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Abstract

:

MYC deregulation, a cardinal event in Burkitt lymphoma (BL) pathogenesis, necessitates the elucidation of the molecular mechanisms governing MYC activation to devise innovative and effective therapeutic strategies. The t(8;14)(q24;q32) chromosomal translocation commonly observed in hematological malignancies results in MYC deregulation, endowing cancer cells with a competitive edge through heightened cell proliferation, cell cycle progression, apoptosis evasion, and metabolic reprogramming. Recent discoveries of recurrent MYC mutations in BL underscore the potential of precision medicine, employing tailored therapeutics to specifically inhibit MYC activity. However, the intricate genetic landscape of BL, featuring additional alterations, such as mutations in TP53, TCF3, and ID3, may necessitate a combinatorial approach targeting multiple oncogenic pathways for effective intervention. Despite significant strides in hematological malignancy treatment, a comprehensive understanding of the molecular mechanisms underpinning MYC’s oncogenic properties remains crucial for the potential development of highly potent and selective MYC-directed cancer therapies. This review offers an in-depth analysis of MYC translocation and its implications in Burkitt lymphoma, with a spotlight on cutting-edge advances in research and emerging therapeutic paradigms.
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1. Introduction


Burkitt lymphoma (BL) is a highly aggressive and rapidly advancing subtype of non-Hodgkin’s lymphoma, hallmarked by elevated proliferation rates and substantial genetic instability. Burkitt lymphoma (BL) has several notable distinctions in cancer research. It was the first human tumor found to be linked with a virus [1] and one of the earliest tumors identified to have a chromosomal translocation activating an oncogene [2]. Additionally, it was the first lymphoma reported in association with HIV infection [3]. Moreover, it was the first pediatric tumor to show a response to chemotherapy alone [4]. In regions with endemic malaria, such as equatorial Africa, Brazil, and Papua New Guinea, BL is the most prevalent childhood cancer [5,6].



A defining feature of BL is the presence of chromosomal translocations involving the MYC gene, which encodes a pivotal transcription factor that orchestrates cell growth, differentiation, and apoptosis [7,8]. The MYC oncogene significantly contributes to many human cancers by regulating myriad genes. Its influence extends beyond cellular biology to impact host immunity and the tumor microenvironment [9,10]. It is activated through various methods—genetic, epigenetic, and post-translational—leading to altered expression, and thus influences different types of cancer [11]. Common genomic changes, such as gene amplification, chromosomal translocations, and mutations, can escalate MYC expression [12,13]. The gene further influences cancer cells by managing processes, such as growth, differentiation, and metabolism [14,15,16]. Although MYC expression is typically restrained in healthy cells, its heightened levels in cancer cells can trigger apoptosis. Nevertheless, its activation bypasses these physiological checks, thereby promoting cancer via several interconnected mechanisms [9,17,18]. The regulation of MYC and the diverse range of its targets is depicted in Figure 1. MYC overexpression in Burkitt lymphoma is commonly facilitated by chromosomal translocations, such as the MYC-immunoglobulin heavy chain (IgH) [19,20]. This translocation culminates in unrestrained MYC activation, fostering cell proliferation and impeding apoptosis through intricate and diverse mechanisms that entail interactions with a plethora of proteins and regulatory factors [21].



In addition to chromosomal translocations, MYC point mutations have been identified in BL. Present in approximately 30% of BL cases [22], these mutations lead to increased MYC protein stability and activity, correlating with poor prognosis. Given the central role MYC occupies in BL development and progression, there is a burgeoning interest in devising MYC-targeted therapies. However, due to MYC’s transcription factor nature and the absence of a well-defined active region, the development of small compounds targeting MYC presents a formidable challenge [8]. This review delves into the intricate roles of MYC translocation and mutations in BL pathogenesis and progression, while discussing the potential therapeutic avenues of targeting MYC in this devastating disease.




2. Epidemiology and Challenges in Treatment Approach


Burkitt lymphoma is named after Denis Burkitt [23], who first identified this disease among children in Africa. The epidemiological data of Burkitt lymphoma (Table 1) provide a fascinating insight into the geographical distribution of this disease. It is noteworthy that the incidence rates are not uniform across the globe, indicating the influence of various factors, such as genetics, environmental factors, and exposure to certain viruses, such as the Epstein–Barr virus. The data provide a comprehensive view of the disease prevalence, helping researchers and healthcare professionals in understanding the global impact of Burkitt lymphoma, and aiding in the development of targeted strategies for its prevention and treatment.



Advancements in understanding the biology of Burkitt lymphoma (BL) have led to improved outcomes for children with the disease in high-income countries (HICs). Collaborative efforts by pediatric cancer cooperative groups have contributed to these improvements through research aimed at enhancing diagnostic precision, refining staging classifications, optimizing risk stratification, and providing better supportive care [24,25,26,27]. Although high-income countries (HICs) have made significant progress in treating Burkitt lymphoma (BL), these advancements may not be directly applicable to the healthcare landscape in Africa or to the biology of endemic BL. Consequently, the majority of children with BL worldwide have not benefited from this progress [28,29]. Current estimates indicate that long-term survival rates for pediatric BL in sub-Saharan Africa (SSA) remain between 30% and 50%, unchanged since the 1970s when BL was discovered and pediatric oncology emerged as a field [6,29]. This disparity can be attributed to limited resources, late diagnoses, and treatment abandonment [30].
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Table 1. Global incidence rates of Burkitt lymphoma. Data represent the incidence rate of Burkitt lymphoma per million years. Adapted from [31].
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Region/Country

