

  genes-13-02013




genes-13-02013







Genes 2022, 13(11), 2013; doi:10.3390/genes13112013




Review



Understanding the Roles of the NSD Protein Methyltransferases in Head and Neck Squamous Cell Carcinoma



Madhavi Murali 1,2[image: Orcid] and Vassiliki Saloura 1,*





1



Thoracic and GI Malignancies Branch, Center for Cancer Research, National Cancer Institute, Bethesda, MD 20892, USA






2



School of Medicine, The University of Missouri-Kansas City, Kansas City, MO 64018, USA









*



Correspondence: vassiliki.saloura@nih.gov







Academic Editors: Michele Longo and Tiziana Angrisano



Received: 24 September 2022 / Accepted: 29 October 2022 / Published: 2 November 2022



Abstract

:

Head and neck squamous cell carcinoma (HNSCC) is the sixth most prevalent non-skin cancer in the world. While immunotherapy has revolutionized the standard of care treatment in patients with recurrent/metastatic HNSCC, more than 70% of patients do not respond to this treatment, making the identification of novel therapeutic targets urgent. Recently, research endeavors have focused on how epigenetic modifications may affect tumor initiation and progression of HNSCC. The nuclear receptor binding SET domain (NSD) family of protein methyltransferases NSD1-NSD3 is of particular interest for HNSCC, with NSD1 and NSD3 being amongst the most commonly mutated or amplified genes respectively in HNSCC. Preclinical studies have identified both oncogenic and tumor-suppressing properties across NSD1, NSD2, and NSD3 within the context of HNSCC. The purpose of this review is to provide a better understanding of the contribution of the NSD family of protein methyltransferases to the pathogenesis of HNSCC, underscoring their promise as novel therapeutic targets in this devastating disease.
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1. Introduction


Head and neck squamous cell carcinoma (HNSCC) is the sixth most prevalent non-skin cancer in the world and is often found to have a poor prognosis [1,2,3]. HNSCC can be categorized into two types: human papilloma virus-positive (HPV-positive), which is associated with viral exposure to HPV, and human papilloma virus-negative (HPV-negative), which has strong associations with alcohol and tobacco use. Given the poor treatment outcomes particularly in HPV-negative HNSCC, understanding the molecular basis for how these types of cancers develop is of paramount importance for the identification of novel therapeutic approaches.



HNSCC, particularly HPV-negative tumors, demonstrate a plethora of genetic and expression alterations in protein methyltransferases and demethylases [4,5,6], with a significant body of preclinical evidence supporting the importance of this class of enzymes in the pathogenesis of this disease [7]. Protein methyltransferases and demethylases comprise a family of enzymes that, respectively, write or erase methyl groups on lysine or arginine residues of histone and/or non-histone substrates. Of particular interest for HNSCC are the nuclear receptor binding SET domain (NSD) 1 (NSD1), NSD2, and NSD3 protein lysine methyltransferases that mono- and di-methylate lysine 36 of histone H3 (H3K36) [8,9,10,11,12,13,14,15]. Methylated H3K36 characterizes actively transcribed euchromatin. NSD1 and NSD3 are amongst the top ten most frequently genetically altered genes in HPV-negative HNSCC, with NSD1 carrying mutations and NSD3 coamplifying with fibroblast growth factor receptor 1 (FGFR1) (8p11-12 amplicon) in HPV-negative HNSCC [16].



The NSD family of protein lysine methyltransferases play a critical role in regulating gene expression, oncogenesis, tumor suppression, and cell differentiation, with mutations, amplifications, or translocations of these genes associated with cancer development and progression in multiple cancer types [17,18]. NSD1 (KMT3B) was initially discovered as a driver for de novo pediatric acute myeloid leukemia (AML) with the recurrent t(5;11)(q35;p15.5) translocation [19]. It was found as a fusion partner of the nucleoporin gene (NUP98) transcript, constituting the chimeric messenger RNA NUP98-NSD1, the most frequent fusion reported in pediatric AML [20]. Wang et al. [21] subsequently showed that the NUP98-NSD1 fusion protein induces AML in vivo, enforces myeloid cell stemness, and upregulates the expression of HoxA7 and HoxA9 by binding to adjacent genomic elements, maintaining H3K36 methylation and histone acetylation, and antagonizing EZH2-mediated repression of the Hox-A locus genes. Inactivating mutations of NSD1 prevented Hox-A gene activation and myeloid progenitor immortalization, further supporting the role of NSD1 in pediatric AML.



