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Background

Paediatric acute B-cell lymphoblastic leukaemia is the most common cancer of the paediatric age. Although the advancement of scientific and technological knowledge has ensured a huge step forward in the management of this disease, there are 15%–20% cases of recurrence leading to serious complications for the patient and sometimes even death. It is therefore necessary to identify new and increasingly personalised biomarkers capable of predicting the degree of risk of B-ALL in order to allow the correct management of paediatric leukaemia patients.





Methods

Starting from our previously published results, we validate the expression level of LINC00958 in a cohort of 33 B-ALL and 9 T-ALL childhood patients, using in-silico public datasets as support. Expression levels of LINC00958 in B-ALL patients stratified by risk (high risk vs. standard/medium risk) and who relapsed 3 years after the first leukaemia diagnosis were also evaluated.





Results

We identified the lncRNA LINC00958 as a biomarker of B-ALL, capable of discriminating B-ALL from T-ALL and healthy subjects. Furthermore, we associated LINC00958 expression levels with the disease risk classification (high risk and standard risk). Finally, we show that LINC00958 can be used as a predictor of relapses in patients who are usually stratified as standard risk and thus not always targeted for marrow transplantation.





Conclusions

Our results open the way to new diagnostic perspectives that can be directly used in clinical practice for a better management of B-ALL paediatric patients.
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Background

Acute lymphoblastic leukaemia of B cell, also known as B-ALL, is a type of leukaemia that arises from abnormal proliferation of precursor of B lymphocytes in the bone marrow (1). B-ALL is the most common cancer of paediatric age, but it can occur in adults as well. The exact cause of childhood ALL is not well understood. However, research suggests that it may result from a combination of genetic and environmental factors (2). The disease progresses quickly, and the abnormal B cells multiply rapidly. This can lead to a decrease in the production of normal blood cells, including red blood cells, white blood cells, and platelets (1). The diagnosis of B-cell ALL is typically confirmed through blood tests, bone marrow aspiration, and bone marrow biopsy (3). These tests help determine the percentage of abnormal B cells in the bone marrow and blood. The treatment of B-ALL usually involves a combination of chemotherapy, targeted therapy, and, in some cases, stem cell transplantation. Chemotherapy is the primary approach to eradicate the leukaemia cells, while targeted therapy may be used to specifically target certain molecules involved in the growth of B-ALL (1). The choice of the correct therapy is a critical process that helps oncologists determine the most appropriate treatment plan for individual patients and depends on the ability to stratify the patient into high risk (HR) or low/intermediate/standard risk (SR) (1, 3–5). The specific criteria and cutoff points for these categories can vary depending on the treatment protocol and the patient’s individual characteristics. The main goal is to tailor treatment to the specific characteristics of the leukaemia, taking into account factors that affect prognosis and response to therapy (3, 4). The risk stratification for B-cell ALL patients depend on different factor including:

Age: the age of the patient at the time of diagnosis is an important factor in risk stratification. In the case of childhood B-ALL, the age is correlated to a better outcome (6).

White blood cell count: the initial white blood cell count at the time of diagnosis can be indicative of the aggressiveness of the disease. High white blood cell counts may be associated with higher risk disease (7).

Cytogenetics and genetic abnormalities: genetic tests and cytogenetic analysis are essential in risk stratification. Specific genetic abnormalities, such as the presence of the Philadelphia chromosome (Ph+) or the presence of certain fusion genes such as ETV6::RUNX1, BCR::ABL1, or MLL rearrangements, can influence the risk category.

Measurable residual disease (MRD): MRD refers to the small number of leukaemia cells that may remain in the body after initial treatment. Measuring MRD levels is crucial in assessing the response to therapy and predicting the risk of relapse. Lower MRD levels indicate a better prognosis.

Response to initial treatment: the response of the leukaemia to the initial phase of chemotherapy is also a crucial factor. Patients who achieve early, deep remission may be categorised as lower risk.

Immunophenotype: B-ALL can be further categorised based on the specific markers present on the leukaemia cells (e.g., CD10, CD19, CD20, CD22, CD79a). The immunophenotype can influence treatment decisions.

Prognosis: the prognosis for B-ALL has improved significantly in recent years, especially for children. Many patients with B-ALL can achieve long-term remission or even be considered cured with the appropriate treatment. The outlook for adults with B-cell ALL varies, and it depends on factors such as age, overall health, and specific genetic features of the leukaemia.