	
Burkitt Lymphoma Incidence






	
Asia




	
Israel

	
3.77




	
Saudi Arabia

	
2.41




	
Turkey

	
2.30




	
Republic of Korea

	
1.72




	
Japan

	
1.55




	
Jordan

	
1.17




	
Thailand

	
0.88




	
India

	
0.59




	
China

	
0.45




	
Europe




	
Estonia

	
5.67




	
Switzerland

	
4.12




	
Belgium

	
3.72




	
Norway

	
3.49




	
Spain

	
3.34




	
Italy

	
3.23




	
The Netherlands

	
3.16




	
France

	
3.13




	
Lithuania

	
3.00




	
Denmark

	
2.92




	
United Kingdom

	
2.68




	
Ireland

	
2.64




	
Austria

	
2.44




	
Germany

	
2.43




	
Czech Republic

	
1.97




	
Belarus

	
1.96




	
Ukraine

	
1.52




	
Poland

	
0.88




	
Russian Federation

	
0.72




	
Oceania




	
New Zealand

	
3.21




	
Australia

	
3.12




	
Africa




	
Malawi

	
19.3




	
Uganda

	
4.8




	
Zambia

	
4.2




	
Rwanda

	
3.5




	
Burundi

	
3.4




	
South Sudan

	
2.5




	
Tanzania

	
2.2




	
Madagascar

	
2.1




	
Kenya

	
1.7




	
Mozambique

	
1.7




	
Ethiopia

	
0.4




	
Cameroon

	
8.0




	
Congo, Democratic People Republic of

	
2.9




	
Angola

	
2.1




	
Chad

	
1.7




	
Sudan

	
2.0




	
Egypt

	
1.7




	
Morocco

	
1.7




	
Algeria

	
0.9




	
South Africa

	
1.6




	
Cote d’Ivoire

	
4.6




	
Nigeria

	
2.8




	
Ghana

	
2.4




	
Senegal

	
2.4




	
Burkina Faso

	
2.2




	
Mali

	
1.4




	
Niger

	
1.2




	
Central/South America




	
Puerto Rico

	
5.32




	
Colombia

	
5.10




	
North America




	
US white people

	
4.94




	
United States (overall)

	
4.75




	
US black people

	
4.04




	
Canada

	
2.35









To develop strategies that can increase cure rates for children with endemic BL, it is crucial to thoroughly examine the evolution of pediatric BL treatments and outcomes in SSA. This involves analyzing clinical trials and retrospective reports in parallel with the developments made in HICs. It is worth considering whether improving case detection, early diagnosis, and referral to treatment centers could significantly reduce mortality rates in Africa. Additionally, current BL treatments often cause severe side effects, complicating their use in regions with limited intensive care services [32]. The development of new drugs with fewer side effects may increase treatment uptake, avoid chemoresistance, and offer life-saving benefits to African children and immunocompromised adults.



Expanding our understanding of the genetic and poly-microbial underpinnings of BL could lead to advancements in treatment and prevention. Investigating the biological pathways involved in these infections may reveal novel approaches to diagnosis, treatment, and prevention of BL [33]. Overcoming research challenges, such as developing reliable methods to measure the prevalence and load of c-MYC translocation-positive B-cells in asymptomatic individuals, is crucial for progress in this field.




3. MYC Deregulation in Burkitt Lymphoma: Mechanisms and Implications


	(1)

	
Chromosomal Translocations: In Burkitt lymphoma (BL), the most common mechanism of MYC deregulation involves chromosomal translocations that place the MYC gene under the control of immunoglobulin (Ig) enhancer elements, leading to constitutive activation of MYC expression in B-cells [34,35,36,37]. The translocation t(8;14)(q24;q32), found in approximately 80% of BL cases, is the most frequent MYC translocation in this disease [38,39]. Additional MYC translocations in BL include t(2;8)(p12;q24) and t(8;22)(q24;q11) [39,40,41]. Constitutive MYC overexpression drives uncontrolled cell proliferation, a defining feature of BL.




	(2)

	
Point Mutations: In addition to chromosomal translocations, point mutations in MYC have been identified in BL. The T58A mutation increases MYC protein stability by inhibiting its degradation via the ubiquitin–proteasome pathway and enhances MYC transcriptional activity by increasing its association with transcriptional co-activators, such as TRRAP and p300/CBP [42,43].




	(3)

	
Genomic Instability: MYC translocation also contributes to the genomic instability of BL cells. MYC-induced DNA replication stress can cause DNA double-strand breaks, leading to chromosomal rearrangements and mutations [44,45]. This instability can contribute to the clonal evolution of BL and the acquisition of additional mutations that drive tumor progression and resistance to therapy [46].




	(4)

	
Signaling Pathways: The molecular mechanisms of MYC-induced transformation in BL are complex and involve the deregulation of multiple signaling pathways. MYC regulates the expression of genes involved in several growth/proliferation regulating signaling pathways, including the Wnt/β-catenin, NF-κB, and PI3K/Akt/mTOR pathways [47,48]. Deregulation of these pathways can contribute to the aggressive behavior of BL and resistance to therapy.




	(5)

	
MYC and Cancer Metabolism: MYC has been implicated in cancer metabolism, particularly the Warburg effect, where it promotes glucose metabolism and aerobic glycolysis in cancer cells [49,50]. This metabolic adaptation enables cancer cells to withstand nutrient scarcity and hypoxic environments. MYC also plays a role in mitochondrial biogenesis and regulation in response to growth signals and cell cycle progression [51,52,53]. This provides an opportunity for therapeutic targeting of mitochondrial factors regulated by MYC in the context of the Warburg effect in cancer.




	(6)

	
MYC and Immune Regulation: Studies on human patient samples and transgenic mouse models have provided evidence that MYC is involved in the regulation of innate immune regulator CD-47 and the well-known adaptive immune checkpoint PD-L1 [54,55,56]. Saravia et. al [57] found that MYC also promotes the differentiation and activation of regulatory T-cells, which suppress immune responses and promote tumor growth. MYC influences the expression of genes involved in T-cell activation while suppressing the expression of genes involved in T-cell differentiation and function [57].







