPK pathway, has been re-

ported to increase with grade in astrocytomas [64]. Both angiopoietin-1 in serum sEVs and 

the monocyte differentiation antigen CD14 in serum increased their levels at the pre-

symptomatic stage of GBM (T1) and at the later symptomatic stage (T2); thrombospondin 

1 was only detected at increased levels in serum sEVs at the symptomatic stage. 

The complement and coagulation cascade (FDR: 2.41e-05, Vtn, C1qa, C1ra, and C1s1) 

is over-represented in the upregulated proteins. C1qa, C1ra, and C1s1 are involved in the 

classical pathway of complement activation [65]. The classical pathway is inhibited by C4b 

binding protein and by carboxypeptidase N [66]. C4b binding protein was detected at 

reduced levels in serum sEVs at the pre-symptomatic stage; the concentration of both car-

boxypeptidase N subunits was reduced at the pre-symptomatic and symptomatic stages. 

Complement activation in the context of chronic inflammation can promote tumor pro-

gression and metastasis [67], and serum levels of C1q have been reported to be increased 

in GBM patients [68]. 

Enrichment analysis of downregulated proteins revealed an over-representation in 

biological processes of regulation of tissue remodeling (Ahsg, Tfrc, Thbs4, and FDR 6.7e-

03), tissue regeneration (Gsn, Postn, and FDR 0.0279), and wound healing (F13b, Gsn, 

Postn, and FDR 0.0418); results are included in Supplementary Material 3. Alpha-2-HS-

glycoprotein (Ahsg or fetuin) was found to be downregulated in serum at both the pre-

symptomatic and symptomatic stages; low serum alpha-2-HS-glycoprotein levels have 

been reported as indicative of a shorter survival time in GBM patients [69]. Gelsolin (Gsn) 

was also decreased in serum at the pre-symptomatic and symptomatic stages, and de-

creased circulating gelsolin levels have also been reported in GBM patients [69,70] while 

its tissue expression decreased with grade in astrocytomas [71]. Among the other proteins 

involved in tissue remodeling, we found prolyl endopeptidase FAP (Fap) decreased at 

both pre-symptomatic and symptomatic stages in the serum dataset. Prolyl endopepti-

dase FAP reduces scar resolution, activating plasmin inhibitors and blocking fibrinolysis, 

though questions remain regarding its role in cancer [72]. 

When the same enrichment analysis was performed using only those proteins exhib-

iting significant differences at the pre-symptomatic stage, the number of differentially reg-

ulated pathways was smaller (Figure S3), likely due to the smaller number of proteins 

used in the analysis, because some of the proteins contributing to cancer-related pathways 

like Vtn, Thbs1, Flna, Lamb1, and Tln1 did not exhibit significant differences at the pre-

symptomatic stage. Nevertheless, PI3K-Akt and Rap1 signaling pathways were signifi-

cantly upregulated even at the pre-symptomatic stage. The observation that some proteins 

like Akr1b1, Lamp1, Tfrc, and Glu1 were found to increase their concentration at the pre-
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symptomatic stage of the disease but returned to baseline at the more advanced stage is 

intriguing but not fully understood at this time, owing to the many factors and cell types 

involved in tumor growth and the non-trivial link between the protein profile of circulat-

ing fluids and tumor stage. 

Some of the dysregulated proteins detected in this study have previously been re-

ported as candidate diagnostic markers of advanced-stage GBM. Our study suggests that 

these proteins could be diagnostic at earlier stages of the disease, opening the possibility 

of large screening tests in at-risk populations. GBM is usually diagnosed at an advanced 

stage and thus little is known about the effects of early treatment that could tackle cancer 

before the establishment of high tumor heterogeneity [73,74]. The early detection of GBM, 

together with appropriate therapies, might have a beneficial effect on the median survival 

of GBM patients. 

