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Abstract


Background: Mutation of the TP53 gene is one of the major drivers of myelodysplastic neoplasias (MDS) and acute myeloid leukemia with myelodysplasia-related changes (AML-MR). TP53 mutations present in these hematopoietic malignancies form a distinct molecular genetic cluster with a worse prognosis than without the alteration. However, besides well-characterized hot-spot variants, a significant proportion of TP53 alterations are of uncertain clinical significance. Methods: To enlighten so far unknown aspects, bone-marrow samples from altogether 77 patients are analyzed retrospectively with the diagnosis of AML-MR (26 cases), MDS-IB (12 cases), and MDS-LB (39 cases) according to WHO 2022 guidelines. Next-generation sequencing results are correlated with histological, cytogenetic, and survival data. Results: Twenty out of the 30 TP53 mutation types detected by NGS are not categorized in current public databases; thus, their clinical significance remained mysterious. Because of the interpretation difficulties and the absence of clinical correlations, pathogenicity is established based on in silico approaches. The 12 pathogenicity classification systems, as well as protein stability, protein–DNA, protein–protein interaction, and post-translational modification analyses are applied. We found statistically significant differences between AML/MDS groups considering p53 pathogenicity, protein structural changes, and overall survival. The largest number of abnormalities with the most severe consequences are found in AML-MR cases. Conclusions: These molecular and in silico protein data further support that MDS with increased-blast (MDS-IB) is an intermediate group between AML-MR and MDS with low-blast (MDS-LB) patients, which frequently progresses to AML and is therefore considered a pre-leukemic condition.
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1. Introduction


Molecular genetic characterization of clonal hematopoiesis of indeterminate potential (CHIP), myelodysplastic neoplasias (MDS), and acute myeloid leukemia (AML) using next-generation sequencing (NGS) has significantly improved our understanding of the pathogenetic aberrations in the background of these malignancies [1]. According to WHO statistics, the incidence of MDS is 3–5 per 100,000 people, rising to 20 over 70 years old and 25–35% of these cases are transformed into AML. MDS and AML with myelodysplasia-related changes (AML-MR) with TP53 mutations represents a distinct molecular cohort with a uniformly poor prognosis. While data for many specific changes accumulate regarding CHIP/MDS and MDS/AML transition, the clinical role of TP53 mutations seems to be already well established. A greater number of mutations with higher allele frequencies are rather supportive of the diagnosis of MDS.



The TP53 gene is one of the most frequently mutated genes in cancer-related diseases [2,3], being found in more than 50% of human tumors [4]. The functions of the p53 protein in inhibiting harmful cell division, such as regulating the cell cycle, apoptosis, and DNA repair, are vital for the normal functioning of the cell, hence its name as the “Gatekeeper” of the cell cycle [5]. For this reason, modification of the p53 protein is one of the drivers of cancer development [6]. Many DNA damage events can activate the p53 protein, such as hypoxia, heat shock, or other stress signals. The activation of p53 occurs through modifications in the N- and C-terminal domains of the protein, which are mainly serine and threonine phosphorylations in the N-terminal transactivator domain (TAD) [7].



In addition, TP53 mutations are independent covariates for inferior overall survival (OS) in MDS with the available disease-modifying therapies (such as treatment with hypomethylating agents and allogeneic hematopoietic stem cell transplantation.) Importantly, the mechanisms by which TP53 mutations drive these inferior outcomes have not been resolved. Several TP53-dependent and independent clones may coexist, highlighting the broad genetic intratumoral heterogeneity of human tumors [8]. Sensitive sequencing techniques should be used in MDS because even small subclones present at the initial diagnosis can later expand to therapeutic resistance.



OS of patients with TP53 mutation was shorter than patients with wild-type TP53 status (9 versus 66 months), and TP53 was found to be the strongest predictor for OS [8]. No other gene mutation was significantly associated with OS in univariate analyses [9]. The prognostic significance of TP53 mutations depends in part on their variant allele frequency (VAF), with smaller clones having a less adverse impact, and patients with a lower VAF having better survival [10,11]. Consideration of multiple clinical, cytogenetic, and molecular features identifies TP53 mutation as the most significant prognostic factor in patients with MDS, yet it remains the only marker not routinely assessed in clinical practice. TP53 mutational burden evaluation can therefore predict prognosis and identify the subgroup of patients eligible for targeted therapy.



The aims of the study were (i) to investigate the clonal heterogeneity of MDS and AML bone marrow samples based on TP53 gene mutation status, (ii) to find a correlation between mutation status and the severity of hematopoietic disorders, and (iii) to investigate the alterations of p53 protein upon mutations in silico. For this purpose, after histologic examination, NGS analysis targeting the TP53 gene (Accel-Amplicon Comprehensive TP53 panel) was performed on all samples of 77 AML-MR, MDS with increased-blast (MDS-IB), and MDS with low-blast (MDS-LB) patients. Because of the interpretation difficulties of detected aberrations, different pathogenicity scoring systems were compared. In addition, several in silico sequence- and structure-based analyses were performed to investigate the stability changes of p53 at the protein level. We examined the protein–protein and protein–DNA interactions, as well, due to the versatile function of the p53 protein.




2. Materials and Methods


2.1. Patients and Samples


Patients were managed and treated at the Department of Hematology at the University of Debrecen. Formaldehyde-fixed paraffin-embedded bone-marrow biopsy tissue (FFPE) samples were analyzed retrospectively from altogether 77 patients reclassified with AML-MR (26 cases), MDS-IB (12 cases), and MDS-LB (39 cases) according to WHO 2022 guidelines at the Department of Pathology at University of Debrecen. Hematoxylin and eosin (H & E) stained slides were analyzed by pathology specialists. Cytogenetic analysis was performed as the routine diagnostic procedure. All protocols have been approved by the author’s respective Institutional Review Board for human subjects (IRB reference number: 60355-2/2016/EKU and IV/8465-3/2021/EKU). Sampling was agreed upon and supported by written consent. This study was managed according to the Declaration of Helsinki.




2.2. Immunohistochemistry


After the H & E examination, p53 (clone Do-07 Dako, Agilent Technologies Company, Santa Clara, CA, USA) immunohistochemical analysis (IHC) was also performed. IHC positivity was defined when p53 staining intensity was high (3+) with at least 10% of positive cells.




2.3. DNA Isolation


QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) was applied for FFPE tissues genomic DNA (gDNA) extraction. The isolations were carried out according to the manufacturer’s instructions and the gDNA was eluted in 50 µL elution buffer. The DNA concentrations were measured using the Qubit dsDNA HS Assay Kit in a Qubit 4.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).




2.4. Next-Generation Sequencing


After the fragmentation of the genomic DNA, libraries were created by the Accel-Amplicon Comprehensive TP53 panel (Swift Biosciences, Ann Arbor, MI, USA). The MiSeq System (MiSeq Reagent kit v3 600 cycles, Illumina, San Diego, CA, USA) was used for sequencing. The libraries (final concentration of 4 nM, pooled by equal molarity) were denatured by adding 0.2 nM NaOH and diluted to 40 pM with a hybridization buffer from Illumina (San Diego, CA, USA). The final loading concentration was 10 pM libraries and 5% PhiX. Sequencing was conducted according to the MiSeq instruction manual. Captured libraries were sequenced in a multiplexed fashion with a paired-end run to obtain 2 × 150 bp reads with at least 250X depth of coverage. The trimmed fastq files were generated using MiSeq reporter (Illumina, San Diego, CA, USA).



Raw sequence data were analyzed with NextGENe software (v.2.4.3.; SoftGenetics, State College, PA, USA) for the presence of single-nucleotide variants (SNVs) as well as insertions and deletions (indels). For the alignment, the human reference genome GRCh37 (equivalent UCSC version hg19) was built. The sequence quality for each sample was assessed and the cutoff was set to 5% variant allele frequency (VAF).




2.5. In Silico Protein Analysis


Protein information for p53 protein (P04637, P53_HUMAN) was obtained from UniProt database and RCSB Protein Data Bank. The 3D structures of truncated proteins were built by Robetta protein structure prediction software [12,13]. The p53 protein post-translational modification (PTM) sites affected by mutations were identified using the PhosphoSite Plus web page [14]. Disorder prediction was performed by IUPred3 web server [15]. GORIV was used for secondary structure prediction [16]. Protein sequence-based (Seq) stability changes of variants were predicted by I-Mutant2.0 [17] and DDGun [18,19] web servers, using default parameters. To perform structure-based (struc) stability tests we used I-Mutant2.0 [17], DynaMut2 [20], and DDGun3D [18,19] applications. Predictions were performed by using the following p53 protein crystal structures (Cry): 5MCT, 5MG7, 5MF7 [21], 1AIE [22], 1C26 [23], 2FOO [24], 1YC5 [25], and 3D model built by the highly accurate deep learning algorithm AlphaFold (AF) [26,27]. The predicted effects of the mutations on protein stability (ΔΔGstability value) were compared with experimentally determined changes only in the case of p.G245S [28] and p.R248Q [29] mutations, as such experimental data were available only for these mutants.