NSD2 (WHSC1 or MMSET) was first discovered as part of the 4p16.3 chromosomal region which is deleted in Wolf–Hirschhorn syndrome [22], as well as a component of the t(4;14)(p16.3;q32.3) translocation, placing it under the regulatory genomic regions of the immunoglobulin locus [22,23]. This translocation is found in approximately 20% of patients with multiple myeloma and is associated with NSD2 and FGFR3 (co-amplified) overexpression [24], though NSD2 is purported to exert the primary oncogenic role. The oncogenic function of NSD2 has been primarily studied in multiple myeloma with the t(4;14) translocation. Knockdown of NSD2 in these cell lines decreases proliferation, cell cycle progression, and DNA repair and increases apoptosis and adhesion [25,26,27,28]. NSD2 induces these phenotypes through an increase and redistribution of H3K36 dimethylation which enhances gene expression. Concurrently, NSD2 overexpression is associated with a global reduction in the repressive H3K27me3 mark, which is deposited in specific chromatin regions, leading to inappropriate silencing of genes [29,30].



NSD3 was first discovered by two independent groups in 2001 [31,32]. Angrand et al. reported that NSD3 was mapped to the 8p12 chromosomal band which was found amplified in breast cancer cell lines [31]. Stec et al. [32] reported NSD3 to be mapped at 8p11.2, a region that is frequently rearranged in many human cancer types. Interestingly, NSD3 was coamplified with FGFR1, similarly to NSD2 being coamplified with FGFR3. NSD3 is amplified in multiple cancer types, such as bladder, breast, lung, liver, and colorectal cancer, as well as head and neck cancer [33]. NSD3 knockdown decreased proliferation in 8p11-12 amplified breast cancer cell lines [34], as well as cell cycling in breast, bladder, and lung cancer cell lines [35,36], implicating NSD3 in cell cycle regulation. NSD3 has also been identified as an oncogenic driver of lung squamous cell carcinoma [37]. Yuan et al. established NSD3, and not FGFR1, as a principal oncogenic driver in lung squamous cell carcinoma. Ablation of NSD3, but not FGFR1, attenuated tumor growth in a mouse model of lung squamous cell carcinoma. Accordingly, NSD3 depletion in patient-derived xenografts from primary lung squamous cell carcinoma samples with NSD3 amplification attenuated tumor growth. This work establishes NSD3 as a primary oncogenic driver in lung squamous cell carcinomas with the 8p11-12 amplification.



The goal of this review is to summarize the literature available on the functions of the NSDs in HNSCC and highlight their importance as oncogenic drivers and thus as potential novel therapeutic targets in this disease. For a more comprehensive review of the oncogenic functions of the NSDs in all cancer types, we recommend an excellent review by Bennett et al. [17].




2. Materials and Methods


We utilized the PubMed database to systematically interrogate and identify original research articles and literature reviews that investigate the NSD protein family and protein structure, NSD tissue expression profiles, prognostic implications, and mechanisms of NSD in HNSCC, and currently available NSD inhibitors. We used the search terms “NSD family”, “NSD1 and squamous cell cancer”, “NSD2 and squamous cell cancer”, “NSD3 and squamous cell cancer”, “NSD1 and head and neck cancer”, “NSD2 and head and neck cancer”, and “NSD3 and head and neck cancer”, to identify the above discussion areas. We included studies published only in peer-reviewed journals. Additionally, we narrowed the scope to include articles that investigated clinicopathologic and/or mechanistic implications of NSD in the context of HNSCC.




3. Results and Discussion


3.1. Structure of NSD Family of Protein Methyltransferases


Overall, the NSD family of protein lysine methyltransferases have multiple common domains across NSD1, NSD2, and NSD3. All three have a catalytic suppressor of variegation 3–9, Enhancer of zeste and Trithorax (SET) domain, a high-mobility-group box, two proline-tryptophan-tryptophan-proline (PWWP) domains, and five plant homeodomain zinc fingers. The SET domain within the NSD protein directs the methyltransferase activity of the NSDs, the PWWP domains mediate binding to methylated histone H3 and DNA, and plant homeodomain-type zinc finger domains are involved in interactions with chromatin in addition to other proteins [38,39,40,41,42,43].