Figure 2 depicts data obtained from cBio Cancer Genomics Portal, where MYC altered lymphomas are shown to have a significantly worse prognosis than patients with wild-type MYC. Since MYC translocations are found in nearly all Burkitt lymphoma cases, it is difficult to establish a direct correlation between MYC alterations and survival outcomes. Instead, other factors, such as disease stage at diagnosis, patient age, performance status, lactate dehydrogenase levels, and response to treatment, are more commonly used to assess prognosis and survival in Burkitt lymphoma. Table 2 lists the various mechanisms by which MYC could be deregulated followed by detailed discussions on these topics.



3.1. Mechanism of MYC Translocation and Its Significance in Accumulating Mutations on the Translocated Allele


3.1.1. Mechanism of IgH-MYC Translocation


Translocation occurs when chromosomes break and reattach to different chromosomes. In Burkitt lymphoma, one end of chromosome 8, where the MYC gene resides, translocates to chromosome 14, where the IgH gene is located. This leads to the fusion of the two genes. Normally, the MYC gene regulates cell division, but when it is fused with the IgH gene, it is then placed under the control of IgH’s regulatory elements. This results in overexpression of the MYC gene, leading to uncontrolled cell growth and proliferation, a key feature of lymphoma [11,60].



This translocation is often linked to errors in the somatic hypermutation process, a mechanism where B-cells modify their antibody genes to produce high-affinity antibodies. Normally, this process is tightly regulated, but errors can lead to off-target mutations, including the IgH-MYC translocation.



In the context of chromosomal rearrangements leading to the translocation of proto-oncogenes into transcription-active regions, the study by Stasevich et al. [61] highlighted the role of non-coding enhancer RNAs (eRNAs) as regulatory mechanisms affecting the oncogenes upon translocation [61]. This study emphasizes the role of non-coding enhancer RNAs (eRNAs) in regulating the activity of oncogenes following translocation. The researchers sought to identify eRNAs that might influence MYC transcription during IgH-MYC translocation in Burkitt lymphoma, with an emphasis on eRNAs that are potentially oncogenic, located at the IgH locus, and predominantly expressed in B-cells. The results from this study demonstrated that eRNA AL928768.3 is a critical player in Burkitt lymphoma development. Importantly, the study’s findings also suggest that AL928768.3, along with other yet-to-be-discovered eRNAs, could potentially serve as tissue-specific targets for cancer therapeutics [61]. This opens up a promising new avenue for the development of targeted treatments for lymphomas, particularly Burkitt lymphoma.




3.1.2. Risk Factors for Burkitt Lymphoma and IgH-MYC Translocation


Risk factors for Burkitt lymphoma, and thus the IgH-MYC translocation, include:




	
Infection with the Epstein–Barr virus (EBV): Most people are infected with EBV at some point in their lives, but in rare cases, it can increase the risk of Burkitt lymphoma. It is believed that the virus may contribute to the occurrence of the IgH-MYC translocation [62].



	
Malaria: In endemic regions (such as sub-Saharan Africa), chronic malaria infection weakens the immune system and is thought to contribute to the higher incidence of Burkitt lymphoma [63].



	
Immune suppression: Individuals with weakened immune systems (such as those with HIV/AIDS or organ transplant recipients) have an increased risk [64].









3.1.3. Mutations Accumulate in the Translocated MYC Allele


The translocation of the c-MYC gene into the immunoglobulin heavy chain (IgH) locus in Burkitt lymphoma (BL) has been reported to result in a high number of mutations due to its exposure to the antibody hypermutation mechanism [65,66,67,68,69]. Bemark and Neuberger [65] demonstrated that the translocated c-MYC undergoes constitutive hypermutation in the Ramos BL cell line at a rate comparable to that of immunoglobulin variable (IgV) genes. This study found that the non-random distribution of mutations stems from the intrinsic bias of the mutational process, rather than a skewing effect of selection, and provided insights into the cis-acting sequences required for mutability. Specifically, IgH sequences downstream of the Sμ region were sufficient, and the IgH intronic enhancer was not necessary.



Nearly two decades later, ref. [70] examined the effect of Phorbol 12-myristate 13-acetate (PMA) stimulation on the expression of the MYC gene in Ramos BL wild-type (WT) and ADP-dependent glucokinase (ADPGK) knock-out (KO) cells. The researchers discovered a larger accumulation of mutations in MYC transcripts in Ramos WT cells compared to ADPGK KO cells upon PMA stimulation. These mutations displayed a preference for AGC triplets, indicating the influence of immunoglobulin hypermutation and an organized mutational machinery. Interestingly, sequencing of stimulated Ramos BL cells revealed the recovery of the wild-type MYC sequence in nearly half of the cases, which contrasts the findings of [65]. Additionally, MYC expression increased during activation and decreased during differentiation as B-cells transitioned from an activated state to a plasma-cell-like differentiation phase, suggesting a functional role for MYC in providing energy stimulation to differentiating B-cells.



Tandon et al. [70] also found that PMA stimulation increased MYC transcript levels in Ramos cells, but ADPGK KO cells showed a smaller elevation in MYC expression compared to WT cells. The study revealed that the accumulation of mutations is dependent on cell transcriptional activity rather than activation-induced cytidine deaminase (AID) expression levels. This finding points to a role for MYC in offering an evolutionary growth advantage to cancer cells in vitro, characterized by a higher rate of proliferation and increased transcriptional activity at the translocated MYC locus.