3.1. Study Strength and Limitations 

The discovery of circulating biomarkers for earlier diagnosis of GBM is limited by 

the unavailability of body fluids and tissues from patients before the onset of unequivocal 

symptoms and patient diagnosis. In this context, a longitudinal study on small animal 

models is much more efficacious and significantly less costly. Moreover, longitudinal 

analysis allows one to extract the maximum information from each animal, fulfilling the 

replace, reduce, and refine (3Rs) animal welfare requirements. One of the strengths of the 

study is the scaling down of serum, sEV, and CSF proteomics analysis, to adapt the sample 

volumes to longitudinal studies on small animals in which individual animals are indi-

vidually analyzed. 

Extracellular vesicles play an important role in cell-to-cell communication and cancer 

development and are a promising source of biomarkers [75–77]. EVs carry cell-specific 

information and preserve their cargo during circulation [76]. For this reason, we sought 

to compare the information obtained from serum and serum sEV from the same sample. 

Interestingly, the majority of biologically relevant GBM-related proteins were found in 

sEVs, suggesting that circulating vesicles are a promising source of biomarkers for early-

stage GBM. 

Mouse CSF proteomics is usually limited by the low sample amount [36]; in the case 

of longitudinal studies, the sample amount is reduced further because of issues related to 

sampling invasiveness. In this study, the SP3 microproteomics workflow was adapted to 

CSF samples, enabling the analysis of three time points across 36 days. 

Another strength of the present study is that tumor inoculation in the primary motor 

cortex enabled non-invasive monitoring of tumor development using motor tests [25]. 

Sampling timing was thus chosen based on physical evidence of GBM’s early onset and 

progression. 

The GBM model was chosen because it enabled the non-invasive monitoring of tu-

mor progression. During the development of the model, it was demonstrated that effects 

due to the surgical procedure had passed by day 9 [25], significantly earlier than the pre-

symptomatic stage used here, day 12. Nevertheless, the inclusion of sham animals, in 

which the entire procedure is repeated using the inoculation medium but with no GBM 

cells, would better control for molecular effects due to the surgical procedure but would 

require more animals. 

The small number of animals used here will have limited the statistical power of the 

analysis, and thereby underestimated the biomolecular changes associated with tumor 

progression. Nevertheless, many proteins that were dysregulated in this study have pre-

viously been reported as biomarkers of advanced GBM or are associated with GBM 

[55,56,69,70]. 

4. Materials and Methods 

4.1. Materials 
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LC-MS-grade water was purchased from VWR International (Radnor, PA, USA). Re-

agents for TMT10plex, the MicroBCA protein assay, and Pierce Concentrator 3KDa 

MWCO 0.5mL were purchased from Thermo Fisher Scientific (Rockford, IL, USA). The 

protease inhibitors cocktail cOmpleteTM Mini EDTA-free EASYpack was acquired from 

Roche (Basel, Switzerland). Lysyl endopeptidase C (Lys-C), mass spectrometry grade, was 

bought from Wako (Neuss, Germany). 

Furthermore, the 0.22 µm spin filters, AssayMap BRAVO 5 µL cartridges (C18 and 

RPS), and immunodepletion Multiple Affinity Removal Spin Cartridge MOUSE-3 were 

purchased from Agilent Technologies (Santa Clara, CA, USA). 

Vivaspin 500 3kDa MWCO filters were bought from Sartorius (Gottingen, Germany). 

Trypsin/Lys-C mix Mass Spec grade was purchased from Promega (Madison, WI, USA), 

and size Exclusion Chromatography columns (qEV-70 nm) were obtained from IZON 

(Christchurch, NZ, USA). 

All other reagents were purchased from Sigma-Aldrich (Saint Louis, MO, USA). 

4.2. Animal Model 

4.2.1. Experimental Design 

Figure 6 shows a summary of the experimental workflow followed here. The experi-

ments are based on an established GBM model [25] in which tumor inoculation in the 

motor cortex enables non-invasive monitoring of tumor progression by motor tests. Defi-

cits in the grip strength and rotarod tests were used to define pre-symptomatic and symp-

tomatic stages of the disease. 