Advances in medical research and treatment have significantly improved the outcomes for patients with B-ALL, making it a treatable condition in many cases. Once risk stratification is complete, treatment plans can be tailored to provide the most appropriate therapy for the patient’s risk group and clinical features. Patients in higher risk categories may receive more aggressive treatment, including stem cell transplantation, to improve their chances of achieving remission and long-term survival (8, 9). Lower risk patients may receive less-intensive therapy to minimize side effects. It is important to note that risk stratification is a dynamic process, and treatment plans may be adjusted based on the patient’s response to therapy and evolving risk factors throughout the course of treatment (9, 10). Medical professionals specialising in leukaemia treatment use a multidisciplinary approach to ensure the best care for each patient. It is therefore necessary to identify methods to categorise the risk of patients with B-ALL, which are as personalised and objective as possible, in order to avoid the use of ineffective therapies that may lead to relapse.

In our previous work (11), we first identified LINC00958 (also known as BLACAT2) in paediatric B-ALL patients. This lncRNA has already been associated with neoplastic progression in both bladder cancer (12), gastric cancer (13), and leukaemia (14). LINC00958 is able to discriminate B-ALL from healthy subjects and T-ALL and to significantly stratify standard/medium risk patients from HR patients. In addition, the expression levels of LINC00958 can identify, already at diagnosis, patients who will relapse within 3 years after leukaemia diagnosis. Furthermore, preliminary functional studies on a B-ALL cell system show that LINC00958 could be involved in the regulation of the cell cycle of leukaemic cells by determining the transition from S-phase to G2-M phase, making it a potential therapeutic target for the treatment of paediatric B-ALL. This information may be crucial in developing new diagnostic approaches for childhood of B-ALL, so that the medical team managing the B-ALL patient can choose the most appropriate therapy to ensure the best possible outcome of the paediatric patient.





Methods




Study population

Patients were enrolled following the guidelines reported in the study approved by the local ethical committees of the IRCCS SYNLAB SDN, in line with the Helsinki declaration [Ethical Committee IRCCS Pascale, Naples, Italy—protocol number 5/19 of the 19 June 2019, and the AORN Santobono-Pausilipon (Ethical Committee Cardarelli/Pausilion, Naples Italy—protocol number 07/20 of 3 June 2020)]. All participants provided informed assent through informed consent signed by both parents. The clinical data of enrolled patients are reported in Table 1.


Table 1 | Clinical characteristics of childhood acute lymphoblastic leukaemia patients.







Patients sample and cell line

Bone marrow mononuclear cells (BM–MNCs) of patients and cord blood mononuclear cells used as healthy controls were recovered from IRCCS SYNLAB SDN biobank (15). Authenticated human leukaemia B-cell line SEM was grown in IMDM (Iscove’s Modified Dulbecco’s Medium), supplemented with heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin, 1% l-glutamine at 37°C in a 5% CO2 atmosphere. LINC00958 silencing in SEM cell line was conducted by electroporation by using the Neon™ Transfection System (Invitrogen, Thermo Fisher Scientific, US) and dicer-substrate short-interfering RNAs (DsiRNAs) and TriFECTa® Kits (Integrated DNA Technologies, Coralville, IA, USA). Cells were collected 48h after transfection and subjected to further analysis.





RNA extraction and RT-PCR experiments

RNA extraction and reverse transcription polymerase chain reaction (RT-PCR) experiments were performed as previously described (16). The RPS18 gene was used as housekeeping. The oligonucleotides used for RT-PCR were reported in Table 2.


Table 2 | Oligonucleotide for RT-PCR experiments.







Functional studies

Functional studies were performed on SEM and RS4;11 cell lines treated for 48h with DsiRNAs against LINC00958. DNA-Prep Reagents kit (607055, Beckman Coulter, Brea, CA, USA) was used to analyse the cell cycle of SCRAMBLE and DsiRNA-LINC00958–treated SEM cells using a minimum of 10,000 single-cell events recorded. The percentage of G1, S, and G2/M phases was calculated using the Michael Fox algorithm. Afterward, the analysis of the cell cycle was conducted using Kaluza Analysis Software 2.1 (Beckman Coulter). ATP lite™ (6016943, PerkinElmer, Waltham, MA, USA) was used to detect the cell viability. ATP signal was measured using the Victor Nivo plate reader (PerkinElmer, Waltham, MA, USA). Cell cycle and ATP lite were conducted in triplicate with similar results. Western blot of P53 protein was conducted using 50 µg of cell whole cell extract derived from SEM cells electroporated with siRNA against LINC00958 and scramble control using the following antibodies:

- anti-p53 (#sc-126, Santa Cruz Biotechnology, Dallas, TX, USA)

- anti-vinculin (VLN01, Life Technologies, USA)

WB was acquired using the ChemiDoc imaging system (Bio-Rad laboratories, USA) coupled with Image Lab software.