In a separate study, ref. [71] investigated the mutational landscape of BL using high-throughput sequencing. They identified recurrent mutations in genes associated with the B-cell receptor signaling pathway, chromatin remodeling, and DNA damage response. This research not only provided valuable insights into the genetic mechanisms underlying MYC-driven lymphomagenesis in BL, but also highlighted potential therapeutic targets for future treatment strategies.





3.2. Additional Genetic Alterations in Burkitt Lymphoma


Although MYC deregulation is a hallmark of Burkitt lymphoma (BL), it alone is insufficient to cause the disease. Additional genetic modifications are necessary for the transformation of B-cells into malignant lymphomas [72]. These additional mutations are generally thought to occur independently of the IgH-MYC translocation, namely, the IgH-MYC translocation does not directly cause these additional mutations to occur. However, it is worth noting that the overexpression of MYC might indirectly contribute to a higher mutation rate. MYC overexpression can lead to increased cell proliferation and DNA replication, which can increase the chance of errors occurring during DNA replication. Furthermore, MYC can induce a state of “replicative stress”, which can lead to DNA damage and genomic instability, further increasing the potential for additional mutations.



3.2.1. TP53 Mutations and Its Prognostic Importance in BL


TP53 is a tumor suppressor gene that encodes a transcription factor that regulates cell cycle arrest, apoptosis, and DNA repair in response to cellular stress. TP53 is frequently altered in various cancers, including BL, where it is one of the most common and important co-alterations, but its role and impact on BL biology and clinical outcome are not fully understood [73,74].



Several studies have investigated the frequency, type, and prognostic value of TP53 abnormalities (mutations, deletions, and/or copy number neutral loss of heterozygosity) in BL, using different methods, such as sequencing, fluorescence in situ hybridization (FISH), immunohistochemistry, and gene expression analysis [73,74,75]. The reported prevalence of TP53 abnormalities in BL ranges from 20% to 70%, depending on the cohort, subtype, and detection method [73,74,75]. TP53 abnormalities are more common in adult than in pediatric BL, and in immunodeficiency-associated than in endemic or sporadic BL [39] TP53 abnormalities are also more frequent in cases with high-risk features, such as high lactate dehydrogenase (LDH), bone marrow or central nervous system involvement, or double-hit or triple-hit status (concurrent rearrangements of MYC, BCL2, and/or BCL6) [73].



In a comprehensive study conducted by Burkhardt et al. [76], they analyzed a large cohort of pediatric and adult Burkitt lymphoma (BL) cases. They discovered that the mutational profile of these cancers varies by age group. A critical finding was the significant prognostic impact of recurrent mutations in the TP53 gene, which are associated with diminished expression of TP53wt protein in lymphoma samples. This lack of TP53wt expression and presence of TP53 mutations were linked to decreased survival rates, suggesting the central role of TP53 in the disease’s progression. The study further implies that new therapeutic strategies could be developed to target this dysfunctional TP53, potentially by inhibiting its upstream regulators, MDM2 and MDM4. This could decrease the ubiquitination and subsequent proteasomal degradation of TP53wt. Additionally, the use of drugs, such as eprenetapopt, which have been shown to restore TP53wt levels, could be a promising approach [76]



The identification of TP53 as a key molecular marker and driver of BL has important implications for diagnosis, prognosis, and treatment. TP53 testing should thus be incorporated into routine clinical practice to stratify patients according to their risk and response to therapy. Moreover, novel therapeutic strategies that target TP53 or its regulators may offer new opportunities to improve the outcomes of BL patients, especially those with relapsed or refractory disease.



In addition to TP53 abnormalities, other factors that can affect the TP53 pathway in BL include the expression of MDM2 and MDM4, two negative regulators of TP53 that can bind to and inhibit its activity. MDM2 overexpression has been reported in some cases of BL, especially those with immunodeficiency or double-hit status [75,77]. MDM4 overexpression has also been identified as the only TP53 pathway abnormality in a subset of BL cases without TP53 or MDM2 abnormalities, suggesting a potential alternative mechanism of TP53 inhibition [75].




3.2.2. TCF3 and ID3 Mutations in BL


Schmitz et al. [71] found mutations in transcription factor 3 (TCF3) in BL. TCF3 is expressed at high levels during B-cell development and is inhibited by the helix-loop-helix protein ID3. Another gene shown to be mutated in BL is cell cycle regulating Cyclin D3 (CCND3), which is a direct target of TCF3, refs. [71,78,79] confirmed these mutations in an independent study, analyzing their frequency and clinical relevance. Their findings revealed that CCND3 and ID3 mutations are correlated with an advanced stage of the disease, representing secondary hits after MYC deregulation, and are essential for lymphomagenesis. Mutations in ID3 have been identified in a subset of BL cases and are thought to contribute to the development of the disease by inhibiting B-cell differentiation and promoting cell proliferation [78]



In a groundbreaking study, ref. [22] sequenced the genome of a BL tumor and the germline DNA from the same individual, as well as the exomes of over 50 BL tumors, comparing them to diffuse large B-cell lymphoma (DLBCL) tumor samples. They found differentially mutated genes in BL samples, such as ID3, PIK3R1, RET, GNA13, ARID1A, and SMARCA4. Importantly, they identified ID3 mutations occurring specifically in Burkitt lymphoma samples (34% of tumors) and not in DLBCLs. The study was the first to show that ID3 mutations are responsible for promoting cell cycle progression and proliferation in Burkitt lymphoma and identifying ID3 as a new tumor suppressor gene.