 

Figure 6. Summary of the experimental workflow. A GBM syngenic murine model was used in the study and tumor 

progression was monitored by motor tests. Serum, serum sEVs, and CSF samples were collected for baseline, pre-symp-

tomatic (T1), and late-stage (T2) GBM progression. Proteins were extracted, processed, and analyzed by nLC-MS/MS. 

Proteins were identified using Proteome Discoverer 2.1 and MaxQuant 1.6.3.4. A linear mixed effect model for longitudinal 

data analysis was implemented in Matlab v.R2016a. 

4.2.2. Tumor Induction 

Adult (age > postnatal day 60) C57BL/6J mice were used for this study. Six mice were 

used for serum and sEVs analysis (three males and three females) while five mice were 

used for CSF analysis (three males and two females). The animals were bred at the CNR 

Neuroscience Institute (Pisa) animal facility under 12 h light/dark cycles, with ad libitum 

availability of food and water. All experiments were performed in compliance with the 

EU Council Directive 2010/63/EU on the protection of animals used for scientific purposes 

and were approved by the Italian Ministry of Health (authorization number 260/2016-PR, 

11 March 2016). The murine glioma GL261 cell line was a kind gift from Dr. C. Sala (CNR 

Neuroscience Institute, Milan, Italy). GL261 cells were grown in complete Dulbecco’s 
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modified Eagle’s medium (DMEM) containing 10% Newborn calf serum, 4.5 g/L glucose, 

2 mM glutamine, 100 UI/mL penicillin, and 100 mg/mL streptomycin at 37 °C in 5% CO2 

with media changes three times per week [78]. After the administration of tramadol (in-

traperitoneal injection, ip; 10 mg/kg), a mixture of ketamine and xylazine was used as 

anesthesia (ip; 100/10 mg/kg body weight). GBM-designated mice received a stereotaxi-

cally guided injection of 40,000 GL261 cells (20,000 cells/1 μL PBS solution) into the pri-

mary motor cortex (i.e., 1.75 mm lateral and 0.5 mm anterior to bregma). The GL261 cell 

suspension was slowly delivered at a depth of 0.8–0.9 mm from the pial surface. Body 

temperature was monitored with a rectal probe and maintained at 37.0 °C with a thermo-

stat-controlled electric blanket during surgery. To facilitate breathing, an oxygen mask 

was placed in front of the animal’s mouth. Subcutaneous injection of saline (0.9% NaCl, 1 

mL) was delivered at the end of the procedure to prevent dehydration. 

4.2.3. Blood Serum and CSF Sampling 

For blood serum withdrawal, mice were anesthetized with isoflurane and the retro-

orbital vein punctured with gentle pressure and twisting motion with a needle at the sinus 

level, as described by Hoggatt et al., 2018 [79]; blood was collected in 1.5 mL Eppendorf 

tubes and left to clot for 30 min at RT. Clotted blood was centrifuged at 2000× g for 20 min; 

serum was collected and immediately stored at -80°C. For CSF withdrawal, mice received 

ketamine/xylazine anesthesia (ip; 100/10 mg/kg body weight) and were placed in a stere-

otaxic apparatus; CSF was slowly collected from lateral ventricles (coordinates from 

bregma: 1 mm lateral, 0.8 mm posterior, depth of 2 mm) using a Hamilton syringe and 

stored at −80 °C. During CSF withdrawal, body temperature was monitored with a rectal 

probe and maintained at 37.0 °C with a thermostat-controlled electric blanket; an oxygen 

mask was placed in front of the animal to facilitate breathing and a subcutaneous injection 

of saline (0.9% NaCl, 1 mL) was delivered at the end of the procedure to prevent dehy-

dration. 