Statistical analyses

Statistical analyses were performed using GraphPad Prism Version 9. Mann–Whitney t-test was used to assess the statistical significance of comparisons. P < 0.05 were considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001). For the functional experiments, error bars represent mean ± SD of, at minimum, three independent experiments.





Pathway activity score correlation

Pathway activity score (PAS) for Reactome pathway database was calculated with testSctpa (https://github.com/zgyaru/testSctpa) in every childhood ALL samples from St. Jude Children’s Research Hospital database. The resulting scores were correlated with LINC00958 transcript expression using Pearson correlation. Plot representation was obtained with R package ggplot2.






Results




LINC00958 is specifically expressed in paediatric B-cell acute lymphoblastic leukaemia

Recent studies (11) already identified LINC00958 as a possible B-ALL biomarker. To deeply investigate LINC00958 diagnostic potential, we evaluated the expression level of LINC00958 in a further group of paediatric B-ALL patients, T-cell acute lymphoblastic leukaemia (T-ALL), and healthy donors. LINC00958 expression resulted to be significantly higher in B-ALL patients respect to the T-ALL (p = 0.0001) patients and healthy donors (p = 0.0003) (Figure 1A). Its expression was also evaluated in a larger case series of paediatric patients with different types of acute lymphoblastic leukaemia from the Saint Jude Children’s Research Hospital database (https://platform.stjude.cloud/data/cohorts/paediatric-cancer) (17). As shown in Supplementary Figure S1, also in this dataset, LINC00958 was significantly more expressed in B-ALL than in T-ALL, suggesting that it may be reflective of B-cell versus T-cell biology. Afterwards, B-ALL patients from our case study were classified as HR and SR (considering in this cohort all the non-HR B-ALL patients) or based on age, white blasts count, and central nervous system status (patients clinical information are reported in Table 1 in the Method section). It was investigated if, in the context of pathology, LINC00958 also correlated with a specific risk category. To this end, the expression of LINC00958 was analysed by real-time PCR in samples from SR and HR patients (Figure 1B), and it surprisingly emerged that LINC00958 was significantly over-expressed in SR patients respect to the HR patients (p < 0.0001). To evaluate the clinical implications of LINC00958, its expression was correlated with different patients’ clinical information. No significant correlations were identified between LINC00958 expression levels with either the age of paediatric patients or the white blood counts at diagnosis or the percentage of blasts at diagnosis evaluated by flow cytometry (data not shown).




Figure 1 | Expression level of LINC00958 in a cohort of paediatric B-ALL (red triangle n = 27), T-ALL (green triangles n = 10) and healthy donors (blue triangles n = 7) (A) and in the B-ALL patients separated in high-risk patients (fill black circles n = 10) and standard/medium risk patients (empty circles n = 17) (B). Expression levels were plotted according to the relative expression (2-ΔCt method) of LINC00958. ***p < 0.001; ****p < 0.0001; Mann–Whitney t-test.







LINC00958 is higher in relapsed B-ALL patients

To gain a more comprehensive insight into the possible prognostic role of LINC00958 for B-ALL patients who relapsed, we evaluated if LINC00958 levels were predictive of relapse within 3 years after the diagnosis. As shown in Figures 2A, B, there were no significant differences between patients who relapsed versus those who did not relapse when considering all the B-ALL patients in our cohort (Figure 2A). Nonetheless, when separating HR patients from SR patients, we found that, while there continued to be no difference in HR patients (Figure 2B), LINC00958 expression levels in SR childhood patients is significantly higher in the relapsed patients respect to the non-relapsed patients (Figure 2C, p = 0.0182).




Figure 2 | Expression level of LINC00958 in relapsed (fill black circles) and non-relapsed (empty circles) in the entire cohort of paediatric B-ALL patients (A), in high-risk patients (B) and in standard-risk patients (C). *p < 0.05. n.s. = not significant. Mann–Whitney t-test. Error bars represent the standard deviation relapsing patients were considered at 3 years after the diagnosis of B-ALL.