To study the protein–protein interactions (PPI), mCSM-PPI2 [30] method was used to calculate the interactions of p53 monomers for each other in a tetrameric structure in the case of p.G334R mutation, and to determine the interaction with ubiquitin carboxyl-terminal hydrolase 7 (or herpesvirus-associated ubiquitin-specific protease) (USP7/HAUSP) protein in the case of p.S362N mutation, as well. The 2FOO [24] crystal structure was used for PPI analysis in the case of p.G334R mutation because this crystal structure contained the N-terminal domain of USP7/HAUSP complexed with p53 peptide. In the case of p.S362N mutation, we used crystal structures containing the oligomerization domain of tetrameric p53 as follows: 1OLG [31] and 1SAL [32]. Changes in the affinities of mutant p53 proteins for DNA were predicted by using mCSM-NA [33].



To determine the aberrant proteins’ pathogenicity, we used the National Cancer Institute (NCI) TP53 Database (R20, July 2019) [34], its components (Align-GVGD [35,36], BayesDel [37,38], REVEL [39], Sift class [40], PolyPhen2 [41], Transactivation, TransactivationClass [42], DNE_LOFclass [43], DNE class [44,45], Structure/Function class [42]), ClinVar [46,47,48,49,50], Varity [51], Phd-SNPg [52], and FATHMM-XF [53], as well.




2.6. Statistical Analysis


Statistical analyses were performed with GraphPad Prism 8.0.1. for Windows (GraphPad Software, San Diego, CA, USA). One-way ANOVA followed by Tukey’s multiple comparisons test was performed to study differences in p53 protein pathogenicity between the three groups (AML-MR, MDS-IB, MDS-LB) in the case of collected mutation data (TP53 database, Varity, Phd-SNPg, FATHMM-XF) and stability analysis. Correlation Matrix construction (correlation coefficient Pearson r) was performed to determine the association among the stability prediction methods (I-Mutant2.0, DynaMut2, DDGun, and DDGun3D). The value of p < 0.05 was considered to be statistically significant.





3. Results


3.1. Patients Clinicopathological Characteristics


The mean age of the patients was 64.1 (range: 25–90). The average age of the three subgroups was 64.7 (AML-MR, range: 33–88), 63.1 (MDS-IB, range: 25–90), and 63.9 (MDS-LB, range: 25–89) years. The female/male ratio was 42/35 (AML-MR: 13/13, MDS-IB: 4/8, MDS-LB: 25/14). The female average age was 68.85 (AML-MR, range: 47–88), 62.50 (MDS-IB, range: 25–90), and 68.88 (MDS-LB, range: 43–89), while the mean male age was 60.62 (AML-MR, range: 33–78), 63.38 (MDS-IB, range: 48–90), and 55.07 (MDS-LB, range: 25–77). The p53 IHC, NGS, cytogenetic results, and OS of the cases are shown in Table 1.




3.2. Next-Generation Sequencing


Out of the 77 cases, we found at least one TP53 mutation in 26 cases and detected in a total of 41 mutations (Figure 1), including 30 different genotypes. By group, 15 of 26 AML-MR samples (57.69%), four of 12 (33.33%) MDS-IB samples, and seven of 39 (17.95%) MDS-LB samples were found to have TP53 gene aberrations. In seven cases, two or more mutations were found within a single sample, five in the AML-MR group and one in the MDS-IB, and one in the MDS-LB groups. The total average variant allele frequency (VAF) was 22.75%. The VAF was 34.12% in the AML-MR, 35.59% in the MDS-IB, and 22.83% in the MDS-LB group. The NGS results are summarized in Table 2.



Of the 30 types of mutations, 25 (83.3%) were located at the DNA binding domain (DBD) (Figure 1 and Figure 2). Of the 30 different TP53 mutations, 23 (77%) were missense variants, four (13%) were frameshift variants, and three (10%) resulted in a stop codon. Out of the seven non-missense mutations, in six cases the length of the protein product was compromised, resulting in a truncated protein (Figure 3).




3.3. Comparison of the Cytogenetic, IHC Results, OS, and TP53 Mutation Status


Out of all TP53 mutant cases, 11/26 (42.3%) had a complex karyotype (CK). Of the 15 TP53 mutant AML-MR patients, 9 were CK (60%). In the MDS-IB group, 4/2 (50%) cases were proven CK, while in the MDS-LB mutant positive group, no CK was detected, respectively (cytogenetic analysis was not performed in 12 cases). In the AML-MR group, 15/26 (57.7%) cytogenetic aberrations were detected, while in the MDS groups the chromosome alterations were proven with lower frequencies (4/12—33.3% in MDS-IB and 7/38—18.4% in MDS-LB patients, respectively).



IHC staining was considered to be positive in a total of 13 cases (16.9%), with 10 (38.5%) positive in the AML-MR group, two (16.7%) in MDS-IB, and 1 (2.6%) in MDS-LB. In total, 14.3% of the cases were IHC and NGS positive, while 42% of all NGS mutants were IHC positive. Nine of 15 NGS mutants were IHC positive in the AML-MR group (60%), 50% in the MDS-IB group, and no IHC and NGS double-positive cases were found in the MDS-LB patients. Of the six samples that resulted in truncated proteins, five had negative staining results following IHC. The p.R213X, p.Y163Xfs, p.E286Qfs, p.L93Lfs as single mutations, p.C135X with another two mutations within one sample, were IHC negative, while p.Y220X in parallel with another mutation was IHC positive.



A significant difference was found in the median OS between the 3 groups (p ≤ 0.0001) in the respect of mutant/wild TP53 status (Figure 4) (918 days for wild-type cases—AML-MR: 341, MDS-IB: 260, MDS-LB: 1101, while 224 days for mutant patients—AML-MR: 199, MDS-IB: 58.5, MDS-LB: 626 days, as well).




3.4. Mutations’ Pathogenicity


The six truncated proteins (Figure 3) were considered to be non-functional due to the lack of the C-terminal domain. It was not possible to perform all stability studies or determine the extent of their pathogenicity. Although the length of p.K373Rfs is identical to that of the wild-type protein, the sequence is highly different after the frameshift mutation; therefore, it was not comparable with other missense SNP mutants in subsequent stability and pathogenicity scoring systems.



The clinical relevance of the 23 different mutations was first Investigated in the ClinVar database, which identified seven as pathogenic, two as likely pathogenic, one as pathogenic/likely pathogenic, while 11 were undetermined (six “Uncertain significance”, five “Conflicting interpretations of pathogenicity”). Two mutations were not included in the database (p.S260F and p.Q375E). Due to the uncertainties of the data, we examined the 23 mutations in downstream analyses by using different databases and scoring systems (Figure 5).




3.5. In Vitro Experiments in the TP53 Mutation Database


The IARC TP53 database contains eight types (WAF1, MDM2, BAX, h1433s, AIP1, GADD45, NOXA, P53R2) of promoter-specific transcriptional activity measured in yeast functional assays and expressed as a percent of wild-type activity. Out of 30 types of mutations we found, no data are available for p.L93fs, p.Y163fs, p.E286Qfs, and p.K373fs. The 26 accessible mutations can be split into two groups by domain (23 in DBD and three in the C-terminal of the protein). On average, mutations found in DBD have only 13.84% of the promoter-specific transcriptional activity compared to the wild-type protein (range: 0.09% in the case of p.C275Y and 40.24% in the case of p.P98L), yet the p.G334R, p.S362N, and p.Q375E variants detected in the C-terminal domain have an activity of 87.72%, 78.06%, and 80.33%, respectively.



In vitro experiments reveal that p.C135X is loss-of-function in growth suppression as well as p.C135S, p.A161T, p.Y163fs, p.Y205C, p.R213X, p.S215N, p.V216M, p.Y220X, p.N239D, p.G245S, p.M246K, p.M246V, and p.R248Q variants. One mutation, p.C135S, is LOF in the induction of apoptosis and gain-of-function (GOF) in cooperation with RAS or another transformant oncogene, in addition to p.Y205C, p.G245S, p.M246V, p.R248Q, and p.C275Y variants. In the case of a dominant negative effect, seven mutations (p.G245S, p.M246V, p.R248Q, p.G266R, p.V272M, p.R273S, p.C275Y) have this kind of pathogenicity. According to the database, mutations p.G245S, p.R248Q, p.G266R, and p.R273S are GOF and consequently counteract p73 activity when both proteins are expressed in a cell system.




3.6. Mutant p53 Protein Stability Analysis


In silico analyses were performed to determine the effect of sequence variants on the stability of the p53 protein (Figure 6) using I-Mutant2.0, DynaMut2, and DDGun analysis tools. The study was performed based on the sequence (I-Mutant2.0 seq, DDGun seq) or structure of the protein, by using crystal structures of the wild-type protein (I-Mutant2.0 Cry, DynaMut2 Cry, DDGun 3D Cry) and a model structure generated by AlphaFold AI (DynaMut2 AF, DDGun 3D AF).