NSD1 is the largest of the NSD family members, consisting of 2696 amino acids. Its gene is located on chromosome 5q35 [41]. It has two nuclear receptor interaction domains and binds to androgen, estrogen, and retinoic acid receptors [44]. NSD2 has the smallest molecular weight of the proteins in the NSD family, consisting of 1365 amino acids. It has three protein isoforms of differing amino-acid lengths, determined by alternative splicing: the NSD2 type I, NSD2 type II, and the interleukin-5 response element II binding protein (RE-IIBP). NSD2 type II and RE-IIBP share a SET domain as well as a region of 584 amino acids within the carboxy-terminal end. The NSD2 type I isoform does not have a SET domain and has no protein methyltransferase activity [41]. NSD3 is the least characterized of the NSD family of protein methyltransferases. It is located on chromosome 8p12 and has two main isoforms that share a common N-terminal part. NSD3L (“long”) has 1437 amino acids, and NSD3S (“short”) has 645 amino acids. Similar to the NSD2 type I isoform, the NSD3S isoform lacks a SET domain [41].




3.2. Substrates of NSD Protein Methyltransferases


NSD1, NSD2, and NSD3 mono- and di-methylate lysine 36 on histone H3. SETD2 then methylates the dimethylated H3K36 (H3K36me2) to generate trimethylated H3K36 (H3K36me3). These histone marks activate gene expression within euchromatin regions [45,46]. Specific DNA and histone-specific points between the nucleosome target and NSD2 or NSD3 allow for methylation specificity of targets such as H3K36 [47]. NSD2 has also been found to directly monomethylate histone H1 at lysine 85, leading to stem cell-like characteristics in HNSCC [48].



Non-histone substrates of the NSDs have also been reported. NSD1 directly methylates K218 and K221 of the RELA/p65 subunit of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), inducing activation of NF-κB, while demethylation of NF-κB by FBXL11 inactivates it. Interestingly, NF-κB activates the expression of FBXL11, indicating the presence of a negative feedback loop modulated by the reversible lysine methylation of this key transcription factor [49]. NSD2 dimethylates phosphatase and tensin homolog (PTEN) at K349, which is in turn recognized by 53BP1 to recruit PTEN on DNA double-strand breaks and enable DNA repair in colon cancer cells [50]. NSD3 interacts with and methylates interferon regulatory factor 3 (IRF3) and the epidermal growth factor receptor (EGFR) [51,52]. Specifically, NSD3 binds to IRF3 through its PWWP1 domain and methylates IRF3 at K366. This methylation promotes the dissociation of protein phosphatase PP1cc from IRF3, enhancing its phosphorylation and thus its transcriptional activity, and ultimately promoting type I interferon production and antiviral innate immunity [51]. Additionally, NSD3 directly methylates EGFR at K721, with oncogenic effects described in more detail in Section 3.4 [52] [Table 1].




3.3. Physiological Functions of NSD1, NSD2, and NSD3


NSD1 and NSD2 knockout in mice is lethal, thus suggesting indispensable roles of NSD1 and NSD2 in normal tissues, as well as non-redundant functions of NSD1, NSD2, and NSD3 [11,53]. Inactivating germline mutations in NSD1 are associated with the Sotos syndrome, a childhood developmental delay syndrome that is characterized by craniofacial abnormalities, advanced bone age, variable learning disabilities, and an increased risk of developing malignancies [54,55]. NSD1 mutations are also associated with the Beckwith–Wiedemann syndrome, characterized by exophthalmos, macroglossia, visceromegaly, and a higher risk of embryonal tumors [55]. Germline NSD2 deletions are associated with the Wolf–Hirschhorn syndrome, which is characterized by heart defects, developmental delays, epilepsy, and craniofacial and midline fusion abnormalities [22,56]. The physiological function of NSD3 has yet to be fully elucidated, as no relevant overgrowth syndromes attributed to defects in this gene have been described in humans.




3.4. Pathobiological Implications of the NSDs in HNSCC


Given the significant differences in the pathogenesis of HPV-negative versus HPV-positive HNSCC, this section is commenting on the reported functions of the NSDs in these cancer types separately, wherever feasible.



3.4.1. The NSDs in HPV-Negative HNSCC


The Cancer Genome Atlas (TCGA) has shown that NSD1 and NSD3 are among the most frequently genetically altered genes in HPV-negative HNSCC, with NSD1 carrying splice-site, nonsense, or frame-shift mutations, and NSD3 coamplifying with FGFR1 (8p11-12 amplicon) in HPV-negative HNSCC [16], supporting their importance in the pathogenesis of this disease [Table 2, Figure 1].