3.2.3. MYC Translocation and 11q Alterations


Notably, MYC translocation serves as both a diagnostic hallmark and a critical prognostic factor for BL [80]. Patients afflicted with MYC-positive lymphomas face poorer prognoses and necessitate more aggressive treatment regimens compared to their MYC-negative counterparts [37,81] MYC-negative lymphomas, such as those harboring 11q alterations, are associated with a subtype of high-grade B-cell lymphoma, previously referred to as Burkitt-like lymphoma [82]. The lymphomas with 11q aberrations do not have the characteristic MYC translocations seen in Burkitt lymphoma. Instead, they exhibit chromosomal abnormalities involving the loss of a region on the long arm of chromosome 11 (11q). This region contains several tumor suppressor genes, such as ATM and BIRC3, which play roles in DNA repair and apoptosis. Loss of these tumor suppressor genes can contribute to the development of lymphoma. Although both MYC-positive and -negative subtypes share some genomic features, the presence or absence of MYC translocations and 11q alterations help in distinguishing these two distinct molecular subtypes of high-grade B-cell lymphomas. The grim prognosis of MYC-positive lymphomas (such as BL) is predominantly attributed to the intensified cellular proliferation and genetic instability driven by MYC’s activation of target genes governing cell cycle regulation, DNA replication, and DNA repair [83]. This genomic destabilization ultimately fosters the accumulation of additional mutations, accelerating disease progression and heightening resistance to treatment.





3.3. Evolutionary Growth Advantage as an Implication of MYC Translocation in Cancer


Multiple studies have investigated the role of MYC translocation in providing an evolutionary growth advantage to Burkitt lymphoma (BL) cells. Mlynarczyk et al. [84] proposed that BL cells exploit the germinal center reaction to gain a competitive advantage. This complex process generates high-affinity B-cell receptors through somatic hypermutation and selection. MYC translocation drives the expansion of BL cells within the germinal center, promoting their survival and proliferation, facilitated by the interaction with the microenvironment, including T-cells and stromal cells [84]



Epigenetic regulation of MYC in BL expression and progression has also been the focus of many studies [85,86,87,88]. Fernández-Serrano et al. [89] reviewed the role of epigenetic modifications, such as histone modifications H3K4me3 and H3K27ac, in regulating MYC expression in BL cells. Li et al. [90] demonstrated that MYC mutations in lymphomas are associated with changes in chromatin structure, increased levels of H3K27ac histone marks, and altered gene expression patterns, promoting lymphoma cell proliferation and survival. Cowling et al. [91] reported enhanced histone acetylation of MYC-target genes in lymphomas. Ref. [92] investigated the role of epigenetic mechanisms in MYC-driven lymphomagenesis, revealing alterations in DNA methylation patterns and their impact on specific genes involved in immunological regulation, cell adhesion, and cancer-related pathways; overall indicating a MYC-dominated growth advantage in these cells.



Recent studies have also explored the critical role of microRNAs (miRNAs) and mutations in MYC and its translocated partner genes. Ref. [93] identified several microRNAs that regulate MYC expression, such as miR-150, miR-155, and miR-143, whose deregulation in BL leads to MYC overexpression. Several miRNAs, including miR-34a, miR-145, and the let-7 family, have also been shown to directly target MYC mRNA and negatively regulate its expression [94]. On the other hand, it has also been suggested that c-MYC modulates miRNA expression, revealing a complex interplay between c-MYC and miRNAs [95,96]. One study found 211 differentially expressed genes and 49 differentially expressed miRNAs in BL [97]. A significant finding was the downregulation of ATM and NLK genes, important regulators in response to DNA damage in BL tumor cells. These tumor suppressors were targeted by multiple upregulated miRNAs which could account for their aberrant expression in BL. The combined loss of p53 induction and function due to miRNA-mediated regulation of ATM and NLK, along with the upregulation of TFAP4, may be central for human miRNAs in BL oncogenesis. This allows for the survival of BL tumor cells with the IgH-MYC chromosomal translocation and promotes MYC-induced cell cycle progression, initiating BL lymphomagenesis [97].



Klanova and Klener [98] found that mutations in MYC-translocated partner gene, BCL2, promote the growth and survival of lymphoma cells by increasing the expression of MYC and other oncogenes. MYC mutations are also found to impact the tumor microenvironment, a determining factor for chemotherapeutic potency [99,100,101] These studies showed that MYC mutations in lymphomas lead to increased recruitment of immune-suppressive cells, promoting tumor growth, angiogenesis, and metastasis.



Indeed, the marked influence of MYC on the evolutionary growth advantage of cancer cells positions it as an appealing target for innovative therapies. Therefore, by honing in on MYC as a potential treatment target, we may be able to craft therapeutic strategies that effectively counteract the survival advantages accrued by these cancer cells, opening a promising avenue toward more effective lymphoma treatment options.





4. Challenges in Developing Successful Therapies against MYC-Deregulated Burkitt Lymphoma


The development of targeted therapies against MYC-deregulated Burkitt lymphoma (BL) has proven to be challenging due to several factors, including the complexity of MYC’s roles in cellular processes and the difficulty of selectively targeting MYC without affecting normal cellular functions.



Despite advances in cancer therapy, targeted therapies against MYC-deregulated BL have remained elusive due to several factors:




	(1)

	
Heterogeneity of MYC-deregulated BL: BL tumors display significant heterogeneity, both at the genetic and epigenetic levels, which contributes to variations in treatment response [66]. This diversity requires the development of therapies that can effectively target the range of molecular alterations in MYC-deregulated BL.




	(2)

	
Tumor microenvironment: The tumor microenvironment, consisting of non-cancerous cells and extracellular matrix components, can influence tumor growth and therapy resistance in BL. The interplay between tumor cells and the microenvironment may contribute to the challenges in developing effective treatments against MYC-deregulated BL [102].




	(3)

	
Off-target effects: MYC plays a crucial role in normal cell function, and its inhibition may lead to undesirable off-target effects that can cause cytotoxicity in normal cells. This further complicates the development of targeted therapies against MYC [103].