4.2.4. Motor Tests 

The grip strength test and Rotarod test were used to longitudinally evaluate motor 

capabilities of naïve and glioma-bearing mice, as previously described [25]. Each glioma-

bearing animal performed the tests before GL261 injection (baseline measurement) and 

after glioma inoculation (specifically, 5, 7, 9, 12, 15, 17, 19, and 21-days post injection). 

Naïve mice performed the test at the same time points. All tests were performed during 

the same time interval each day (2:00–5:00 pm; light phase) to exclude any influence of 

circadian rhythms. All motor tests and data analysis were performed blind to animal treat-

ment. Statistical analysis was performed using GraphPad Prism v5 (GraphPad Software, 

Inc., San Diego, CA, USA). 

The grip strength test was performed by placing the animal over a base plate, in front 

of a grasping bar (trapezoid-shaped). The bar is linked to a force transducer connected to 

a Peak Amplifier (Ugo Basile S.R.L., Gemonio, Italy). When pulled by the tail, the animal 

instinctively grasps at the bar, until the pulling force overcomes their grip strength. The 

peak amplifier registers the peak pull-force achieved by the forelimbs when the animal 

loses its grip on the grasping bar. Three trials per day were performed for each animal 

and the average was calculated. All experimental values obtained were normalized to 

each animal’s baseline performance [25,80]. 

The rotarod test was performed by placing mice on a drum rotating at a baseline 

speed of 4 rpm (Ugo Basile S.R.L., Gemonio, Italy). The rotation speed of the drum in-

creased linearly from 4 to 40 rpm during a 10-min observation period. An automated unit 

recorded the time each mouse spent on the Rotarod before falling. Each trial ended when 

the mouse fell from the apparatus or when 10 min had elapsed. Five consecutive trials for 

each mouse, with an interval of 5 min between trials, were performed. Averaged fall la-

tency was calculated for each animal. The apparatus was cleaned with 10% ethanol to 



Molecules 2021, 26, x FOR PEER REVIEW 13 of 20 
 

 

prevent the accumulation of olfactory cues. All experimental values were normalized to 

each animal’s baseline performance [25,81]. No difference in motor test performance was 

observed between male and female mice. 

4.3. Sample Processing 

4.3.1. Serum 

Serum samples were processed according to the protocol described in detail in Sup-

plementary Material 1. Briefly, 15 μL of serum were immunodepleted using an Agilent 

MOUSE-3 spin cartridge to deplete serum albumin, serotransferrin, and IgGs. The deple-

tion buffer was then exchanged to an SDC-based lysis buffer (0.4% SDC, 100 mM TRIS, 

pH 8.5, and a tablet of protease inhibitor) using a Vivaspin 500 3 kDa MWCO spin filter. 

Proteins were reduced and alkylated with 1 mM TCEP and 4 mM CAA. Samples were 

digested with 1:50 Lys-C for 4 h at 37 °C followed by 1:25 trypsin for 18 h at 37 °C. SDC 

was precipitated with two 12 µL aliquots of 10% FA followed by 20 min centrifugation at 

20,870× g. The supernatant was then desalted using an AssayMAP Bravo liquid handler 

robot (Agilent) equipped with C18 cartridges and vacuum dried. 

Peptide samples were randomized and labeled with TMT 10plex reagents using an 

AssayMAP Bravo system [33]. Briefly, 10 µg peptides were resuspended in a labeling 

buffer, loaded on RPS cartridges, and on-column labeled with a 1:15 peptide-to-TMT ratio 

in a two-step reaction. The labeling reaction was quenched with 2 µL of 4% hydroxyla-

mine solution followed by 10 min of incubation at RT. Two channels of each 10-plex set 

were used to label a pooled sample, which served as a reference to normalize protein in-

tensities across different LC runs [82]. 

