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This study focuses on the proteomic analysis of cerebrospinal fluid (CSF) in a patient with stage III retinoblastoma (RB) with the aim to identify molecular changes associated with central nervous system (CNS) relapse. The child received systemic chemotherapy and intrathecal topotecan as CNS prophylaxis, along with enucleation of the left eye. After two chemotherapy cycles, CNS relapse occurred, evidenced by positive CSF findings and magnetic resonance imaging (MRI) showing leptomeningeal involvement at the anterior skull base. The child’s condition deteriorated, and two months later, he died due to progressive CNS disease. The aim of the study was to analyze serial CSF samples collected at different stages of treatment, as well as a control sample, to identify differences in CSF protein expression profiles during CNS RB relapse. Using mass spectrometry, a total of 1,029 proteins were identified across all CSF samples, samples were analyzed in duplicate ensuring technical replication. An unsupervised heatmap revealed 46 differentially expressed proteins. Over-regulated proteins in CSF-RB samples were primarily involved in inflammation, extracellular matrix remodeling, epithelial mesenchymal transition initiation, migration, invasion, and cellular metabolism (PON1, RNPEP, MCAM, NEGR1, NID1, SERPINA1, FAT2, RELN, NEGR1, and SEZ6). These processes are key drivers of cancer progression and metastasis. Proteomic analysis could be valuable in identifying proteins modulated in CSF during disease progression in RB patients, offering potential for new prognostic biomarkers.
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Background

Retinoblastoma (RB) represents the most common intraocular malignancy of infancy and childhood (1). Although the survival rates are over 95% for intraocular forms, in low-income countries the prognosis remains poor, ranging from 20% to 60% (2, 3). Among the dissemination routes, RB may spread to the central nervous system (CNS) through the optic nerve. This occurrence correlates with poor prognosis despite intensive multimodal treatment (4). In particular, in patients with advanced RB, CNS remains the predominant site of relapse. Thus, an early detection of CNS involvement is crucial to set up timely and tailored therapeutic approaches. The conventional diagnosis of CNS involvement relies on magnetic resonance imaging (MRI) and on the detection of tumor cells in CSF. Detection of biomarkers in the CSF could be useful in identifying patients at risk of developing CNS disease, even before the evidence of CNS involvement. In recent years, mass spectrometry has emerged as a sensitive tool in characterizing proteomic profiles of different biofluids, such as CSF, in neurological diseases and brain tumors (5–8). Importantly, the proteomic analysis of CSF may detect the presence of brain tumors before the onset of symptoms or imaging in animal models (9), reveling that CSF may be altered even at the earliest stages of malignancy. In this report, we perform a proteomic study of CSF in a patient affected by stage III (IRSS) RB in order to detect proteins changes occurring during CNS recurrence.





Case presentation




Clinical data

An 8-month-old male child from Africa was admitted to the emergency department of the Bambino Gesù Children Hospital. He had a 6-months history of strabismus of the left eye associated with leukocoria diagnosed as cataract in his country and treated with eye drops. Due to the onset of exophthalmos, the child underwent MRI, which led to the diagnosis of RB (Figures 1A, a), and received 2 cycles of chemotherapy with etoposide and carboplatin. After his arrival at our hospital, the diagnostic workup documented a sporadic unilateral extraocular RB of the left eye, stage IIIa for orbit invasion, without CNS and bone-marrow involvement (Figures 1B, b). The patient underwent left eye debulking surgery (macroscopically incomplete enucleation) and received 3 cycles according to ICE schedule associated with intrathecal Topotecan at 0.3 mg per cycle. After 2 ICE cycles, the MRI and bone scintigraphy showed no local or CNS disease recurrence (Figures 1 C, c). However, the cytologic evaluation of CSF, performed during the third intrathecal injection of Topotecan, resulted positive for neoplastic cells. A new MRI showed impregnation of the leptomeninges of the anterior cranial bases confirming a disease recurrence at the CNS level. In light of these findings, the child received chemotherapy with Etoposide and Carboplatin for 5 days, in combination with intrathecal topotecan and thiotepa. CSF evaluation after chemotherapy was still positive for neoplastic cells. Due to incoercible vomiting and generalized hypotonia, the child was admitted to the emergency department where a Computerized Tomography (CT) scan showed massive CNS disease progression. The patient progressively worsened with cardiorespiratory arrest occurring 9 days after admission.