	(4)

	
Complexity of MYC’s roles in cellular processes: MYC is a transcription factor that regulates a myriad of cellular processes, including cell cycle progression, metabolism, and protein synthesis [66]. This multifaceted role makes it difficult to selectively target MYC without disrupting normal cellular functions.




	(5)

	
Paradoxical roles of MYC: A significantly high level of MYC can induce apoptosis or programmed cell death, as a protective mechanism against uncontrolled proliferation. This phenomenon, known as “MYC-induced apoptosis”, has been well-documented in scientific literature. For example, in a study by Evan et al. [104] it was observed that overexpression of MYC leads to both cell proliferation and apoptosis. This seemingly paradoxical effect is due to the fact that while MYC drives cell cycle progression, it also sensitizes cells to a variety of apoptotic signals. Therefore, unless a second mutation occurs that inhibits apoptosis, excess MYC can lead to cell death [104].




	(6)

	
MYC’s “undruggable” nature: MYC has been considered an “undruggable” target due to the lack of well-defined small-molecule binding pockets and its intrinsically disordered structure, which hampers the development of small-molecule inhibitors [20].




	(7)

	
The development of resistance: Targeted therapies often face the challenge of acquired resistance, which may emerge through the activation of alternative signaling pathways or the selection of resistant clones [105].










5. Potential Strategies to Overcome Challenges


	(1)

	
Patient stratification and precision medicine: An enhanced approach to patient stratification could significantly improve therapeutic efficacy in MYC-deregulated Burkitt lymphoma. Stratification informed by molecular profiling, geographical variations (e.g., HIC vs. SSA regions), and age-related criteria can identify patient subgroups likely to benefit from targeted therapies. This holistic approach could optimize personalized treatment strategies, and help in mitigating the impact of tumor heterogeneity [106].




	(2)

	
Targeting the tumor microenvironment: Therapeutic strategies that modulate the tumor microenvironment can potentially enhance the effectiveness of MYC-targeted therapies. For example, immunotherapies, such as immune checkpoint inhibitors and chimeric antigen receptor (CAR) T-cell therapy, can be combined with MYC-targeted treatments to improve antitumor immune responses [107].




	(3)

	
Development of selective MYC inhibitors: The development of selective MYC inhibitors with reduced off-target effects can help in minimizing cytotoxicity in normal cells. Recent advancements in drug discovery technologies, such as structure-based drug design and high-throughput screening, can aid in identifying these selective inhibitors [108].




	(4)

	
Indirect targeting of MYC: One approach to overcome MYC’s “undruggable” nature is to indirectly target it by modulating its transcription, translation, or protein stability [109]. Small molecules that inhibit MYC-MAX dimerization or target upstream signaling pathways regulating MYC have shown promise in preclinical studies [8].




	(5)

	
Combination therapy: Combining targeted therapies against MYC with other treatment modalities, such as chemotherapy or immunotherapy, can potentially improve treatment outcomes and overcome resistance mechanisms [107].







While numerous obstacles persist in the development of successful therapies against MYC-deregulated Burkitt lymphoma, recent advances have paved the way for novel strategies to confront these challenges. The multifaceted nature of MYC necessitates a multifaceted approach to therapy. Stratification of patients, targeting of the tumor microenvironment, advancement of selective MYC inhibitors, indirect targeting of MYC, and the potential of combination therapies all show considerable promise. The journey toward effective targeted therapies is complex and arduous, but as our understanding of MYC and its role in lymphomas continues to deepen, our capacity to innovate and improve therapeutic options deepens, as well.




6. Implications for Treatment


6.1. Background


Burkitt lymphoma (BL), an aggressive lymphoid neoplasm, is characterized by its extraordinary chemosensitivity, stemming from the high proliferation rate of tumor cells that render them susceptible to cytotoxic agents [39,110,111]. For pediatric patients, modern chemoimmunotherapy regimens have produced cure rates reaching 90% or more, as substantiated by Thomas et al.’s study in 2006 using hyper-CVAD and rituximab [111]. However, the overall survival rate for adults and immunocompromised patients, or those in low-income countries, is not as promising due to challenges in tolerating intensive chemotherapy or lack of access to effective treatments. Therefore, alternative therapeutic approaches, notably therapies targeting MYC, are being developed to improve outcomes.




6.2. Strategies for Targeting MYC in Burkitt Lymphoma


6.2.1. Small-Molecule Inhibitors and Targeted Therapies


Several therapeutic strategies have emerged for targeting MYC deregulation in BL. These include small-molecule inhibitors of MYC transcriptional activity and targeted therapies aiming to disrupt MYC protein–protein interactions. The work by Llombart and Mansour [112] in 2022 underscored these promising strategies, such as BET inhibitors targeting MYC transcriptional activity and small-molecule inhibitors disrupting MYC protein–protein interactions. Several inhibitors, including JQ1 [109], MYCi975 [113], and 10058-F4 [114], have been developed and tested in preclinical studies, showing promising results in reducing MYC levels and inhibiting tumor growth in various cancer types, including BL. However, owing to the challenges in developing targeted MYC therapies, as mentioned earlier in this review, the development of these inhibitors has been largely unsuccessful commercially.




6.2.2. Targeting MYC Deregulation via Cellular Pathways


Other therapeutic targets for MYC-positive BL: In addition to targeting MYC directly, numerous other therapeutic targets for MYC-positive BL have been identified:




	
CDK9: CDK9, a component of the positive transcription elongation factor b (P-TEFb) complex, is necessary for transcriptional elongation by RNA polymerase II and is one of the prospective therapeutic targets. MYC-positive BL cells were found to be highly sensitive to CDK9 inhibition, leading to decreased cell viability and increased apoptosis [115].