The 10-plex TMT sets were mixed and then fractionated on RPS cartridges using an 

automated protocol on the AssayMAP BRAVO. Seven fractions (10 mM NH4OH in LC-

MS grade water, pH 10 with 0%, 12%, 18%, 24%, 30%, 36%, and 80% of ACN, fractions 0 

to 6, respectively) were collected and vacuum-dried. Dried fractions were resuspended in 

10% FA. Fractions 0 and 5 and fractions 1 and 6 were pooled before injection. Approxi-

mately 1.5 μg of peptides were loaded onto an EASY-nLC 1000 (Thermo Fisher Scientific, 

Rockford, IL, USA) equipped with an Acclaim PepMap 100 pre-column (2 cm × 75 μm, 

C18, 3 μm, 100 Å; Thermo Fisher Scientific, Rockford, IL, USA). Peptides were separated 

on an EASY-SprayTM analytical column (ES803: 50 cm × 75 µm, C18, 2 µm, 100 Å; Thermo 

Fisher Scientific, Rockford, IL, USA) and analyzed using an Orbitrap Fusion mass spec-

trometer. The MS2 spectra used for peptide identification were acquired in the linear ion 

trap (mass range 375–1500 m/z, AGC target 5.0 × 103, maximum injection time 125 ms) after 

CID fragmentation (35% normalized collision energy). MS3 spectra were used for reporter-

ion-quantification and were acquired in the Orbitrap (mass range 100–500 m/z, AGC target 

1.0 × 105, maximum injection time 150 ms) after top-eight multinotch isolation and HCD 

fragmentation (50% normalized collision energy). 

4.3.2. Serum Small Extracellular Vesicles 

The serum proteome and serum sEV proteome workflows were designed so that both 

analyses could be performed using the 75 μL of serum available from each animal at each 

time point. In brief, the 50 μL serum sample was centrifuged and filtered through 0.22 μm 

spin filters to remove cell debris and larger vesicles. sEVs were then purified by Size Ex-

clusion Chromatography (SEC) using qEV-70 nm columns. The elution was performed in 

Phosphate Saline Buffer (PBS) previously filtered with 0.2 um syringe filters and sonicated 

to remove air bubbles. The first three SEC-eluted fractions were pooled together and con-

sidered the sEV-pure fraction (600 μL in PBS). The sEV suspension was then loaded onto 

3 kDa MWCO filters, the vesicles were rinsed with PBS, and then the buffer was ex-

changed to a lysis buffer (1% SDS, 5 mM EDTA, 5 mM EGTA, 10mM HEPES, pH 8.5, and 

protease inhibitor). The resulting sEV lysate (approximately 60 μL) was then digested us-

ing a modified SP3 protocol [33,83,84]. Specifically, the protein extract solutions were 
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mixed with TFE in a 1:1 ratio and 2 µL of carboxylate coated paramagnetic beads (100 

mg/mL suspension of 50% Speedbeads A (GE65152105050250, Sigma-Aldrich, Saint Louis, 

MO, USA) and 50% Speedbeads B (GE65152105050250, Sigma). Proteins were denatured 

at 95°C for 5 min, then reduced with the addition of 1 μL of 200 mM DTT for each 20 μL 

of starting solution and alkylated with the addition of 1 μL of 400 mM IAA for each 20 μL 

of starting solution. Then, 50% ACN was used to promote protein adsorption to the mag-

netic beads, after which the bead-bound proteins were rinsed with EtOH 70% and ACN 

100% and eluted in 10 μL 50mM HEPES pH 8. 

The total protein concentration of each sample was determined using a modified Mi-

croBCA assay [33]. The proteins were then digested overnight (16 h, trypsin/Lys-C diges-

tion, 1:25 enzyme/protein) followed by a shorter supplementary step (2 h, ACN 60%—

Try/Lys-C 1:75). The resulting proteolytic peptides were purified by adding 95% ACN to 

promote peptide binding to the beads. Peptides were rinsed and then eluted from the 

beads with a 2% DMSO aqueous solution. Samples were diluted 1:1 with 10% formic acid 

and injected into the EASY-nLC 1000 coupled to the Orbitrap Fusion mass spectrometer. 