Silencing of LINC00958 results in decreased proliferation in B-ALL cell line model

As a step following the clinical evaluations on the possible prognostic role of LINC00958 in acute paediatric lymphoblastic leukaemia, a model system for B-ALL was used to investigate any potential functional consequences arising from the silencing of LINC00958. A human pro-B-ALL cell line, the SEM cell line, was electroporated with pre-validated siRNA that individually target LINC00958 RNA molecule and non-specific control siRNA (siRNA scramble). Effective silencing was ascertained by real-time PCR 48h after electroporation (Figure 3A). A luminescent cell viability assay, conducted 72h after electroporation, showed a significant decrease of cell proliferation in LINC00958 knockdown sample (Figure 3B). A cytofluorimetric analysis of the cell cycle, 72h after electroporation, showed an arrest at G2-M phase in siRNA transfected in comparison to scrambled control-transfected SEM cells (Figure 3C; Supplementary Figure S2). To deeply investigate the cell cycle modulation observed in the LINC00958 knockdown cells, we evaluated the expression levels of cyclin genes, as they play a pivotal role in cell cycle regulation. Cyclins expression was evaluated by real-time PCR 72h after electroporation. We observed a significant difference in expression for cyclin B in LINC00958 knockdown cells (Figure 3D). To further investigate a possible role for LINC00958 in cell cycle and proliferation, we calculated the pathway activity score (PAS) for Reactome pathway database of every childhood ALL samples from St. Jude Children’s Research Hospital database. The resulting scores were correlated with LINC00958 transcript expression values in the same sample. We noticed a redundant enrichment of P53 activity on cell-proliferation-related pathways among the terms with highest inverse correlation and significance values (Figure 4A). We also registered a significant upregulation of P53 in LINC00958 knockdown SEM cells (Figures 4B–D), confirming an anti-correlation between the expression of LINC00958 and P53. These data were replicated and confirmed in a second B-ALL cell line model, with similar results (Supplementary Figure S3).




Figure 3 | (A) LINC00958 expression level in siRNA scramble–treated SEM (black bar) and specific siRNA against LINC00958-treated SEM (grey bar) after 48h of incubation. Error bars represent the SD of three independent experiments. (B) ATPlite assay of siRNA scramble–treated SEM (black bar) and siRNA LINC00958 treated SEM (grey bar) after 48h of incubation. Error bars represent the SD of six independent experiments. (C) Cell cycle phases of siRNA scramble–treated SEM (black bar) and siRNA LINC00958–treated SEM (grey bar) after 48h of incubation. The percentages of cells in the G0–G1, S, and G2–M phases after 48h of active growth were reported as the mean values of three independent experiments ± SD. (D) mRNA expression levels of cyclins in siRNA scramble-treated SEM (black bar) and siRNA LINC00958–treated SEM (grey bar) after 48h of incubation. Relative expression was determined using the 2−ΔCt method. Relative expression of cyclins is shown as mean ± SD of three technical independent experiments. *p < 0.05. Mann–Whitney t-test. Error bars represent the standard deviation. **p-value < 0,001.






Figure 4 | (A) LINC00958 expression correlation with REACTOME PATHWAYS scores in ALL sample database from Saint Jude’s Children Hospital. Terms involving the regulation of TP53 are highlighted in red. (B) Real Time PCR showing the TP53 expression levels in SEM cells electroporated with siRNA against LINC00958 and scramble control. **p < 0.01. (C) Western blot of P53 protein of SEM cells electroporated with siRNA against LINC00958 and scramble control. (D) Expression levels of P53 protein evaluated from the densitometry of bands normalised towards the corresponding densitometry of Vinculin bands. Mann–Whitney t-test. Error bars represent the standard deviation of three independent experiments. *p-value<0,05.