	
MCL-1 Inhibition: Inhibition of MCL-1, an anti-apoptotic protein that is often overexpressed in cancer cells, was found to be another potential therapeutic target for MYC-positive BL [116].



	
AKT Pathway: MYC translocation activates the AKT pathway, which plays a crucial role in regulating cell survival, metabolism, and proliferation. Targeting the AKT pathway was suggested as a promising therapeutic approach for MYC-positive BL [117]. The combination of an AKT inhibitor and an mTOR inhibitor can synergistically induce apoptosis in MYC-driven lymphoma cells [117].



	
Restoration of Wild-Type p53 Expression: Restoring wild-type p53 expression can inhibit their proliferation and induce apoptosis [77].



	
Cell Proliferation and Survival Genes: Genes, such as CDK6, CCND2, and BCL2 could serve as potential therapeutic targets for MYC-positive BL [118]. Venetoclax, a BCL2 inhibitor, was found to be efficient in inducing apoptosis in MYC-positive lymphoma cells.



	
XIAP Targeting: MYC translocation can also increase the expression of a protein known as X-linked inhibitor of apoptosis protein (XIAP), which inhibits caspase-dependent apoptosis. Targeting XIAP may increase the sensitivity of MYC-positive BL cells to apoptosis-inducing drugs [119].



	
Notch and MAPK Pathways: Notch pathway was also found to be involved in MYC-driven lymphomagenesis, with MYC translocation upregulating the expression of Notch receptors and ligands, leading to the activation of the Notch pathway [120]. Therefore, targeting the mitogen-activated protein kinase (MAPK) pathway, which is active in MYC-driven malignancies, has shown therapeutic promise [121].









6.2.3. Synthetic Lethality Strategies


MYC has been linked to synthetic lethality, a process in which the loss of function of two genes causes cell death but not either gene alone [122]. Therefore, targeting genes that are synthetically lethal with MYC may provide a novel approach to selectively kill MYC-dependent cancer cells. A recent study identified several genes that are synthetically lethal with MYC, including BCL2L1, MCL-1, and PIM1 [123]. Targeting these genes may provide a new avenue for therapeutic intervention in MYC-driven cancers.




6.2.4. Epigenetic Modifiers


Epigenetic modifiers have also been studied as potential treatment targets for MYC-driven malignancies. HDAC inhibitors, for example, have been demonstrated to stimulate MYC degradation and reduce the growth of MYC-dependent malignancies [124,125,126] Similarly, inhibitors of bromodomain and extra-terminal (BET) proteins, which are involved in chromatin remodeling and transcriptional regulation, have been shown to inhibit MYC expression and have promising preclinical results [60].




6.2.5. Leveraging MYC’s Role in Metabolism


MYC can also regulate cellular metabolism. For instance, oncogenic MYC can increase the expression of glutamine transporters and alter mitochondrial metabolism, making the cell dependent on exogenous glutamine for survival [8,127,128]. Therefore, inhibiting glutamine metabolism can selectively induce apoptosis in MYC-overexpressing tumor cells [129,130]. CB-839, a potent and selective inhibitor of glutaminase (GLS), an enzyme that converts glutamine to glutamate, is currently in clinical trials for treating cancers with MYC deregulation [131].




6.2.6. Investigation of MYC Inhibitor OmoMYC


The action mechanism of OmoMYC, a MYC inhibitor, was investigated by [132] to provide insights into targeting MYC for cancer therapy. OmoMYC mitigates the activation and repression actions of MYC by competing for chromatin binding with MYC/MAX, effectively reducing MYC/MAX’s binding efficacy (Figure 3b). It significantly reduces promoter occupancy and alters the expression of genes influenced by oncogenic MYC levels [133]. Remarkably, OmoMYC has shown substantial therapeutic potential in the in vivo mouse cancer models. Its effect differs from gene knockout or RNA interference techniques, which aim to obstruct all functions of a gene product. Instead, OmoMYC selectively disrupts certain protein interactions within the MYC node while preserving others, thereby reconfiguring the MYC transcriptome. Given OmoMYC’s profound therapeutic effect in animal models, these findings suggest that a successful cancer therapy targeting MYC may need a dual approach—inhibiting MYC/MAX from binding to E-boxes, while continuing to repress genes that MYC would naturally repress [132].






7. Challenges in Targeting MYC


Despite the potential benefits of targeting MYC, there are challenges and obstacles that researchers have encountered. MYC is considered an “undruggable” target since it lacks enzymatic activity, making the development of traditional small-molecule inhibitors challenging. Additionally, the broad role that MYC plays in cellular function indicates that strategies aimed at inhibiting MYC activity can potentially affect a variety of normal cellular processes and can lead to toxicity in healthy cells.




8. Future Directions


Given these challenges, ongoing research is aimed at identifying strategies to more selectively target MYC, thereby reducing potential toxicity. For instance, the use of targeted delivery systems, such as nanoparticles, to specifically deliver MYC inhibitors to tumor cells is one potential approach that is being explored. Moreover, the utilization of synthetic lethality strategies or combination therapies that incorporate MYC inhibition alongside other treatments may offer a more effective and tolerable therapeutic approach. A comprehensive list of therapies in development against MYC is provided in Table 3.




9. Conclusions


Our understanding of the critical role of MYC deregulation in Burkitt lymphoma has advanced significantly in recent years. Through various mechanisms, such as chromosomal translocations, amplifications, and point mutations, MYC becomes deregulated, leading to the initiation and progression of Burkitt lymphoma. This deregulation is crucial for the diagnosis, prognosis, and therapeutic interventions for this aggressive malignancy.