Peptide ions were analyzed using the Top Speed data-dependent method, with a 3 s cycle; 

MS1 scans were performed in the Orbitrap (m/z 375 to 1500 at 120 K resolution with an 

AGC Target 5 × 105 and 100 ms maximum injection time) and MS2 scans were acquired in 

the ion trap using a 1.6 m/z isolation window, 30% HCD Collision Energy, and an AGC 

target of 5 × 103. 

4.3.3. Cerebrospinal Fluid 

CSF samples were processed with the same SP3 workflow used for serum extracel-

lular vesicles. In total, 15 µL of the SP3 lysis buffer was added to 5 µL of CSF and the 

resulting mixture was diluted 1:1 with TFE. Then, 2 µL of the SP3 beads suspension was 

added, and protein reduction, alkylation, cleanup, and quantification were carried out as 

described above. Proteins were digested in a single overnight step (18 h, trypsin/Lys-C 

digestion, 1:25 enzyme/protein). After peptide cleanup, the peptides were eluted from 

beads with 2% DMSO solution, diluted 1:1 with 10% FA, and injected into the nLC-MS/MS 

system. To increase the depth of coverage of the CSF proteome, a pooled sample was pre-

pared by pooling five CSF peptide samples (two BL, one T1, and two T2, all of which were 

visibly contaminated with blood and so considered unsuitable for the longitudinal study 

of individual animals). The pooled sample was then subject to high pH fractionation using 

an AssayMAP BRAVO equipped with RPS cartridges; the fractions corresponded to iso-

cratic elutions using 10 mM NH4OH in LC-MS-grade water, pH 10, with 0%, 12%, 18%, 

24%, 30%, 36%, and 80% ACN. Each fraction was then analyzed using the same LC-MS 

conditions as the individual CSF samples. The MaxQuant match-between-runs option 

was used to compare individual CSF samples and to transfer identifications from the frac-

tions to the individual CSF samples. 

4.4. LC-MS/MS Data Analysis 

Raw data of the serum dataset were analyzed using the Proteome Discoverer (v.2.1, 

Thermo Fisher Scientific, Rockford, IL, USA) and searched against the SwissProt Mus 

Musculus database (Uniprot, 11 June  2019, 17,021 entries). An in-house contaminant da-

tabase was added to the search (250 entries). Searches were performed with a precursor 

mass tolerance of 10 ppm using a strict FDR of 0.01. A maximum of two missed cleavages 

was allowed. Methionine oxidation (+15.995 Da) and acetylation (+42.01 Da, protein N-

terminus) were set as dynamic modifications while carbamidomethylation of cysteine 

(+57.021 Da) and TMT 10plex of peptide N-terminus and lysines (+229.163 Da) were set as 

static modifications. Protein Groups were filtered by eliminating contaminants, serum al-

bumin, serotransferrin, and IgGs, whose intensities may depend on the depletion effi-

ciency. Master protein intensities were exported in Excel and normalized using an in-

house coded script according to Xiao et al., 2015 [82]. Specifically, the total intensity of 
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each TMT channel was normalized to the average total intensity to correct for any varia-

bility in sample loading. TMT inter-set normalization was performed using the average 

of the intensities of each protein in the two normalization standard channels: The average 

intensities of each protein in these channels were equalized across all the TMT sets using 

protein-specific correction factors. PCA score plots of the serum dataset after the intra- 

and inter-set normalization showed that pooled samples cluster together at the center of 

the score plot, confirming the efficacy of the normalization method (Figure S4E,F). Protein 

intensities were log2 transformed prior to further analysis. 