A comparison was performed between our predicted and the available experimental results (Figure 6c). For p.G245S, we obtained an exact match (DDGun 3D AF), while in the case of p.R248Q, similar to the experimental result, the stability change was decreased.



Similar results were proven using the same methods (DynaMut2 and DDGun 3D) for the analysis of crystal structure (Cry) and model structure (AF), but significant differences were observed between the obtained predictions plotted on a correlation matrix between the different methods (Figure 7). Therefore, we filtered out those methods that had correlations below 0.5 Pearson r with the other members of the matrix (I-Mutant 2.0 seq and struc, DDGun seq). Based on the results of the four remaining predictions (performed by DynaMut2, DDGun 3D tools), we detected significant differences between the changes in stability (ΔΔGstability) of p53 proteins in the three clinical groups (AML-MR, MDS-IB, and MDS-LB) in response to mutations using one-way ANOVA statistics.




3.7. Changes in Protein-Protein Interactions upon Mutations


The p.G334R mutation (detected in the MDS-LB group) is located in the oligomerization domain and therefore is supposed to affect the tetramerization of p53 monomers. The mCSM-PPI2 program was used to investigate the effect of the mutation on the interaction between the monomers in the formation of the tetrameric structure. For this purpose, we used two p53 protein crystal structures having a tetrameric conformation (1OLG and 1SAL). We predicted a decreased affinity (−1.218 kcal/mol on average), based on the analysis of four-four chains of two crystal structures. This mutation may potentially weaken the interactions between the monomers in the process of oligomerization (Figure 8a).



We also detected another mutation at a position that may contribute to protein–protein interactions. The p.S362N mutation in the MDS-LB group is located at the interaction site of p53 and USP7/HAUSP (359–362) proteins. To find out whether the mutations affect this interaction, we predicted the change in the interaction energy (−0.178 kcal/mol (Figure 8b) using the mCSM-PPI2 program. The interaction of the two proteins is likely to be affected by the mutation at this interaction site, resulting in a different interaction strength than normal.




3.8. Changes in p53 Protein-DNA Interactions as Affected by Mutations


We detected four mutations (p.R273S in AML-MR; p.C275Y and p.N239D in AML-MR and MDS-LB; p.R248Q in MDS-IB patients, respectively) of such residues, which directly contribute to the interaction of p53 with DNA. Using the mCSM-NA program, three different crystal structures of p53-DNA complexes (see Section 2) were examined to predict changes in intermonomeric interactions (Figure 9).



In almost all cases, the mutations were predicted to weaken the interaction between p53 and DNA. The most remarkable decrease was observed for the p.R273S (−0.8370 kcal/mol), while only a moderate change was calculated for the p.C275Y mutation (−0.03867 kcal/mol).




3.9. Statistical Analyses of the Mutant p53 Protein Pathogenicity and Structural Stability in the AML/MDS Patients


To compare the pathogenic status of the three different groups using specific scores based on databases see Figure 5c,d, a one-way ANOVA was performed (Figure 10a). There was a statistically significant difference in mean score between at least two groups (F(2, 33) = [6.207], p = 0.0052). Tukey’s multiple comparison test found that the mean score was significantly different between AML-MR vs. MDS-LB (p = 0.0066, 95% C.I. = [0.04396–0.3027]) and AML-MR vs. MDS-IB (p = 0.0259, 95% C.I. = [0.01516–0.2739]). There was no statistically significant difference in mean scores between MDS-IB vs. MDS-LB (0.8492).



Analysis was performed specifically using four methods where all data for mutations were available and pathogenicity classifications were originally non-categorical (Figure 5c). Using scores from three different clinical groups, REVEL, BayesDel, Varity, and FATHMM-XF, a one-way ANOVA was performed to compare pathogen status (Figure 10b). There was a statistically significant difference in mean score between at least two groups (F(2, 9) = [27.66], p = 0.0001). The Tukey’s multiple comparisons test found that the mean score was significantly different between AML-MR vs. MDS-IB (p = 0.0002, 95% C.I. = [0.05059–0.1235]) and AML-MR vs. MDS-LB (p = 0.0004, 95% C.I. = [0.04431–0.1172]). There was no statistically significant difference in mean scores between MDS-IB vs. MDS-LB (p = 0.8816).



Four prediction methods were used to analyze the differences in structural stabilities between the three AML/MDS groups. To perform this analysis, we used DynaMut2 Cry (crystal structure-based) and AF (AlphaFold), DDGun 3D Cry, and AF. The I-Mutant2.0 Seq, I-Mutant2.0 struc, and DDGun Seq were not included in the analyses because of the low Pearson r value in the correlation matrix (Figure 7). A one-way ANOVA (Figure 10c) revealed that there was a statistically significant difference in mean score between at least two groups (F(2, 9) = [44.44], p ≤ 0.0001). The Tukey’s multiple comparisons test found that the mean value of the score was significantly different between AML-MR vs. MDS-IB (p < 0.0001, 95% C.I. = [−1.332–−0.7087]) and MDS-IB vs. MDS-LB (p 0.0003, 95% C.I. = [0.4210–1.044]). There was no statistically significant difference between AML-MR vs. MDS-LB (p = 0.0698).





4. Discussion


In the area of precision oncology, high-throughput molecular analysis has become essential to identify biologically distinct disease subgroups and tailor the most effective treatment options. MDS is a group of clonal hematopoietic stem cell disorders frequently progressing to AML, as such considered a pre-leukemic condition. Somatic TP53 gene mutations are key determinants of progression and disease survival in MDS/AML patients [1]. MDS patients with TP53 mutations represent a distinct molecular cohort with uniformly poor prognosis, however, the TP53 mutation status remained the most important additional risk factor not considered by the currently existing prognostic scoring systems [9,10,11,55,56]. The mechanisms by which TP53 mutations drive these inferior outcomes have not been resolved.



In the present study, ultra-deep NGS analysis targeting the TP53 gene was performed on all samples of 77 AML-MR, MDS-IB, and MDS-LB patients. In total, 26 patients with TP53 mutations were found, and 30 differential variations were identified in a total of 41 mutations. The highest proportion of TP53 mutations was detected in AML cases (57.69%), followed by 33.33% in MDS-IB samples and 17.95% in MDS-LB samples, all having TP53 gene aberrations. In the comparison of the TP53 mutation status and cytogenetic landscape, following the literature [57,58], we detected the most cytogenetic aberrations and TP53 mutations in the AML and MDS-IB groups. In the mutant AML-MR patients, 60% were associated with CK, in the MDS-IB group, 50%, while in the MDS-LB mutant positive patients, no cases of CK were detected.



By considering VAF and the number of alterations together, we could predict whether single or multiple clones were present. In seven cases, two or more mutations were found within the same sample. Similar VAF (case 1, 10, 13, 32, 42) suggests the possibility of parallel mutations in both of the TP53 alleles (compound heterozygote) in a single clone or more mutations in the same allele considered as multi-hit status [58]. Two or more TP53 mutations detected with different abundance suggest that they are derived from different clones (cases 6 and 28).



The prognostic significance of TP53 mutations depends in part on their variant allele frequency (VAF), with less frequent clones having a less adverse impact [59,60]. Patients with a lower VAF had better survival, according to the literature, TP53 mutant cases with a VAF > 23% had an increased risk of death compared to wild-type patients, while cases with a VAF ≤ 23% had a similar OS to wild-type patients [54]. Our results revealed a higher average VAF in AML-MR and MDS-IB groups as compared to MDS-LB cases (34.12% and 35.59% vs. 22.83%, respectively).



Mutant type p53 immunopositivity was defined following IHC when p53 staining intensity was high (3+) with at least 10% of positive cell positivity stated in a total of 13/77 cases (16.9%). Patients without TP53 mutations did not have a strong IHC for p53, conferring a good negative predictive value for IHC. In the presence of cases with only the protein-truncating mutation (cases 5, 16, 29, and 60), IHC did not detect the altered p53 protein because the damage reduces the protein half-life.



The in silico structural analysis of mutant p53 proteins may reveal the association of p53 with the progression of AML/MDS at the protein level. The alteration of the structure by point mutations potentially affects protein function, and the predicted structural changes of the p53 protein may correlate with the clinical behavior in a clonal fashion. Different classes of mutations are expected to cause distinct effects, which can be predicted by sequence—as well as structure-based computational approaches. For example, not all the mutations in the DNA-binding domain are necessarily loss-of-function mutations. These categories are predicated on the location of the mutation within the N-terminal, DNA-binding, or oligomerization domain, as well as the often context-dependent effects of the mutation on p53 function as follows: complete or partial loss of function, a dominant-negative effect, and/or gain-of-function properties [61]. In total, 87.8% of the TP53 mutations (36) were detected in the DBD region of the protein.