3.4.2. NSD1 in HPV-Negative HNSCC


Pertaining to NSD1, Papillon-Cavanagh et al. first reported a subset of HPV-negative HNSCC tumors of the TCGA comprising 13% of all tumors, characterized by recurrent p.Lys36Met (K36M) mutations whereby lysine 36 is replaced by methionine, as well as predominantly non-overlapping NSD1 inactivating mutations [57]. A study by Pan et al. [58] corroborated these findings with 13% of HPV-negative HNSCC tumors containing genetic alterations in NSD1, with the majority constituting truncating mutations (61.3%), missense point mutations (30.7%), homozygous deletions (6.7%) and in-frame deletions (1.3%). The specific cluster described by Papillon-Cavanagh et al. was also characterized by strong global DNA hypomethylation, decreased H3K36me2 but intact H3K36me3 levels, suggesting that defects in the H3K36 methylation pathway may also potentially drive DNA hypomethylation. This DNA hypomethylated cluster was also enriched in TP53 and CASP8 mutations and a heavy smoking history, and comprised of the oral cavity and larynx tumors. These genomic findings were validated in an independent cohort of HPV-negative HNSCC tumor samples with immunohistochemistry showing that the K36M mutant histone was exclusively expressed in HNSCC cells and was associated with decreased global levels of H3K36me2 and H3K36me3, and NSD1 loss was associated with decreased H3K36me2. Transcriptomic analysis of this H3K36M/NSD1 mutant subset revealed enrichment in cellular differentiation pathways, supporting a pathogenetic model whereby these mutations impair H3K36 methylation and lead to a differentiation arrest of keratinocytes.



In a study reported approximately at the same time as the Papillon-Cavanagh study, Peri et al. [59] reported for the first time the prognostic significance of NSD1 or NSD2 mutations in patients with HPV-negative laryngeal HNSCC. Particularly, patients with mutations in either NSD1 or NSD2 had a better clinical outcome compared to patients with wild-type NSD1 or NSD2. In a subsequent study, NSD1-mutant HPV-negative HNSCC patients were also found to have a significant overall survival advantage over NSD1-wild-type patients [60]. NSD1 CRISPR knockout HPV-negative HNSCC cell lines demonstrated CpG DNA hypomethylation and a significant increase in cisplatin sensitivity, implying that NSD1-mutant, DNA hypomethylated HPV-negative HNSCC patients may have a favorable chemotherapeutic response to cisplatin. Similar findings were reported by Pan et al. [58], who showed that NSD1 depletion in HPV-negative HNSCC cell lines increased their sensitivity to cisplatin and carboplatin.



To comprehensively investigate the impact of NSD1 mutations on the genome-wide distribution of histone marks and on the transcriptional profile of HPV-negative HNSCC cells, Farhangdoost et al. [61] conducted genome-wide chromatin immunoprecipitation and whole-genome bisulfite sequencing combined with quantitative mass spectrometry in NSD1-wild-type versus NSD1-mutant HNSCC cell lines. NSD1 depletion induced the loss of intergenic H3K36me2, global DNA hypomethylation, and gain of H3K27me3 in intergenic regions, reducing the expression of target genes and pathways, including KRAS signaling, EMT, and inflammatory responses [61]. Furthermore, in enhancer regions, NSD1-mutant cell lines demonstrated loss of H3K36me2, DNA methylation, and H3K27Ac, while gaining H3K27me3, implying decreased enhancer activity that correlated with reduced expression of target genes [61].