Figure 1 | MRI of the patient throughout the entire treatment, along with the corresponding sample time points. (A–C) axial DIXON T1 post-CM: the timeline of optic nerve involvement. (A) presence of pathological tissue localized in the left retro bulbar site. This tissue takes the contrast medium (MDC) which localizes in the left retro bulbar region, is characterized by irregular profiles and extends to partially involve the extrinsic muscles, making their distal portion difficult to identify. The retro bulbar segment of the optic nerve is also partially affected, showing pathological enhancement. Additionally, there is pathological enhancement of the periorbital soft tissues. (B) Extensive involvement of the left optic nerve is evident following enucleation (C) Further progression of optic nerve involvement is observed, with irregular profiles of optic nerve. (a–c) axial T1w pst-CM: timeline of meningeal involvement. (a) no meningeal enhancement, (b) no meningeal enhancement, (c) intense meningeal enhancement.







Proteomic analysis

CSF samples were collected at the Bambino Gesù Children Hospital, Rome Italy. Parental informed consent was obtained for each patient. Three CSF samples were taken from a patient with RB (CSFRB) by lumbar puncture just before the injection of intrathecal Topotecan at the following time points: before starting chemotherapy (CSF-RB1), negative for neoplastic cells; after the 3th cycle of chemotherapy with Carboplatin, Etoposide, Ifosfamide (ICE), (CSF-RB2), positive for neoplastic cells; and just before starting chemotherapy with Etoposide and Carboplatin, 12 days after the previous sampling (CSF-RB3), still positive for neoplastic cells. We used one sample as normal control (CSFCTRL), collected from a 2-year-old boy with a history of post hemorrhagic tetra-ventricular hydrocephalus, during the peritoneal ventricular shunt procedure. All these samples were stored at −80°C until their use. For proteomic analysis, CSF was processed by in-StageTip (iST) method, samples were analyzed in duplicate ensuring technical replication (10). The tryp- column, thermostated at 55°C. The peptides were separated with an organic solvent at a flow rate of 250 nL/min, using a non-linear gradient of 5–45% solution B (80% CAN and 20% H2O, 0.1% FA) in 140 min, and analyzed using an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific Instruments, Bremen, Germany). Orbitrap detection was used for both MS1 and MS2 measurements at re-solving powers of 120 K and 30 K (at m/z 200), respectively. Data dependent MS/MS analysis was performed in top speed mode with a 2 sec cycle-time, during which pre-cursors detected within the range of m/z 375−1500 were selected for activation in or-der of charge state, using CHarge Ordered Parallel Ion aNalysis (CHOPIN) (11). MaxQuant software was used to process the raw data, setting a false discovery rate (FDR) of 0.01 for the identification of proteins, peptides and PSM (peptide-spectrum match), a minimum length of 6 amino acids for peptide identification was required. Andromeda engine, incorporated into MaxQuant software, was used to search MS/MS spectra against Uniprot human database. All bioinformatics analyses were done with the Perseus software of the MaxQuant computational platform (12). Protein groups were filtered to require 70% valid values in total. The label-free intensities were ex-pressed as base log2, and empty values were imputed with random numbers from a normal distribution for each column, to best simulate low abundance values close to noise level. The Venn diagram of identified proteins was calculated using an online tool (13). For each comparison, a B significance test (Benjamini–Hochberg FDR <0.05) was used (14). To visualize the profile of the experiment, a hierarchical clustering of resulting proteins was performed on log2 intensities after z-score normalization of the data for each sample, using Euclidean distances.