In silico bioinformatic methods were approached to validate the most frequent hot spot TP53 mutations in the applied databases; however, the effect of rare mutations on AML/MDS is still largely unknown. For this reason, we also examined the pathogenicity of the TP53 mutation to acquire new information in terms of database data, and by performing an analysis of stability and interactions using established biostatistical algorithms. In total, 20 out of the detected 30 types of mutations are currently not categorized in the ClinVar database; thus, their clinical significance remains mysterious. Therefore, in silico analysis and data collection were performed to predict the variant’s pathogenicity. We found significant differences between AML-MR vs. MDS-IB and AML-MR vs. MDS-LB groups based on 12 scoring methods, and the same significant differences in scoring on REVEL BayesDel, Varity, and FATHMM-XF pathogenicity scores. Stability assays (DynaMut2, DDGun) also revealed differences in ΔΔGstability (kcal/mol) due to mutations, although significant differences (among the three patient groups) were detected only between the AML-MR vs. MDS-IB and MDS-IB vs. MDS-LB groups. The lack of a significant difference between the clinically more severe AML-MR and milder MDS-LB, and the significantly lower mean stability of mutations in the MDS-LB group, may be the result of the low sample size of the MDS-IB group. At the same time, both the pathogenicity scoring and stability change prediction methods were able to distinguish, to varying degrees, between the apparent pathogenicity of the mutations in the three groups.



We found that out of the 30 types of mutations, 15 variants (p.E271K, p.S260F, p.T256I, p.P98L, p.Q375E, p.T253I, p.R248Q, p.P152Q, p.S362N, p.N239D, p.C275Y, p.V272M, p.M246V, p.M246K,p.R273S, p.G266R, p.A161T, p.C135S, p.V216M, p.G245S, p.S215N, p.Y205C, and p.G334R) predicted decreased stability values, seven (p.S260F, p.T256I, p.P98L, p.Q375E, p.T253I, p.R248Q, p.P152Q, and p.S362N) variants were neutral, and one variant (p.T253I) showed an increase in aberrant p53 protein stability compared to the normal genotype. Some p53 mutant proteins with decreased stability were investigated in clinical studies [62,63], where the worse outcome was proven with complex chromosome aberration. Out of the remaining seven non-missense mutations, six (four frameshifts, two stop codon mutations) variants result in truncated proteins that have lost the entire C-terminal domain and have truncated DBDs. These proteins are most likely non-functional and may have degraded immediately after translation. Divided into groups, we observed that in the AML-MR group with a worse prognosis, 12 of the 13 missense mutations predicted to exhibit decreased p53 protein stability change, two frameshifts, and two stop codon mutations were detected. In this group, all of the seven non-missense mutations and three variants were found at direct protein–DNA interaction sites, which might have resulted in weaker interactions with DNA. In the MDS-IB group, the effect of six of the eight missense variants was predicted to be neutral on the protein; two decreased and one increased its stability. Two frameshift mutations and one protein–DNA interaction partner were also included in this group. In the MDS-LB group with the best prognosis, four of the five missense variants were predicted to have decreased stability and one was classified as neutral, in addition to one-stop codon mutation. Interestingly, both the two mutations tested in the PPI study (p.G334R and p.S362N) were observed in this group.



In silico analyses were used to calculate the possible changes in protein–protein and protein–DNA interactions. These analyses revealed that the p.G334R mutation of the oligomerization domain may reduce the intermonomeric interaction between the p53 monomers (−1.218 kcal/mL), which may have an impact on tetrameric structure formation. Furthermore, the p.S362N mutation, already addressed by other studies [24], prevents the interaction between USP7/HAUSP and the p53 protein. Ser362 not only interacts with USP7/HAUSP but also functions as a PTM site (phosphorylation). Replacement at Ser-362 and Ser-366 with alanine results in a decrease in phosphorylation of p53 by IKK2 and a decrease in association with TrCP1, and thus an increase in p53 stability and p53 target gene, altering the G1 phase of the cell cycle [64]. Another mutation we have found that serves as a PTM site is p.Ser215 (p.S215N). The p.Ser215 is a PAK4 kinase phosphorylation site; modification at this site leads to a decrease in p53 activity in hepatocellular carcinoma cells [65]. The impact of the loss of this modification in MDS-IB cases is not yet known.



The promoter-specific transcriptional activity [42,66,67] reflects our in silico results showing that the p.S362N and p.Q375E variants had the lowest pathogenicity characteristics. The p.G334R variant had the most wild-type promoter-specific transcriptional activity, and in vitro data suggests that it is capable of forming a tetrameric structure despite the decrease in silico PPI affinity predicted by our data.



In the case of the p.T253I mutation, the methods we used (Figure 5b) predict increased p53 protein stability, in contrast to the mixed results of the pathogenicity classification systems (Figure 6c,d), indicating a partially functional mutant protein (TransactivationClass [42]). The p.S362N is a benign variant according to almost all the methods shown in Figure 5, so then, as described above, the p.S362 is a PTM site; therefore, the p.S362N mutation may prevent the phosphorylation at this site and may potentially affect oligomerization of the p53 protein. Consequently, p.S362N mutation cannot be classified with absolute certainty to be benign. In contrast, p.Q375E is more likely to be a benign mutation based on the data we have collected and the calculations we have performed. The other mutations show pathogenic characteristics even if their protein stability is not decreased according to our predicting methods.




5. Conclusions


In the present study, an investigation of the clonal heterogeneity and severity of hematopoietic disorders in MDS and AML samples compared to the TP53 gene mutation status was performed using in silico approaches. Because of the interpretation difficulties and the absence of clinical data on detected aberrations, pathogenicity was established based on different scoring systems. The largest number of abnormalities with the most severe consequences were found in AML-MR cases. Based on our molecular and protein in silico data, the MDS-IB is an intermediate group between AML-MR and MDS-LB patients, which frequently progresses to AML, and such is considered a pre-leukemic condition. Individual variants with unclear clinical significance can be further evaluated by in silico modeling, enabling the prediction of their pathogen character.







Author Contributions


K.M.: data curation, formal analysis, investigation, methodology, project administration, and writing—original draft preparation; J.A.M.: investigation, methodology, and writing—original draft preparation; J.B.: conceptualization, data curation, investigation, and supervision; Z.M.: data curation and investigation; A.U.: data curation, methodology, and investigation; G.M.: conceptualization, formal analysis, funding acquisition, investigation, resources, supervision, and writing—review and editing; A.M.: conceptualization, data curation, formal analysis, investigation, methodology, project administration, supervision, visualization, and writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Hungarian Medical Research Council (protocol code 60355-2/2016/EKU and IV/8465-3/2021/EKU).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available to protect the rights of patients.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Thol, F.; Platzbecker, U. Do Next-Generation Sequencing Results Drive Diagnostic and Therapeutic Decisions in MDS? Blood Adv. 2019, 3, 3449–3453. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Brosh, R.; Rotter, V. When Mutants Gain New Powers: News from the Mutant P53 Field. Nat. Rev. Cancer 2009, 9, 701–713. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Levine, A.J.; Oren, M. The First 30 Years of P53: Growing Ever More Complex. Nat. Rev. Cancer 2009, 9, 749–758. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hollstein, M.; Rice, K.; Greenblatt, M.S.; Soussi, T.; Fuchs, R.; Sørlie, T.; Hovig, E.; Smith-Sørensen, B.; Montesano, R.; Harris, C.C. Database of P53 Gene Somatic Mutations in Human Tumors and Cell Lines. Nucleic Acids Res. 1994, 22, 3551–3555. [Google Scholar] [PubMed]

	



Levine, A.J. P53, the Cellular Gatekeeper for Growth and Division. Cell 1997, 88, 323–331. [Google Scholar] [CrossRef] [Scilit]

	



Bouaoun, L.; Sonkin, D.; Ardin, M.; Hollstein, M.; Byrnes, G.; Zavadil, J.; Olivier, M. TP53 Variations in Human Cancers: New Lessons from the IARC TP53 Database and Genomics Data. Hum. Mutat. 2016, 37, 865–876. [Google Scholar] [CrossRef] [Scilit]

	



Jenkins, L.M.M.; Durell, S.R.; Mazur, S.J.; Appella, E. P53 N-Terminal Phosphorylation: A Defining Layer of Complex Regulation. Carcinogenesis 2012, 33, 1441–1449. [Google Scholar] [CrossRef] [Scilit]

	



Kulasekararaj, A.G.; Smith, A.E.; Mian, S.A.; Mohamedali, A.M.; Krishnamurthy, P.; Lea, N.C.; Gäken, J.; Pennaneach, C.; Ireland, R.; Czepulkowski, B.; et al. TP53 Mutations in Myelodysplastic Syndrome Are Strongly Correlated with Aberrations of Chromosome 5, and Correlate with Adverse Prognosis. Br. J. Haematol. 2013, 160, 660–672. [Google Scholar] [CrossRef] [Scilit]

	



Haferlach, C.; Dicker, F.; Herholz, H.; Schnittger, S.; Kern, W.; Haferlach, T. Mutations of the TP53 Gene in Acute Myeloid Leukemia Are Strongly Associated with a Complex Aberrant Karyotype. Leukemia 2008, 22, 1539–1541. [Google Scholar] [CrossRef] [Scilit]

	