Interestingly, the NSD1-mutant DNA hypomethylated HNSCC subtype has been associated with poor CD8+ T-cell infiltration, in contrast to cancers such as melanoma, in which DNA hypomethylation has been implicated in enhanced immune responses through viral mimicry mechanisms and re-expression of endogenous retroviral elements [62]. Brennan et al. injected the flanks of NOD-scid IL2Rgammanull mice with control or NSD1 shRNA knockdown HNSCC cells and once tumors were established, mice were injected with mouse peripheral blood mononuclear cells. Ten days later, flow cytometry of the flank tumors revealed significantly lower infiltration of CD8+ T-cells as well as M1 macrophages in the NSD1 knockdown tumors, implying that NSD1-mutant tumors may be immune evasive and resistant to immunotherapy. Li et al. [63] further interrogated the function of NSD1 in squamous cell carcinomas of the head, neck, and lung, and found that NSD1 loss through knockout or inactivating mutations induced downregulation of interferon-stimulated genes (ISGs) in HPV-negative HNSCC and lung squamous cell lines, despite DNA hypomethylation and upregulation of LINE-1 and SINE/Alu retransposons. NSD1-mutant HNSCC cell lines were also unable to express ISGs in response to pathogen-associated molecular patterns, such as lipopolysaccharide. Nsd1 conditional knockout mice further demonstrated decreased CD8+ T-cell, macrophage, and NK cell infiltration in carcinogen-induced tongue carcinoma lesions. Interestingly, NSD1 KO was associated with a genome-wide depletion of H3K36me2 and a concordant increase in H3K27me3 in the promoters of transcriptionally downregulated genes, among which the IFNA family genes, such as IFNLR1 and IL19, were enriched. The authors further functionally analyzed IFNLR1, which encodes for the receptor of type III IFN lambda, and found its promoter enriched in H3K27me3 in NSD1 KO cells, and its protein expression levels reduced in NSD1 KO cells and Nsd1-deleted mouse tumors. Both human and mouse HNSCC cell lines with NSD1 ablation showed impaired interferon signaling responsiveness to IFN-λ. Treatment of NSD1-deficient HPV-negative HNSCC cells with the FDA-approved EZH2 inhibitor tazemetostat restored the expression of IFNLR1 and ISGs, while depletion of IFNLR1 abolished the rescue of ISG expression mediated by EZH2 inhibition, implying that the effect of EZH2 inhibition is at least partially mediated by interferon lambda and the sensing by its receptor and its downstream signaling pathway. Accordingly, treatment of C57BL/6 syngeneic Nsd1 KO MOC1 tumors with tazemetostat induced immune cell infiltration and inhibited the growth of these tumors. These findings strongly support the role of NSD1 in tumor immune evasion in HPV-negative HNSCC through dampening of type III IFN responsiveness and suggest that EZH2 inhibition may restore immune cell infiltration through derepression of IFNLR1 and possibly other ISGs.



Despite the immune “cold” phenotype of these tumors, the aforementioned preclinical studies suggest that NSD1-mutant HPV-negative HNSCC patients may be highly responsive to chemoradiotherapy, and thus may represent a subgroup of patients where de-escalation approaches may be considered. Furthermore, EZH2 inhibition may induce immune cell infiltration and render these tumors responsive to immunotherapy.




3.4.3. NSD2 in HPV-Negative HNSCC


Regarding the function of NSD2 on HNSCC, a study by Saloura et al. found that NSD2 and H3K36me2 levels were significantly higher in both HPV-negative and HPV-positive HNSCC compared to normal and dysplastic epithelium [64]. Knockdown of NSD2 induced growth suppression, apoptosis, and a delay in cell-cycle progression. These effects were possibly mediated through NIMA-related kinase-7 (NEK7), which was found to be directly regulated through NSD2-mediated H3K36 di-methylation.



NSD2 has also been reported to monomethylate K85 of histone H1.4. NSD2 overexpressing HPV-negative HNSCC cells stably transfected with a plasmid expressing wild-type H1.4 had a higher capacity to form spheres in low attachment conditions compared to cells transfected with a plasmid expressing mutant H1.4 that cannot be methylated at K85 (H1.4K85A). Accordingly, cells expressing the wild-type H1.4 had higher expression of OCT4 compared to cells expressing H1.4K85A, while FLAG-tagged wild-type H1.4 showed increased occupancy on the OCT4 gene compared to FLAG-tagged H1.4K85A, implying that methylation of H1.4K85 may enable the transcription of OCT4 in HPV-negative HNSCC cells. These findings support that NSD2 monomethylates H1.4 at K85 and drives stemness features through transcriptional upregulation of OCT4 in HPV-negative HNSCC cells [48].



Importantly, NSD2 has been implicated as a mediator of cisplatin resistance in esophageal SCC, which has a similar genetic background to HPV-negative HNSCC [66]. More specifically, NSD2 knockdown in esophageal SCC cell lines induced sensitization to cisplatin both in vitro and in EC109 xenograft tumors, while NSD2 overexpression augmented resistance to cisplatin. This was mediated by the long non-coding RNAs MACC1-AS1 and FOXD2-AS1, which were transcriptionally regulated through NSD2-mediated H3K36me2 deposition on their promoters. Knockdown of MACC1-AS1 abolished the phenotype of NSD2-mediated cisplatin resistance. Furthermore, higher expression levels of MACC1-AS1 were associated with reduced overall survival in esophageal SCC patients and correlated positively with NSD2 expression levels.