Raw data files from the CSF and sEVs experiments were processed with MaxQuant 

[83] (v.1.6.3.4, MaxPlanck Institute, Munich, Germany). Fully tryptic peptides were 

searched against the same SwissProt Mus Musculus protein database. The search was per-

formed allowing a maximum of two missed cleavages, methionine oxidation (+15.995 Da) 

and acetylation (+42.01 Da, protein N-terminus) as dynamic modifications, and cysteine 

carbamidomethylation (+57.021 Da) as a static modification. For both sEV and CSF da-

tasets, the match-between-runs method was performed (0.7 min retention time alignment) 

to increase the proteome coverage by using an sEV sample from three healthy mice and 

fractions of the pooled sample for CSF. Peptides were filtered to a minimum length of 7 

amino acids and FDR was set to 0.01. Quantification was performed only on proteins iden-

tified with at least with one unique peptide. Protein intensities were used as a proxy of 

protein abundance. Highly variable serum proteins (serum albumin and IgGs) were fil-

tered out from the sEV dataset, since their intensity is likely to depend on the sEV isolation 

efficiency. Protein intensities were log2 transformed and the median of protein intensity 

of each sample was subtracted from each protein intensity to correct for small differences 

in the number of peptides loaded on the LC-MS/MS instrument. The effect of median nor-

malization on protein log2 intensities of the sEV and CSF datasets is shown in Figure S4A–

D. 

4.5. Longitudinal Statistical Model 

The analysis of longitudinal datasets must include the time dependence of the de-

tected protein intensities. A linear mixed effect model (LME) was fitted to the data for 

each protein group [44]. This model is robust to missing values [44] for some time points 

and is thus suitable for proteomics data, for which missing values of low-abundance pro-

teins for some samples are common. The model includes a fixed effect for the time points 

and random intercepts for each individual mouse. The model for each protein is: 

y
k,j

 = (β
0
 +  ν0,k) +  β

1,j
τj + εk,j 

where the intensity yk,j of each protein is predicted by the fixed effect of the time point τj 

and the random effect ν0,k of the mouse k. The time was set as a categorical variable with 

three levels (baseline, T1, and T2). Both the residuals and the random effect of the model 

should be normally distributed [44]. The model was fitted for each protein of the dataset 

if the number of valid values matched the chosen conditions and if both the residuals and 

the random effects were normally distributed (Shapiro–Wilk test, α = 0.05). The model 

was tested for significant effects of the time points, and the p-values were adjusted for an 

FDR of 0.05 with the Benjamini–Hochberg method. Significant time point effects were 

plotted with their confidence interval at 95%. Regression coefficients represent the contri-

bution of the time effect to the log2 transformed protein intensities and can be interpreted 

as fold changes. The same LME model was used for the serum, sEVs, and CSF datasets. 

Matlab (v. R2016a, MathWorks Inc., Natick, MA, USA) was used for model fitting. 

Protein groups significantly upregulated or downregulated were analyzed using 

STRING v.11.0 [84], setting the whole Mus Musculus genome as the statistical background. 

5. Conclusions 
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The methodologies reported here allowed the investigation of pre-symptomatic and 

symptomatic changes in the abundance of serum, serum sEV, and CSF proteins in a syn-

genic GBM mouse model, using motor tests to monitor disease progression. These longi-

tudinal experiments revealed more than forty proteins that were dysregulated during 

GBM development, several of which have previously been reported as candidate diag-

nostic biomarkers (Vtn, Flna, C1qa, and Gsn) or prognostic biomarkers (Ahsg). Of these 

proteins, Gsn and Ahsg were significantly dysregulated at the pre-symptomatic stage as 

well as the symptomatic stage; Vtn and C1qa exhibited a dysregulation trend at the pre-

symptomatic stage but were significantly different at the symptomatic stage. These find-

ings suggest that some of the circulating proteins previously proposed as candidate GBM 

biomarkers could be repurposed for earlier detection. Moreover, the changes in the pro-

tein profiles of biological fluids and vesicle content suggest that GBM systemic effects can 

be detected before the onset of motor symptoms. The proposed sEV markers exhibited 

larger fold changes compared to those identified from serum, with many markers show-

ing a dysregulation at the pre-symptomatic stage; these experiments indicate that circu-

lating vesicles may be the most promising source of GBM biomarkers. 
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