Bejar, R.; Stevenson, K.; Abdel-Wahab, O.; Galili, N.; Nilsson, B.; Garcia-Manero, G.; Kantarjian, H.; Raza, A.; Levine, R.L.; Neuberg, D.; et al. Clinical Effect of Point Mutations in Myelodysplastic Syndromes. N. Engl. J. Med. 2011, 364, 2496–2506. [Google Scholar] [CrossRef] [Scilit]

	



Papaemmanuil, E.; Gerstung, M.; Malcovati, L.; Tauro, S.; Gundem, G.; Van Loo, P.; Yoon, C.J.; Ellis, P.; Wedge, D.C.; Pellagatti, A.; et al. Clinical and Biological Implications of Driver Mutations in Myelodysplastic Syndromes. Blood 2013, 122, 3616–3627. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yang, J.; Anishchenko, I.; Park, H.; Peng, Z.; Ovchinnikov, S.; Baker, D. Improved Protein Structure Prediction Using Predicted Interresidue Orientations. Proc. Natl. Acad. Sci. USA 2020, 117, 1496–1503. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Baek, M.; DiMaio, F.; Anishchenko, I.; Dauparas, J.; Ovchinnikov, S.; Lee, G.R.; Wang, J.; Cong, Q.; Kinch, L.N.; Schaeffer, R.D.; et al. Accurate Prediction of Protein Structures and Interactions Using a Three-Track Neural Network. Science 2021, 373, 871–876. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hornbeck, P.V.; Zhang, B.; Murray, B.; Kornhauser, J.M.; Latham, V.; Skrzypek, E. PhosphoSitePlus, 2014: Mutations, PTMs and Recalibrations. Nucleic Acids Res. 2015, 43, D512–D520. [Google Scholar] [CrossRef] [Scilit]

	



Erdős, G.; Pajkos, M.; Dosztányi, Z. IUPred3: Prediction of Protein Disorder Enhanced with Unambiguous Experimental Annotation and Visualization of Evolutionary Conservation. Nucleic Acids Res. 2021, 49, W297–W303. [Google Scholar] [CrossRef] [Scilit]

	



Garnier, J.; Gibrat, J.-F.; Robson, B. [32] GOR Method for Predicting Protein Secondary Structure from Amino Acid Sequence. Methods Enzymol. 1996, 266, 540–553. [Google Scholar]

	



Capriotti, E.; Fariselli, P.; Casadio, R. I-Mutant2.0: Predicting Stability Changes upon Mutation from the Protein Sequence or Structure. Nucleic Acids Res. 2005, 33, W306–W310. [Google Scholar] [CrossRef] [Scilit]

	



Montanucci, L.; Capriotti, E.; Frank, Y.; Ben-Tal, N.; Fariselli, P. DDGun: An Untrained Method for the Prediction of Protein Stability Changes upon Single and Multiple Point Variations. BMC Bioinform. 2019, 20, 335. [Google Scholar] [CrossRef] [Scilit]

	



Montanucci, L.; Capriotti, E.; Birolo, G.; Benevenuta, S.; Pancotti, C.; Lal, D.; Fariselli, P. DDGun: An Untrained Predictor of Protein Stability Changes upon Amino Acid Variants. Nucleic Acids Res. 2022, 50, W222–W227. [Google Scholar] [CrossRef] [Scilit]

	



Rodrigues, C.H.M.; Pires, D.E.V.; Ascher, D.B. DynaMut2: Assessing Changes in Stability and Flexibility upon Single and Multiple Point Missense Mutations. Protein Sci. 2021, 30, 60–69. [Google Scholar] [CrossRef] [Scilit]

	



Golovenko, D.; Bräuning, B.; Vyas, P.; Haran, T.E.; Rozenberg, H.; Shakked, Z. New Insights into the Role of DNA Shape on Its Recognition by P53 Proteins. Structure 2018, 26, 1237–1250.e6. [Google Scholar] [CrossRef] [Scilit]

	



Mittl, P.R.; Chène, P.; Grütter, M.G. Crystallization and Structure Solution of P53 (Residues 326–356) by Molecular Replacement Using an NMR Model as Template. Acta Crystallogr. D Biol. Crystallogr. 1998, 54, 86–89. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jeffrey, P.D.; Gorina, S.; Pavletich, N.P. Crystal Structure of the Tetramerization Domain of the P53 Tumor Suppressor at 1.7 Angstroms. Science 1995, 267, 1498–1502. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sheng, Y.; Saridakis, V.; Sarkari, F.; Duan, S.; Wu, T.; Arrowsmith, C.H.; Frappier, L. Molecular Recognition of P53 and MDM2 by USP7/HAUSP. Nat. Struct. Mol. Biol. 2006, 13, 285–291. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Avalos, J.L.; Bever, K.M.; Wolberger, C. Mechanism of Sirtuin Inhibition by Nicotinamide: Altering the NAD(+) Cosubstrate Specificity of a Sir2 Enzyme. Mol. Cell 2005, 17, 855–868. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko, A.; et al. Highly Accurate Protein Structure Prediction with AlphaFold. Nature 2021, 596, 583–589. [Google Scholar] [CrossRef] [Scilit]

	



Varadi, M.; Anyango, S.; Deshpande, M.; Nair, S.; Natassia, C.; Yordanova, G.; Yuan, D.; Stroe, O.; Wood, G.; Laydon, A.; et al. AlphaFold Protein Structure Database: Massively Expanding the Structural Coverage of Protein-Sequence Space with High-Accuracy Models. Nucleic Acids Res. 2022, 50, D439–D444. [Google Scholar] [CrossRef] [Scilit]

	



Joerger, A.C.; Ang, H.C.; Fersht, A.R. Structural Basis for Understanding Oncogenic P53 Mutations and Designing Rescue Drugs. Proc. Natl. Acad. Sci. USA 2006, 103, 15056–15061. [Google Scholar] [CrossRef] [Scilit]

	



Bullock, A.N.; Henckel, J.; Fersht, A.R. Quantitative Analysis of Residual Folding and DNA Binding in Mutant P53 Core Domain: Definition of Mutant States for Rescue in Cancer Therapy. Oncogene 2000, 19, 1245–1256. [Google Scholar] [CrossRef] [Scilit]

	



Rodrigues, C.H.M.; Myung, Y.; Pires, D.E.V.; Ascher, D.B. MCSM-PPI2: Predicting the Effects of Mutations on Protein–Protein Interactions. Nucleic Acids Res. 2019, 47, W338–W344. [Google Scholar] [CrossRef] [Scilit]

	



Clore, G.M.; Omichinski, J.G.; Sakaguchi, K.; Zambrano, N.; Sakamoto, H.; Appella, E.; Gronenborn, A.M. High-Resolution Structure of the Oligomerization Domain of P53 by Multidimensional NMR. Science 1994, 265, 386–391. [Google Scholar] [CrossRef] [Scilit]

	



Clore, G.M.; Ernst, J.; Clubb, R.; Omichinski, J.G.; Kennedy, W.M.; Sakaguchi, K.; Appella, E.; Gronenborn, A.M. Refined Solution Structure of the Oligomerization Domain of the Tumour Suppressor P53. Nat. Struct. Biol. 1995, 2, 321–333. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Pires, D.E.V.; Ascher, D.B. MCSM–NA: Predicting the Effects of Mutations on Protein–Nucleic Acids Interactions. Nucleic Acids Res. 2017, 45, W241–W246. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



De Andrade, K.C.; Lee, E.E.; Tookmanian, E.M.; Kesserwan, C.A.; Manfredi, J.J.; Hatton, J.N.; Loukissas, J.K.; Zavadil, J.; Zhou, L.; Olivier, M.; et al. The TP53 Database: Transition from the International Agency for Research on Cancer to the US National Cancer Institute. Cell Death Differ. 2022, 29, 1071–1073. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Mathe, E.; Olivier, M.; Kato, S.; Ishioka, C.; Hainaut, P.; Tavtigian, S.V. Computational Approaches for Predicting the Biological Effect of P53 Missense Mutations: A Comparison of Three Sequence Analysis Based Methods. Nucleic Acids Res. 2006, 34, 1317–1325. [Google Scholar] [CrossRef] [Scilit]

	



Tavtigian, S.V.; Deffenbaugh, A.M.; Yin, L.; Judkins, T.; Scholl, T.; Samollow, P.B.; de Silva, D.; Zharkikh, A.; Thomas, A. Comprehensive Statistical Study of 452 BRCA1 Missense Substitutions with Classification of Eight Recurrent Substitutions as Neutral. J. Med. Genet. 2006, 43, 295–305. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Feng, B.-J. PERCH: A Unified Framework for Disease Gene Prioritization. Hum. Mutat. 2017, 38, 243–251. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Fortuno, C.; James, P.A.; Young, E.L.; Feng, B.; Olivier, M.; Pesaran, T.; Tavtigian, S.V.; Spurdle, A.B. Improved, ACMG-Compliant, in Silico Prediction of Pathogenicity for Missense Substitutions Encoded by TP53 Variants. Hum. Mutat. 2018, 39, 1061–1069. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ioannidis, N.M.; Rothstein, J.H.; Pejaver, V.; Middha, S.; McDonnell, S.K.; Baheti, S.; Musolf, A.; Li, Q.; Holzinger, E.; Karyadi, D.; et al. REVEL: An Ensemble Method for Predicting the Pathogenicity of Rare Missense Variants. Am. J. Hum. Genet. 2016, 99, 877–885. [Google Scholar] [CrossRef] [Scilit]