The above preclinical studies involved NSD2 in cell cycle progression, stemness, and possibly cisplatin resistance primarily in HPV-negative HNSCC.




3.4.4. NSD3 in HPV-Negative HNSCC


NSD3 has also been reported to have oncogenic functions through both histone and non-histone methylation substrates in HNSCC. Saloura et al. found that NSD3 and H3K36me2 play a critical role in the G1 to S phase transition in HNSCC cell lines [65]. NSD3 was significantly overexpressed in patients with HNSCC and was associated with poor grades and heavy smoking history. NSD3 knockdown induced growth suppression and significant cell cycle arrest in both HPV-negative and HPV-positive HNSCC cell lines, and was found enriched in the gene body regions of two important cell-cycle regulators, CDC6 and CDK2. The cell cycle arrest phenotype was reversed with the re-expression of exogenous, enzymatically active, but not enzymatically dead NSD3, suggesting that the enzymatic activity of NSD3 is necessary for cell cycle progression in HNSCC cells [65].



NSD3 may also exert oncogenic effects through non-histone methylation pathways in HNSCC [52]. NSD3 monomethylates EGFR at lysine K721 within its tyrosine kinase domain and activates the downstream ERK cascade, a process that occurs independently of the presence of the epidermal growth factor. Furthermore, NSD3-mediated monomethylation of nuclear EGFR increases its interaction with PCNA, enhances DNA synthesis, promotes cell cycle progression, and drives resistance to EGFR inhibition in HPV-negative HNSCC cell lines.



Nuclear protein in testis (NUT) midline carcinoma (NMC) is an aggressive epithelioid malignancy that predominantly occurs in the thorax, head, or neck regions and carries a very poor prognosis [67]. NMC tumors are typically driven by BRD4/3-NUT fusion oncoproteins; however, fusions with non-BRD genes have also been described. Particularly, French et al. [68] described the t(8;15)(p12:q15) chromosomal translocation generating the NSD3-NUT fusion oncoprotein which inhibits cellular differentiation and promotes proliferation in NMC cells [68]. The NSD3-NUT oncoprotein binds to BRD4 and NSD3 is necessary for the blockade of cellular differentiation in NMC cells. Bromodomain inhibitors promote differentiation and inhibit the proliferation of NMC cells, suggesting that the NSD3 oncogenic activity in these NSD3-NUT oncoprotein-expressing NMC cells can be hindered through bromodomain inhibition. Interestingly, Yuan et al. [37] recently reported that NSD3-amplified lung squamous cell carcinoma patient-derived xenografts were sensitive to bromodomain inhibition, supporting the role of bromodomain inhibitors in NSD3-driven lung squamous cell carcinomas. Given the background genetic similarity of HPV-negative HNSCC and smoking-related lung squamous cell carcinomas, bromodomain inhibition may be a reasonable therapeutic approach to investigate NSD3-driven HPV-negative HNSCC.




3.4.5. The NSDs in HPV-Positive HNSCC


With the exception of a few preclinical studies mentioned above that attempted to examine the function of the NSDs in both HPV-positive and HPV-negative HNSCC cell lines [64,66], the majority of published preclinical studies have focused on the mutational patterns and the impact of the NSDs on the survival of HPV-positive HNSCC patients. Haft et al. examined the mutational landscape of 46 HPV-positive oropharyngeal HNSCC tumors of the TCGA, as well as a separate exome sequencing dataset of another 46 HPV-positive oropharyngeal HNSCC tumors of a cohort from Johns Hopkins [69]. They found that NSD1 was mutated in 4.5% and 9% of tumors in the TCGA and the John Hopkins cohort, respectively, and it constituted one of the most frequently mutated chromatin modifiers in these tumors. This finding suggests that NSD1 mutations play a distinct pathogenetic role in a subset of HPV-positive HNSCC tumors.



Pan et al. further investigated the survival impact of inactivating NSD1 mutations in HPV-positive HNSCC using the TCGA database, and found that NSD1-mutant HPV-positive HNSCC patients had worse survival compared to NSD1 wild-type patients, in contrast to HPV-negative HNSCC patients [58]. Although these findings were based on the small cohort of HPV-positive HNSCC patients of the TCGA and would need to be validated in a larger cohort, they support opposing functions of NSD1 in HPV-positive versus HPV-negative HNSCC tumors.