Results

A total of 1029 proteins were identified in all CSF samples, of these 500 proteins were in common in all samples (Figure 2A). The Heatmap, resulting from the comparisons among the samples, showed 46 differentially expressed proteins (Figure 2B, Table 1). In all 3 CSF-RB samples we identified seven downregulated and seventeen upregulated proteins compared with the CSF-CTRL (Figure 2B, Table 1). By gene enrichment analysis performed by FunRich software (15), the downregulated proteins were mainly involved in cell growth, metabolism and cell communication, whereas the upregulated ones in cell growth, signal transduction and metabolism (Figure 2C). Four proteins were commonly and differentially expressed in CSF-RB2 and CSF-RB3 samples (positive for neoplastic cells). Specifically, 3 proteins were up-regulated [Creatine kinase B-type (CKB), Retinolbinding protein 3 (RBP3), Nucleoside diphosphate kinase A (NME1)] and one down-regulated [RNAbinding protein 44 (RBM44)]. Four proteins were down-regulated in CSF-RB1: Tubulin beta proteins (TUBB4B, TUBB2B, TUBA1B) and Cathepsin B (CTSB). Interestingly, FSTL5 was upregulated only in CSF-RB3, whereas 2 proteins (DOCK10 and ENDOD1) were down regulated in the same sample.




Figure 2 | (A) Venn diagram showing a total of 1029 proteins detected in all CSF samples (CSF-CTRL, CSF-RB1, CSF-RB2, CSf-RB3), 500 proteins were in common in all samples. 733, 713, 809 and 789 proteins were found in CSF-CTRL, CSF-RB1, CSF-RB2 and CSF-RB3 respectively; 131, 18, 27 and 31 were exclusively present in CSF-CTRL, CSF-RB1, CSF-RB2 and CSF-RB3 respectively (B) Unsupervised hierarchical-clustered heatmap of proteins identified by significance B test. Heatmap showing the distinctive proteomic signature of the CSF-CTRL vs CSF-RB1, CSF-RB2, CSF-RB3. A red-blue scale corresponds to high and low protein amount, respectively. C-D) Graphical representation of biological processes gene enrichment obtained by FunRich software for low expressed (C) and high expressed (D) protein in CSF-RB (CSF-RB1; CSF-RB2; CSF- RB3) vs CSF-CTRL.




Table 1 | Name of the protein in different samples.