	



Ng, P.C.; Henikoff, S. Predicting Deleterious Amino Acid Substitutions. Genome Res. 2001, 11, 863–874. [Google Scholar] [CrossRef] [Scilit]

	



Adzhubei, I.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; Kondrashov, A.S.; Sunyaev, S.R. A Method and Server for Predicting Damaging Missense Mutations. Nat. Methods 2010, 7, 248–249. [Google Scholar] [CrossRef] [Scilit]

	



Kato, S.; Han, S.-Y.; Liu, W.; Otsuka, K.; Shibata, H.; Kanamaru, R.; Ishioka, C. Understanding the Function-Structure and Function-Mutation Relationships of P53 Tumor Suppressor Protein by High-Resolution Missense Mutation Analysis. Proc. Natl. Acad. Sci. USA 2003, 100, 8424–8429. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Giacomelli, A.O.; Yang, X.; Lintner, R.E.; McFarland, J.M.; Duby, M.; Kim, J.; Howard, T.P.; Takeda, D.Y.; Ly, S.H.; Kim, E.; et al. Mutational Processes Shape the Landscape of TP53 Mutations in Human Cancer. Nat. Genet. 2018, 50, 1381–1387. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dearth, L.R.; Qian, H.; Wang, T.; Baroni, T.E.; Zeng, J.; Chen, S.W.; Yi, S.Y.; Brachmann, R.K. Inactive Full-Length P53 Mutants Lacking Dominant Wild-Type P53 Inhibition Highlight Loss of Heterozygosity as an Important Aspect of P53 Status in Human Cancers. Carcinogenesis 2007, 28, 289–298. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Monti, P.; Perfumo, C.; Bisio, A.; Ciribilli, Y.; Menichini, P.; Russo, D.; Umbach, D.M.; Resnick, M.A.; Inga, A.; Fronza, G. Dominant-Negative Features of Mutant TP53 in Germline Carriers Have Limited Impact on Cancer Outcomes. Mol. Cancer Res. 2011, 9, 271–279. [Google Scholar] [CrossRef] [Scilit]

	



Landrum, M.J.; Lee, J.M.; Riley, G.R.; Jang, W.; Rubinstein, W.S.; Church, D.M.; Maglott, D.R. ClinVar: Public Archive of Relationships among Sequence Variation and Human Phenotype. Nucleic Acids Res. 2014, 42, D980–D985. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Landrum, M.J.; Lee, J.M.; Benson, M.; Brown, G.; Chao, C.; Chitipiralla, S.; Gu, B.; Hart, J.; Hoffman, D.; Hoover, J.; et al. ClinVar: Public Archive of Interpretations of Clinically Relevant Variants. Nucleic Acids Res. 2016, 44, D862–D868. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Landrum, M.J.; Kattman, B.L. ClinVar at Five Years: Delivering on the Promise. Hum. Mutat. 2018, 39, 1623–1630. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Landrum, M.J.; Lee, J.M.; Benson, M.; Brown, G.R.; Chao, C.; Chitipiralla, S.; Gu, B.; Hart, J.; Hoffman, D.; Jang, W.; et al. ClinVar: Improving Access to Variant Interpretations and Supporting Evidence. Nucleic Acids Res. 2018, 46, D1062–D1067. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Landrum, M.J.; Chitipiralla, S.; Brown, G.R.; Chen, C.; Gu, B.; Hart, J.; Hoffman, D.; Jang, W.; Kaur, K.; Liu, C.; et al. ClinVar: Improvements to Accessing Data. Nucleic Acids Res. 2020, 48, D835–D844. [Google Scholar] [CrossRef] [Scilit]

	



Wu, Y.; Liu, H.; Li, R.; Sun, S.; Weile, J.; Roth, F.P. Improved Pathogenicity Prediction for Rare Human Missense Variants. Am. J. Hum. Genet. 2021, 108, 1891–1906. [Google Scholar] [CrossRef] [Scilit]

	



Capriotti, E.; Fariselli, P. PhD-SNPg: A Webserver and Lightweight Tool for Scoring Single Nucleotide Variants. Nucleic Acids Res. 2017, 45, W247–W252. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Rogers, M.F.; Shihab, H.A.; Mort, M.; Cooper, D.N.; Gaunt, T.R.; Campbell, C. FATHMM-XF: Accurate Prediction of Pathogenic Point Mutations via Extended Features. Bioinformatics 2018, 34, 511–513. [Google Scholar] [CrossRef] [Scilit]

	



Cumbo, C.; Tota, G.; Anelli, L.; Zagaria, A.; Specchia, G.; Albano, F. TP53 in Myelodysplastic Syndromes: Recent Biological and Clinical Findings. Int. J. Mol. Sci. 2020, 21, 3432. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bally, C.; Adès, L.; Renneville, A.; Sebert, M.; Eclache, V.; Preudhomme, C.; Mozziconacci, M.-J.; de The, H.; Lehmann-Che, J.; Fenaux, P. Prognostic Value of TP53 Gene Mutations in Myelodysplastic Syndromes and Acute Myeloid Leukemia Treated with Azacitidine. Leuk. Res. 2014, 38, 751–755. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Haferlach, T.; Nagata, Y.; Grossmann, V.; Okuno, Y.; Bacher, U.; Nagae, G.; Schnittger, S.; Sanada, M.; Kon, A.; Alpermann, T.; et al. Landscape of Genetic Lesions in 944 Patients with Myelodysplastic Syndromes. Leukemia 2014, 28, 241–247. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Haase, D.; Stevenson, K.E.; Neuberg, D.; Maciejewski, J.P.; Nazha, A.; Sekeres, M.A.; Ebert, B.L.; Garcia-Manero, G.; Haferlach, C.; Haferlach, T.; et al. TP53 Mutation Status Divides Myelodysplastic Syndromes with Complex Karyotypes into Distinct Prognostic Subgroups. Leukemia 2019, 33, 1747–1758. [Google Scholar] [CrossRef] [Scilit]

	



Bernard, E.; Nannya, Y.; Hasserjian, R.P.; Devlin, S.M.; Tuechler, H.; Medina-Martinez, J.S.; Yoshizato, T.; Shiozawa, Y.; Saiki, R.; Malcovati, L.; et al. Implications of TP53 Allelic State for Genome Stability, Clinical Presentation and Outcomes in Myelodysplastic Syndromes. Nat. Med. 2020, 26, 1549–1556. [Google Scholar] [CrossRef] [Scilit]

	



Sallman, D.A.; Komrokji, R.; Vaupel, C.; Cluzeau, T.; Geyer, S.M.; McGraw, K.L.; Al Ali, N.H.; Lancet, J.; McGinniss, M.J.; Nahas, S.; et al. Impact of TP53 Mutation Variant Allele Frequency on Phenotype and Outcomes in Myelodysplastic Syndromes. Leukemia 2016, 30, 666–673. [Google Scholar] [CrossRef] [Scilit]

	



Goel, S.; Hall, J.; Pradhan, K.; Hirsch, C.; Przychodzen, B.; Shastri, A.; Mantzaris, I.; Janakiram, M.; Battini, R.; Kornblum, N.; et al. High Prevalence and Allele Burden-Independent Prognostic Importance of P53 Mutations in an Inner-City MDS/AML Cohort. Leukemia 2016, 30, 1793–1795. [Google Scholar] [CrossRef] [Scilit]

	



Sabapathy, K.; Lane, D.P. Therapeutic Targeting of P53: All Mutants Are Equal, but Some Mutants Are More Equal than Others. Nat. Rev. Clin. Oncol. 2018, 15, 13–30. [Google Scholar] [CrossRef] [Scilit]

	



Nakano, Y.; Kiyoi, H.; Miyawaki, S.; Asou, N.; Ohno, R.; Saito, H.; Naoe, T. Molecular Evolution of Acute Myeloid Leukaemia in Relapse: Unstable N-ras and FLT3 Genes Compared with P53 Gene. Br. J. Haematol. 1999, 104, 659–664. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Watanabe, A.; Inokuchi, K.; Yamaguchi, H.; Mizuki, T.; Tanosaki, S.; Shimada, T.; Dan, K. Near-Triploidy and near-Tetraploidy in Hematological Malignancies and Mutation of the P53 Gene. Clin. Lab. Haematol. 2004, 26, 25–30. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Xia, Y.; Padre, R.C.; De Mendoza, T.H.; Bottero, V.; Tergaonkar, V.B.; Verma, I.M. Phosphorylation of P53 by IκB Kinase 2 Promotes Its Degradation by β-TrCP. Proc. Natl. Acad. Sci. USA 2009, 106, 2629–2634. [Google Scholar] [CrossRef] [Scilit]

	