Gameiro et al. investigated the impact of the mRNA expression levels, but not mutations, of NSD1, NSD2, and NSD3 on the overall survival outcomes in HPV-positive HNSCC patients and contrasted these results to HPV-negative HNSCC patients [70]. Interestingly, expression levels of the NSDs did not correlate with survival in HPV-negative HNSCC, but lower levels correlated significantly with worse overall survival in HPV-positive HNSCC patients. While these results should be interpreted cautiously given the low number of HPV-positive HNSCC patients in the TCGA database, it is interesting to note that while NSD1 inactivating mutations are associated with improved survival outcomes in HPV-negative HNSCC, lower NSD1 expression levels, which would be presumed to phenocopy the loss of NSD1 function through inactivating mutations, render worse survival outcomes in HPV-positive HNSCC. This is in accordance with Pan et al., [58] who showed that NSD1 mutations are associated with worse survival in HPV-positive HNSCC. These findings underscore the significant biological differences between HPV-positive and HPV-negative HNSCC tumors, but also highlight the notion that chromatin modifiers, such as NSD1, may exert different biological functions depending on the cell type context.





3.5. Clinical/Translational Implications of the NSDs in HNSCC


The distinct genetic alteration patterns of the NSDs and relevant preclinical studies point towards a definite role of the NSDs in the pathogenesis of HNSCC, particularly in specific subsets of HPV-negative HNSCC. HPV-negative patients with inactivating NSD1 mutations, albeit harboring a “cold” tumor microenvironment, may be more sensitive to chemoradiotherapy compared to NSD1-wild-type patients, and may thus benefit from de-escalation treatment strategies. A randomized phase II study of newly diagnosed HPV-negative HNSCC patients eligible for curative intent chemoradiotherapy prospectively stratified by NSD1-mutation status will provide a definitive answer to whether NSD1-mutations render chemoradiotherapy sensitivity and merits consideration. Furthermore, with the advent of pembrolizumab as a standard of care therapy in the recurrent/metastatic setting and studies implicating NSD1 mutations and antagonistic H3K27me3 in immune evasion in HPV-negative HNSCC [62,63], NSD1 mutations merit clinical investigation as a potential biomarker of poor response to immunotherapy in HPV-negative HNSCC patients, while these patients may be sensitized and gain benefit from immunotherapy with EZH2 inhibition.



Regarding HPV-negative patients with NSD3 amplifications, the role of bromodomain inhibitors [37,67,68] merits further investigation. Furthermore, these patients may be resistant to EGFR-based therapeutic approaches and may potentially benefit from cell cycle inhibitors [52,66].



While no specific inhibitors targeting NSD1, NSD2, or NSD3 have been discovered, a number of compounds have been reported to have inhibitory effects on the SET domain of the NSDs ([71,72], Table 3). On the other hand, a number of bromodomain inhibitors are already under different phases of clinical development in various cancer types [NCT05327010, NCT04840589, NCT04471974, NCT05071937] and may be considered for NSD3-driven HPV-negative HNSCC ([73,74,75,76,77], Table 3).





4. Conclusions


The aforementioned preclinical studies underscore a distinct role of the NSDs, particularly in the pathogenesis of HPV-negative HNSCC. NSD1-mutant HPV-negative HNSCC tumors represent a subset of chromatin-deregulated tumors that may be more sensitive to chemoradiotherapy, albeit more resistant to immunotherapeutic interventions compared to NSD1-wild-type tumors. Prospective clinical studies would be required to establish the chemoradiosensitizing effect of NSD1 mutations in HPV-negative HNSCC. Furthermore, NSD1-mutant HPV-negative HNSCC patients may be sensitized to immunotherapy through treatment with EZH2 inhibitors. NSD3-amplified HPV-negative HNSCC tumors may be sensitive to bromodomain inhibition and possibly to cell cycle inhibitors. Further investigations into the role of NSD1, NSD2, and NSD3 in the context of HPV-negative and HPV-positive HNSCC are critical for a deeper understanding of the function of these promising therapeutic targets in the pathogenesis of HNSCC.
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Figure 1. Reported mechanisms of action of the NSDs in HPV-negative HNSCC. (a) Inactivating mutations of NSD1 in HPV-negative HNSCC induce decreased levels of H3K36me2, global DNA hypomethylation and increased levels of H3K27me3, leading to differentiation arrest, increased sensitivity to cisplatin, and a “cold” immune phenotype. (b) NSD2 in HNSCC. (i) NSD2 dimethylates H3K36, leading to NIMA-related kinase 7 (NEK7) upregulation to promote cytokinesis. (ii) NSD2 monomethylates H1K85, promoting pathways related to cell proliferation and upregulating OCT4, a stemness factor. (c) NSD3 in HNSCC. (i) NSD3 dimethylates H3K36, leading to CDC6 and CDK2 upregulation and promotion of G1-S phase progression. (ii) NSD3 methylates epidermal growth factor receptor (EGFR) at lysine 721, increasing interaction with PCNA to enhance DNA synthesis and promote cell cycle progression. 