Discussion

Although RB primarily affects the eyes, advanced disease mostly associated with delayed diagnosis, can lead to CNS involvement, including the brain and CSF, associated with extremely poor prognosis. Therefore, early detection of CNS involvement is crucial for allowing early therapeutic intervention. In RB, different biofluids, such as plasma, aqueous humor or CSF have been studied to detect tumor related biomarkers as prognostic predictors of disease evolution or treatment response (16). CSF samples from patients with non-metastatic RB and high-risk pathologic features showed that, among four cases with CSF relapse, two patients had GD2 synthase positivity in CSF as marker of minimal dissemination disease (MD) (17). In view of these findings, Laurent et al. suggested early and intensified intrathecal treatment for children with MD in CSF in order to improve the outcomes of these patients. Dimaras et al. also demonstrated that MD could be detected in patients with metastatic RB by using RB1 mutational analysis in CSF (18). Proteomic analysis involves the comprehensive study of proteins present in a biological sample. Since CSF is considered a primary route for metastatic dissemination (19), its proteomic analysis has been useful in improving the understanding of CNS tumors (20). Furthermore, proteins that are overexpressed in the CSF may serve as targets for developing new tailored treatment. For the afore mentioned reasons in this study, we have performed a proteomic evaluation of serial CSF samples in a patient affected by stage III RB with the aim to identify molecular changes occurring during treatment and CNS relapse. The differential analysis revealed a specific proteomics signature in CSF-RB samples. Among the upregulated proteins in CSF-RB, several have structural and physiological functions in the eye (COL1A1, COL3A1, TMSB4X, NID1) (21). NID1 has been described to promote tumor cell migration, invasion, epithelial-to-mesenchymal transition (EMT) and chemo-resistance in different tumors (22–24) similarly to MCAM (25). Other upregulated proteins are involved in neuronal/retinal development and cell migration (Fat2, RELN, NEGR1, SEZ6) (26–29). RELN is an extracellular matrix protein expressed during normal retinogenesis and seems to play an important role in regulating stem cell trafficking in neuronal and non-neuronal tissues (30). SEZ6 has been found be elevated in the CSF from patients with multiple sclerosis and inflammatory conditions (31), furthermore, has been shown to promote metastatic spread by affecting cellular adhesion, cytoskeletal and extracellular matrix remodeling and inducing EMT in cancer cells (32). Of note, RNPEP and PON1 progressively increased during treatment. RNPEP is a secreted enzyme belonging to M1 metallopeptidase family (33) and its circulating mRNA levels have been demonstrated to be an independent prognostic factor in different tumors (34). PON1 is an enzyme associated with high-density lipoprotein (HDL) and plays a role in detoxification processes (35); this protein has potential implications in ocular disorders associated with oxidative stress and inflammation (36–38). Similarly, SERPINA1, is an acute inflammatory protein involved in corneal defense and neuroinflammation (39). Among the down-regulated proteins in CSF-RB, we identified proteins involved in glucose transport (SLC5A) (40), synthesis of glycogen and lipids (CA1) (41), and exosomes biogenesis (SDCBP) (42); those proteins have been described to contribute to aggressive behavior of tumor via metabolic reprogramming and cell signaling. Other downregulated proteins were: protease inhibitor (SERPINB4), which may regulate the immune response against tumor cells (43), protein involved in brain development and synaptic plasticity (TNR) (44) and keratin (KRT14), which provides structural support and integrity to epithelial cells and is abnormal expressed in several tumors (45). The CSF samples that were positive for neoplastic cells, CSF-RB2 and -RB3, presented two commonly upregulated proteins involved in visual pathways: RBP3, which is involved in retinol transport (46), and CK-B, an enzyme that provides energy to photoreceptors for the visual cycle particularly expressed in retinal diseases (47, 48). Another protein, NME1, is involved in oxidative stress response (49) and its increased expression correlates with tumor aggressiveness in specific cancer types (melanoma, liver and breast) (50). CSF-RB3 showed two down-regulated proteins (DOCK10 and ENDOD1) and the upregulation of FSTL5. FSTL5 is a secretory glycoprotein expressed in restricted areas of CNS and few studies indicate its role on neo-plastic transformation and metastasis development (51, 52). DOCK 10 is also expressed in the brain and seems to have a role in neuroinflammation and cancer development by regulating cell adhesion and migration (53). ENDOD1 is a member of nucleases, which participate in DNA repair with abnormal expression in different tumors (54). Lastly, in the CSF-RB1 sample, which was negative for neoplastic cells, we found down-regulated three tubulin beta proteins (TUBB4B, TUBB2B, TUBA1B). Tubulins are microtubules subunits involved in cell shape maintenance (55). In particular, TUBB4B expression is correlated whit EMT initiation and affection of cell polarity (56) and TUBB2B is involved in visual development and function (57); mutations of TUBB4B and TUBB2B have been linked to several ocular disorders (57, 58).





Conclusion

Overall, the proteomic analysis of CSF showed in our patient deregulation of proteins mainly involved in inflammation, extracellular matrix remodeling, EMT initiation, migration, invasion and cell metabolism. The CSF samples positive for neoplastic cells revealed proteins with a prominent role in visual pathways, including transport of retinol, photoreceptor’s function and oxidative stress response. The timepoint negative for tumor infiltration revealed several TUBB proteins that are related with cellular shape maintenance, cell polarity and EMT initiation. These results demonstrate how proteomic analysis of CSF can help to improve our understanding in RB. Further studies including large cohorts of patients with RB should be conducted to identify new prognostic biomarkers and potential therapeutic targets in this tumor.
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