Discussion

ALL is the most common oncological malignancy in children, accounting for one-third of all childhood cancers and the most represented immunophenotype is B-lineage. B-cell acute lymphoblastic leukaemia results from clonal proliferation of abnormal B-lymphoblasts in bone marrow. B-ALL is classified into different risk subgroups, standard and high, based on genetic, biological, and clinical features such as sex and age at diagnosis, immunophenotypic, cytogenetic, molecular, and early medullar response to induction therapy (18, 19). Among the SR patients, the rate of early and late relapse was approximately 35% and 5%, respectively, compared to 50% and 1% among the HR patients (1, 20–22). One important issue in optimising outcomes for ALL patients lies is the limited ability to predict likelihood of relapse. We have previously identified a lncRNA signature discriminating paediatric B-ALL and T-ALL from healthy subjects (11). We selected lncRNAs that have never been associated with childhood ALL, among them LINC00958, also named bladder cancer-associated transcript 2 (BLACAT2), that was found markedly upregulated in lymph node-metastatic bladder cancer (12). In this work, the role of LINC00958 in B-ALL was investigated. As already described, LINC00958 gene discriminates between B-ALL and T-ALL, being over-expressed in B-ALL. Here, aside from validating the role of LINC00958 as a molecular marker of B-ALL in a larger cohort of patients, we further show that its higher expression is also associated with B-ALL SR type. Hence, correlating the clinical history of SR patients with LINC00958 expression, a very interesting finding emerged: from the outset, a pronounced upregulation of LINC00958 is discernible in patients who subsequently experience disease relapse. This evidence underscores a direct correlation between the expression of LINC00958 and an elevated susceptibility to relapse, suggesting LINC00958 as a potential novel genetic biomarker that could enhance the precision of risk stratification and ultimately ameliorate clinical outcomes. Monitoring LINC00958 levels holds promise for optimising relapse prevention strategies. Furthermore, given the infrequent occurrence of relapse among SR patients, the upregulation of LINC00958 in all sixteen examined cases of relapse assumes heightened significance within the dataset. Silencing LINC00958 in a cell-culture model system for B-ALL results in a decrease in proliferation in according with the evidence that LINC00958 acts as an oncogene in various types of cancers (12, 13, 23). This finding is associated with a G2-phase arrest observed in cell-cycle analysis and downregulation of cyclin B. Concurrently, our analyses show a strong inverse correlation between the expression levels of LINC00958 and P53 in ALL. The observed reduction in cell proliferation can be attributed to the concurrent upregulation of P53 at RNA and protein level. P53 is a tumour suppressor gene that plays a pivotal role in regulating cell growth and preventing the proliferation of damaged or abnormal cells. When TP53 is upregulated, it exerts its inhibitory influence on the cell cycle, leading to a deceleration in cell proliferation (24–26). Our findings can be explained through the established P53-dependent G2 arrest mechanism, a well-documented phenomenon extensively described in the scientific literature (27, 28). The G2/M transition is governed by the regulation of cyclin-dependent kinase CDC2 and its critical positive regulatory subunit, cyclin B. The kinase activity of the CDC2-cyclin B complex, along with the levels of cyclin B, undergoes cyclic fluctuations throughout the cell cycle. Elevated expression of TP53 leads to the suppression of cyclin B/CDC2 kinase activation, resulting in the subsequent arrest of cells in the G2 phase (26). In response to DNA damage, elevated expression of P53 inhibits the activities of cyclin B and CDC2, resulting in an increased mitosis and subsequent arrest of cells in the G2 phase (26, 29, 30). This observation allows us to hypothesise a role of LINC00958 in the G2 DNA damage checkpoint. However, it remains to be clarified how LINC00958 exerts its influence, particularly in the G2 phase of the cell cycle and in the presence of DNA damage.

In conclusion, our study has demonstrated the specific association of LINC00958 with the SR category in childhood B-cell acute lymphoblastic leukaemia. It is important to note that our study has some limitations related to the low-sample size. This is certainly linked to the fact that this study has only one enrolling centre and to the fact that the disease is rare (acute lymphoblastic leukaemia affects about eight children per 100,000). Future studies will be conducted on larger case series, with the involvement of other recruiting centres, to consider using LINC00958 in the clinical management of paediatric leukaemia patients. Notably, LINC00958 exhibits a particularly strong correlation with the risk of disease relapse, even in cases initially classified as SR based on early diagnosis. Functionally, LINC00958 appears to play a significant role in promoting cell proliferation and perturbing cell cycle regulation, potentially through P53 activity. These findings shed light on the intricate and nuanced factors contributing to leukaemia risk stratification and disease progression, highlighting LINC00958 as a potential biomarker and therapeutic target in B-cell acute lymphoblastic leukaemia.





Conclusions

Our findings provide crucial insights into the potential utility of LINC00958 as a genetic diagnostic and prognostic marker in the context of B-cell acute lymphoblastic leukaemia. This holds promise for enhancing the precision of relapse prediction, particularly among paediatric patients conventionally categorised as SR. Such advancement in risk stratification could pave the way for proactive therapeutic interventions aimed at mitigating the risk of disease recurrence in this vulnerable patient population.
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diagnosis (%) 26 (79) < 100,000 pl 3 (30) < 100,000 pl
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