The complex interplay between MYC, its downstream pathways, and the tumor microenvironment has been a focal point of many recent studies. As highlighted in our discussion, MYC deregulation in Burkitt lymphoma can involve epigenetic modifications, the germinal center reaction, and the deregulation of microRNAs, among other molecular mechanisms. This knowledge not only enhances our understanding of the disease, but also opens the door to potential therapeutic targets.



Despite the challenges in targeting MYC, numerous promising strategies have emerged. These include the use of small-molecule inhibitors, targeting protein–protein interactions, and exploiting synthetic lethality with MYC. Additionally, the identification of other molecular pathways, such as AKT, Notch, and MAPK, that are implicated in MYC-driven lymphomagenesis presents further therapeutic possibilities.



Furthermore, the potential role of epigenetic modifiers, such as HDAC inhibitors and BET inhibitors, in the treatment of MYC-driven malignancies highlights the necessity of understanding the broader chromatin landscape in Burkitt lymphoma. These advances in knowledge present a multifaceted approach to combating this devastating disease.



In light of these findings, it is crucial to continue expanding our knowledge of the molecular processes underlying MYC deregulation in Burkitt lymphoma. Further research is needed to develop novel, effective, and personalized therapeutic approaches to improve patient outcomes. By integrating insights from genetic, epigenetic, and signaling pathway studies, we can advance toward a comprehensive understanding of MYC-driven cancer signaling and devise innovative treatment strategies to combat Burkitt lymphoma.
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Figure 1. Schematic Representation of MYC Regulation and Function in Cancer: Genetic alterations including chromosomal translocations and genomic amplifications result in elevated MYC mRNA expression. Modifications in upstream regulatory pathways can also influence MYC oncogene transcription. MYC protein stability is enhanced through post-translational modifications, notably preferential phosphorylation at serine 62 (S62) over threonine 58 (T58), inhibiting degradation and stimulating the MYC pathway. MYC orchestrates a variety of cancer cell-intrinsic and host-dependent pathways to foster cancer cell growth and survival, with key processes including proliferation, metabolism, protein, and ribosomal biosynthesis. Conversely, MYC suppresses cellular protective mechanisms, such as immune surveillance, and thus aids in cancer progression. Notably, MYC can paradoxically trigger cellular processes, such as apoptosis that potentially threaten cancer cell survival. The ultimate cell fate is determined by the intricate equilibrium between these events and the specific cellular context. Created with BioRender.com, accessed on 20 May 2023. 
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Figure 2. Kaplan–Meier survival estimates in lymphomas with MYC alteration: Data obtained from cBioPortal for lymphoma patients showing the probability of overall survival in MYC altered (red) and unaltered (blue) groups. Logrank p-value and number of samples analyzed for each group are indicated [58,59]. 
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Figure 3. Current development approaches against MYC: (a) Number of compounds by MYC inhibition strategy in development, obtained from Cortellis Drug Discovery Intelligence (CDDI—Clarivate). (b) Structure of OmoMYC bound to double-stranded DNA. PDB ID: 5I50; Jung L.A. et al. [133]; https://doi.org/10.2210/pdb5I50/pdb, accessed on 20 May 2023. 
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Table 2. Summary of various mechanisms by which MYC could be deregulated.
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	Mechanism
	Description





	Gene Amplification
	This is when there is an increase in the number of copies of the MYC gene, leading to overproduction of MYC protein.



	Chromosomal

Translocation
	This is when the MYC gene is moved to a different chromosome, often leading to its inappropriate activation. In Burkitt lymphoma, for example, MYC is often translocated to the immunoglobulin heavy or light chain loci, which are highly active regions of the genome.



	Mutation
	Mutations in the MYC gene or in the genes that regulate MYC can lead to increased MYC activity.



	Deregulation of

Transcriptional Control
	Disruptions in the normal mechanisms that control the transcription of the MYC gene can lead to overproduction of the MYC protein.



	Post-transcriptional and

Post-translational Modifications
	Changes that occur to MYC mRNA or MYC protein after transcription and translation, respectively, can increase the stability, abundance, or activity of MYC.



	Deregulation of

MYC Degradation
	Normally, MYC protein is rapidly degraded to maintain proper control of its levels. Disruptions in these degradation pathways can lead to increased levels of MYC.
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Table 3. Therapies by mechanism of action: A list of therapies in development and completed for targeting MYC. Links to drug data available for each category are provided as a link to the source portal. Data obtained from Cortellis Drug Discovery Intelligence (CDDI–Clarivate).
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	Mechanism of Action
	Type
	Drugs





	Anti-MYC (MYC Proto-Oncogene Protein)
	Protein
	6



	Aurora kinase A (AURKA; ARK1)/c-MYC Interaction Inhibitors
	Protein
	4



	Drugs Targeting MYC Proto-Oncogene Protein Promoter G-quadruplex (MycG4)
	Gene
	8



	Drugs Targeting MYC Transcription Factors
	Protein
	12



	Dual Specificity Mitogen-Activated Protein Kinase 3 (MAP2K3)/c-MYC Interaction Inhibitors
	Protein
	1



	MYC Expression Inhibitors
	Gene
	152



	MYC Proto-Oncogene Protein (c-MYC) Degradation Inducers
	Protein
	46



	MYC Proto-Oncogene Protein (c-MYC) Gene Editing
	Gene
	1



	MYC Proto-Oncogene Protein (c-MYC) Inhibitors
	Protein
	159



	MYC Proto-Oncogene Protein (c-MYC)/MYC-Associated Factor X (Max) Interaction Inhibitors
	Protein
	24



	MYC Proto-Oncogene Protein (MYC)/TRRAP Interaction Inhibitors
	Protein
	2



	Transcription Factor Ligands
	Protein
	35



	WD Repeat-Containing Protein 5 (WDR5; BIG3)/c-MYC Interaction Inhibitors
	Protein
	8
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