Xu, H.-T.; Lai, W.-L.; Liu, H.-F.; Wong, L.L.-Y.; Ng, I.O.-L.; Ching, Y.P. PAK4 Phosphorylates P53 at Serine 215 to Promote Liver Cancer Metastasis. Cancer Res. 2016, 76, 5732–5742. [Google Scholar] [CrossRef] [Scilit]

	



Kakudo, Y.; Shibata, H.; Otsuka, K.; Kato, S.; Ishioka, C. Lack of Correlation between P53-Dependent Transcriptional Activity and the Ability to Induce Apoptosis among 179 Mutant P53s. Cancer Res. 2005, 65, 2108–2114. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kawaguchi, T.; Kato, S.; Otsuka, K.; Watanabe, G.; Kumabe, T.; Tominaga, T.; Yoshimoto, T.; Ishioka, C. The Relationship among P53 Oligomer Formation, Structure and Transcriptional Activity Using a Comprehensive Missense Mutation Library. Oncogene 2005, 24, 6976–6981. [Google Scholar] [CrossRef] [Scilit]








[image: Cells 11 03475 g001] 





Figure 1. The schematic representation of the p53 protein structure and the detected mutations. The following domains are shown: transactivation domain 1 (TAD1) (1–40 amino-acid, AA), TAD2 (40–60 AA), proline-rich region (PRR) (60–90 AA), DNA-binding domain (DBD) (94–312 AA), oligomerization domain (OD) (323–355 AA), and lysin-rich C-terminal tail (LR) (364–393 AA). “fs”: type of AA change is a frameshift, “X”: termination codon. 
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Figure 2. Detected TP53 aberrations using NGS. (a): Mutation frequencies in the three patients’ group. The locations of the detected alterations are shown for the p53 protein. (b): Distribution of the mutations among the three subgroups. 
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Figure 3. Structure of p53 Robetta prediction of truncated proteins. (a): Tertiary structure of wild-type p53 protein. The structure was generated by AlphaFold. (b): Overall structure and domain organization of wild-type p53. (c–h): The wild-type protein was colored blue for the length of its aligned mutant-type (red) counterpart. (c): p.L93Lfs (121 AA) protein, (d): p.C135X (134 AA), (e): p.Y163Xfs (162 AA), (f): p.R213X (212 AA), (g): Y220X (219 AA), (h): p.E286Qfs (299 AA). 
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Figure 4. Overall survival of TP53 mutant and non-mutant (wild-type) AML/MDS patients. The abscissa axis shows the survival of the patients in days. The ordinate axis indicates the group’s remaining survivals (%) of all group members. (a): Patients are divided into six groups according to mutation status and diagnosis. (b): Patients are divided according to VAF distribution. A VAF > 23% had an increased risk of death compared to wild-type patients, while cases with a VAF ≤ 23% had a similar OS to wild-type patients [54]. 
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Figure 5. Comparison of the clinical relevance of the detected p53 mutations. Each row represents a p53 missense mutation, yet the columns represent protein stability predictions (a,b), different scoring systems (c,d), and interaction affinity studies (e) universally denoted by a color transition from green to red and corresponding value from 0 to 1, where the two endpoints are green = non-pathogenic and red = pathogenic). (a,b) Seq means sequence basis methods (I-Mutant2.0 seq, DDGun seq), Cry means wild-type protein crystal structures (I-Mutant2.0 Cry, DynaMut2 Cry, DDGun 3D Cry), and AF means protein structures generated with AlphaFold AI (DynaMut2 AF, DDGun 3D AF). Stability change was considered to be decreasing, if it was less than −0.5 kcal/mol (score 1, red) and increasing (score −0.5, light green) if it was higher than 0.5 kcal/mol, otherwise, the stability change of the mutation was considered as neutral (score 0, green). (c,d) Align-GVG represents the original C0 to C65 order on a color scale, where 0 = C0 and 1 = C65. SIFTCLass uses the pathogenicity class defined by Sift class, in the table 0 = benign, 1 = damaging. Polyphen2 class Benign = 0, possibly damaging = 0.5, probably damaging = 1. TAClass uses TransactivationClass classification, which divides variants into three functional categories “functional”, which is 0 in the figure, “partially functional” with a value of 0.5, and “non-functional” with a value of 1. DNE LOFclass indicates whether the mutation has a dominant-negative effect and loss-of-function effect (if yes, the value is 1, if no, the value is 0). DNE on TA uses scoring categories, whether the mutant has a dominant-negative (DN) effect on the transactivation of wild-type p53 (if the answer is “yes” the value is 1 if “moderate” the value is 0.5). SFClass (Structure Function Class) classifies the structural functionality of the mutant into non-functional (score 0) and functional (score 1). Phd_SNPg predicts human deleterious SNPs in the human genome and is a binary classifier for predicting pathogenic variants in the coding and non-coding regions (0 = non-pathogenic and 1 = pathogenic). REVEL scores for an individual missense variant range from 0 to 1, with higher scores reflecting a greater likelihood that the variant is disease-causing. BayesDel’s original numbering scheme ranging from −1.29334 to 0.75731 is represented as 0–1, where 0 = −1.29334 and 0.75731 = 1. Varity and FATHMM-XF score is a predictor of variants pathogenicity scoring from 0 to 1, as well. (e) PPI shows the protein–protein interactions affinity changes with the value of 0.5 if the rate of decrease was below 0.5 kcal/mol and 1 if it was higher. DNA-PI shows the affinity change of the interaction between DNA and p53 protein. The score is 1 (red) when the decrease is less than −0.5-0.5 if not. ClinVar column filled in based on the ClinVar database. ClinVar is displayed for comparison and to show that many of the TP53 mutations in the database are missing or not classified. Only those variants were assigned a value as pathogenic (score 1) or likely pathogenic (0.8), even “Conflicting interpretations of pathogenicity” mutants with “Uncertain significance” and variants not found in the database were not assigned a value Our table was based on data from the TP53 Database supplemented with scores from Varity and FATHMM-XF. Black squares were shown as missing information in the databases. 
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Figure 6. Stability change (ΔΔGstability) due to mutation of p53 mutant proteins and experimental comparison. (a): The specific calculated results are shown in red (decreasing stability) and green (increasing stability). The figure shows for which mutations we calculated decreasing and increasing ΔΔGstability in mutant proteins in kcal/mol as a result of the mutations. (b): The stability change was considered as decreasing if it was less than −0.5 kcal/mol (red) and increasing (green) if it was greater than 0.5 kcal/mol, otherwise the stability change of the mutation was considered to be neutral (white). (c): Two mutations p.G245S and p.R248Q that have been measured experimentally so far and their predictive comparison (see Section 2). 
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Figure 7. Pearson correlation matrix of the seven prediction methods. None of the results obtained by the I-Mutant 2.0 analyses showed a correlation of (<0.5 Pearson’s r was observed) with the results of other methods. The cells of the table are colored based on Pearson’s r values (see color scale). The other sequence-based method DDGun seq even with its DDGun pairs is highly correlated with DynaMut2 methods not reaching 0.5. 
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Figure 8. Changes in protein-protein interactions (PPI) upon p.G334R (aa) and p.S362N (ba) mutations. The 1OLG, 1SAL, and 2FOO are the PDB identifiers of the studied crystal structures (see Section 2). P.G334R mutation was supposed to affect interactions between the monomers of tetrameric p53, while p.S362N was considered to affect the interaction of p53 and USP7/HAUSP proteins. (ab): PPI between wild-type chains, (ac): PPI between wild-type and mutant chain, (bb): PPI between wild-type protein chain and USP7, (bc): PPI between mutant protein and USP7. The different dash dots between the residues indicate the type of interactions. Pink: clashes; light blue: van der Waals; red: hydrogen bond; yellow: ionic bond; green: hydrophobic; orange: polar. 
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Figure 9. Changes of interaction between p53 and DNA in response to mutations. (a): Error bars indicate SD of the values obtained from the analysis of three different structures. (b): DNA-protein interaction (red arrow) between p.R273 (black arrow) wild-type protein and DNA, (c): Absence of DNA-protein interaction (red arrow) between p.R273S mutant (black arrow) protein and DNA. 
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Figure 10. Differences between AML/MDS patients in the sight of mutant p53 protein pathogenicity and structural stability. (a): Comparison of the severity of p53 mutations found in AML-MR, MDS-IB, and MDS-LB cases. Significant differences were found between two of the three members based and scores in Figure 5c,d. (b): Comparison of p53 mutations’ pathogenicity in the three groups using REVEl, BayesDel, Varity, and FATHMM-XF scores (Figure 5d). (c): Statistical differences between the three patients’ groups according to the changes in p53 protein stability predicted by their mutations with methods from Figure 5b. * indicate the statistically significant differences, p values are described in the text. 
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Table 1. Clinicopathological results and overall survival (OS) of the patients.
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Cases

	
Sex

	
Age (Years)

	
Diagnosis

	
OS (Days)

	
p53 IHC *

	
TP53 NGS

	
Karyotype






	
1

	
F

	
65

	
AML-MR

	
0

	
+

	
+

	
CK




	
2

	
M

	
73

	
119

	
+

	
+

	
n.a.