Figure 1. Reported mechanisms of action of the NSDs in HPV-negative HNSCC. (a) Inactivating mutations of NSD1 in HPV-negative HNSCC induce decreased levels of H3K36me2, global DNA hypomethylation and increased levels of H3K27me3, leading to differentiation arrest, increased sensitivity to cisplatin, and a “cold” immune phenotype. (b) NSD2 in HNSCC. (i) NSD2 dimethylates H3K36, leading to NIMA-related kinase 7 (NEK7) upregulation to promote cytokinesis. (ii) NSD2 monomethylates H1K85, promoting pathways related to cell proliferation and upregulating OCT4, a stemness factor. (c) NSD3 in HNSCC. (i) NSD3 dimethylates H3K36, leading to CDC6 and CDK2 upregulation and promotion of G1-S phase progression. (ii) NSD3 methylates epidermal growth factor receptor (EGFR) at lysine 721, increasing interaction with PCNA to enhance DNA synthesis and promote cell cycle progression.



[image: Genes 13 02013 g001]







[image: Table] 





Table 1. Histone and non-histone substrates of the NSDs.
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	NSD Type
	Substrate
	Enzyme Activity
	References





	
	Histone substrates
	
	



	NSD1, 2, 3
	H3K36
	Mono- or di-methylation of H3K36
	[9,10,11,12,13]



	NSD2
	H1K85
	Mono-methylation of H1K85
	[48]



	
	Non-histone substrates
	
	



	NSD1
	NF-κB
	Methylation of K218 and K221 of the RELA/p65 subunit of NF-κB
	[49]



	NSD2
	PTEN
	Methylation of PTEN at K349
	[50]



	NSD3
	IRF3
	Methylation of IRF3 through PWWP1 domain at K366
	[51]



	NSD3
	EGFR
	Methylation of EGFR at K721
	[52]
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Table 2. Function of NSDs in HPV-negative HNSCC.
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	NSD Type
	Function
	References





	NSD1
	
	
Differentiation arrest



	
Sensitivity to cisplatin-based chemotherapy



	
Induction of a cold immune phenotype





	[57,58,59,60,61,62,63]



	NSD2
	
	
Promotion of cell cycling through H3K36me2-mediating transcriptional upregulation of NEK7



	
Cell proliferation and survival, induction of stemness features through methylation of H1K85, and upregulation of OCT4





	[48,64]



	NSD3
	
	
Promotion of G1 to S phase transition through H3K36 dimethylation and upregulation of CDC6 and CDK2



	
Activation of ERK signaling pathway through methylation of EGFR at K721, promotion of DNA synthesis, and resistance to EGFR inhibition





	[52,65]
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Table 3. NSD inhibitors.






Table 3. NSD inhibitors.











	NSD Type
	Inhibitor
	Mechanism of Action
	References





	
	Non-bromodomain inhibitors
	
	



	NSD1, 2, 3
	Suramin
	Nonspecific inhibitor of DNA-binding proteins
	[71]



	NSD2
	UNC6934
	Targets the PWWP1 domain of NSD2, disrupting its interaction with H3K36me2 nucleosomes
	[72]



	
	Bromodomain inhibitors
	
	



	NSD3
	(+)-JQ1
	Binds to all bromodomains within the BET family
	[73]



	NSD3
	Birabresib (OTX015)
	Bromodomain inhibitor for BRD2, BRD3, and BRD4
	[74]



	NSD3
	Pelabresib (CPI-0610)
	Selective benzoisoxaoloazepine BET bromodomain inhibitor for BRD4-BD1
	[75]



	NSD3

NSD3
	AZD 5153 6-hydroxy 2-naphthoic acid

ZEN-3694
	Orally available BET-BRD4 bromodomain inhibitor

Orally available pan-BET

bromodomain inhibitor
	[76]

[77]
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