	
3

	
M

	
35

	
169

	
-

	
-

	
CK




	
4

	
F

	
47

	
2506

	
-

	
+

	
normal




	
5

	
M

	
76

	
1244

	
-

	
+

	
CK




	
6

	
M

	
64

	
308

	
+

	
+

	
n.a.




	
7

	
M

	
69

	
171

	
-

	
-

	
CK




	
8

	
F

	
76

	
3

	
-

	
-

	
n.a.




	
9

	
M

	
33

	
131

	
+

	
-

	
normal




	
10

	
M

	
78

	
153

	
-

	
+

	
CK




	
11

	
F

	
53

	
291

	
+

	
+

	
CK




	
12

	
M

	
64

	
822

	
-

	
-

	
normal




	
13

	
F

	
73

	
70

	
-

	
+

	
tetrasomy




	
14

	
F

	
88

	
95

	
-

	
-

	
normal




	
15

	
F

	
83

	
1

	
+

	
+

	
CK




	
16

	
M

	
66

	
174

	
-

	
+

	
CK




	
17

	
M

	
61

	
224

	
-

	
+

	
normal




	
18

	
F

	
64

	
186

	
-

	
-

	
47,XX,+8




	
19

	
F

	
66

	
341

	
-

	
-

	
CK




	
20

	
M

	
63

	
19

	
+

	
+

	
CK




	
21

	
F

	
86

	
224

	
+

	
+

	
n.a.




	
22

	
M

	
41

	
58

	
-

	
-

	
normal




	
23

	
F

	
56

	
613

	
-

	
-

	
CK




	
24

	
M

	
65

	
10

	
+

	
+

	
CK




	
25

	
F

	
69

	
16

	
+

	
+

	
CK




	
26

	
F

	
69

	
1398

	
-

	
-

	
normal




	
27

	
M

	
48

	
MDS-IB

	
89

	
-

	
-

	
normal




	
28

	
M

	
56

	
32

	
-

	
+

	
n.a.




	
29

	
M

	
59

	
85

	
-

	
+

	
CK




	
30

	
F

	
69

	
989

	
-

	
-

	
normal




	
31

	
F

	
25

	
260

	
-

	
-

	
46,XX,t(8;21)/46,XX




	
32

	
M

	
80

	
20

	
+

	
+

	
CK




	
33

	
M

	
61

	
199

	
-

	
-

	
normal




	
34

	
M

	
79

	
122

	
+

	
+

	
n.a.




	
35

	
M

	
59

	
49

	
-

	
-

	
CK




	
36

	
F

	
90

	
97

	
-

	
-

	
normal




	
37

	
M

	
65

	
309

	
-

	
-

	
normal




	
38

	
F

	
66

	
522

	
-

	
-

	
normal




	
39

	
F

	
52

	
MDS-LB

	
626

	
-

	
+

	
normal




	
40

	
F

	
80

	
312

	
-

	
-

	
normal




	
41

	
F

	
71

	
494

	
-

	
+

	
46,XX,t(2;12)/46,XX,t(17;17)




	
42

	
M

	
64

	
2296

	
-

	
+

	
normal




	
43

	
F

	
64

	
754

	
-

	
-

	
n.a.




	
44

	
M

	
70

	
450

	
-

	
-

	
normal




	
45

	
M

	
64

	
918

	
-

	
-

	
normal




	
46

	
M

	
41

	
294

	
-

	
+

	
n.a.




	
47

	
F

	
74

	
710

	
-

	
-

	
46,XX,del(20q)




	
48

	
F

	
61

	
75

	
-

	
+

	
normal




	
49

	
F

	
58

	
1086

	
-

	
-

	
normal




	
50

	
F

	
60

	
993

	
-

	
+

	
normal




	
51

	
M

	
36

	
274

	
-

	
-

	
normal




	
52

	
M

	
60

	
175

	
-

	
-

	
normal




	
53

	
M

	
72

	
513

	
-

	
-

	
normal




	
54

	
F

	
71

	
1105

	
-

	
-

	
normal




	
55

	
F

	
78

	
1559

	
-

	
-

	
46,XX,del(5q)/46,XX




	
56

	
F

	
64

	
20

	
-

	
-

	
n.a.




	
57

	
F

	
89

	
541

	
-

	
-

	
n.a.




	
58

	
M

	
68

	
1101

	
-

	
-

	
CK




	
59

	
M

	
36

	
203

	
-

	
-

	
n.a.




	
60

	
F

	
64

	
2137

	
-

	
+

	
normal




	
61

	
M

	
77

	
1144

	
-

	
-

	
CK




	
62

	
F

	
43

	
726

	
-

	
-

	
normal




	
63

	
F

	
74

	
947

	
-

	
-

	
n.a.




	
64

	
M

	
70

	
680

	
-

	
-

	
normal




	
65

	
M

	
30

	
135

	
-

	
-

	
normal




	
66

	
M

	
25

	
635

	
-

	
-

	
normal




	
67

	
F

	
84

	
801

	
-

	
-

	
normal




	
68

	
F

	
76

	
1245

	
-

	
-

	
normal




	
69

	
F

	
75

	
1183

	
-

	
-

	
normal




	
70

	
F

	
69

	
988

	
-

	
-

	
normal




	
71

	
F

	
73

	
957

	
-

	
-

	
normal




	
72

	
M

	
58

	
397

	
-

	
-

	
normal




	
73

	
F

	
85

	
108

	
-

	
-

	
46,XX,del(7q)




	
74

	
F

	
46

	
358

	
-

	
-

	
46,XX,del(5q)/46,XX




	
75

	
F

	
71

	
206

	
+

	
-

	
normal




	
76

	
F

	
67

	
317

	
-

	
-

	
normal




	
77

	
F

	
73

	
117

	
-

	
-

	
normal








AML-MR: acute myeloid leukemia with myelodysplasia-related changes, MDS-IB: myelodysplastic neoplasias with increased-blast, MDS-LB: myelodysplastic neoplasias with low-blast, CK: complex karyotype. * The p53 IHC positivity was defined when p53 staining intensity was high (3+) with at least 10% of positive cells.













 





Table 2. Detected TP53 mutations and variant allele frequency (VAF).
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Cases

	
Diagnosis

	
TP53 Nucleotide Change

	
p53 AA Change

	
VAF (%)






	
1

	
AML-MR

	
c.811G > A

	
p.E271K

	
27.8




	
c.715A > G

	
p.N239D

	
29.14




	
2

	
c.824G > A

	
p.C275Y

	
88.04




	
4

	
c.779C > T

	
p.S260F

	
16.2




	
5

	
c.279delG

	
p.L93Lfs

	
36.66




	
6

	
c.814G > A

	
p.V272M

	
30.7




	
c.660T > G

	
p.Y220X

	
8.38




	
10

	
c.811G > A

	
p.E271K

	
6.08




	
c.715A > G

	
p.N239D

	
6.67




	
11

	
c.736A > G

	
p.M246V

	
28.39




	
13

	
c.811G > A

	
p.E271K

	
8.28




	
c.737T > A

	
p.M246K

	
8.35




	
c.405C > A

	
p.C135X

	
5.65




	
15

	
c.817C > A

	
p.R273S

	
41.02




	
16

	
c.856_869del14

	
p.E286Qfs

	
16.96




	
17

	
c.824G > A

	
p.C275Y

	
12




	
20

	
c.796G > A

	
p.G266R

	
41.73




	
21

	
c.481G > A

	
p.A161T

	
73.42




	
24

	
c.403T > A

	
p.C135S

	
45.06




	
25

	
c.646G > A

	
p.V216M

	
39.44




	
c.733G > A

	
p.G245S

	
38.22




	
28

	
MDS-IB

	
c.644G > A

	
p.S215N

	
30.65




	
c.1118delA

	
p.K373Rfs

	
11.59




	
c.767C > T

	
p.T256I

	
6.82




	
c.293C > T

	
p.P98L

	
6.25




	
c.1123C > G

	
p.Q375E

	
5.6




	
c.758C > T

	
p.T253I

	
5.45




	
29

	
c.489delC

	
p.Y163Xfs

	
70.27




	
32

	
c.743G > A

	
p.R248Q

	
39.93




	
c.455C > A

	
p.P152Q

	
38.21




	
34

	
c.614A > G

	
p.Y205C

	
13.49




	
39

	
MDS-LB

	
c.824G > A

	
p.C275Y

	
12.2




	
41

	
c.814G > A

	
p.V272M

	
13.06




	
42

	
c.1085G > A

	
p.S362N

	
5.19




	
c.1000G > A

	
p.G334R

	
5.04




	
c.814G > A

	
p.V272M

	
6.27




	
c.715A > G

	
p.N239D

	
10.81




	
46

	
c.814G > A

	
p.V272M

	
10.42




	
48

	
c.814G > A

	
p.V272M

	
7.52




	
50

	
c.814G > A

	
p.V272M

	
19.77




	
60

	
c.637C > T

	
p.R213X

	
5.94
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