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Introduction: Methotrexate (MTX) is one of the most important drugs included in the first-line protocols to treat high-grade osteosarcoma (HGOS). Although several polymorphisms have been reported to be associated with drug response or MTX-related toxicity in pharmacogenetic studies, their role in the development of MTX resistance in HGOS is still unclear.
Methods: Therefore, in this study, 22 single nucleotide polymorphisms (SNPs) in 4 genes of the folate metabolism, 7 MTX transporter genes, and 2 SNPs of the tumor protein p53 (TP53) gene were investigated using a custom multimodal-targeted next-generation sequencing (mmNGS) approach in 8 MTX-resistant and 12 MTX-sensitive human HGOS cell lines. The panel was validated by TaqMan genotyping assays.
Results: High instability of TP53 rs1642785 was observed in all U-2OS/MTX variants. Allele changes of the solute carrier family 19 member 1/replication factor C subunit 1 (SLC19A1, previously known as RFC1) and rs1051266 were identified in all Saos-2/MTX-resistant variants in both DNA- and RNA- derived libraries compared to the parental Saos-2 cell line. Allele changes of methylenetetrahydrofolate reductase (MTHFR) rs1801133 were identified only in the RNA-derived libraries of the two U2OS variants with the highest MTX resistance level. Significantly upregulated gene expression associated with the development of MTX resistance was revealed for dihydrofolate reductase (DHFR) whereas SLC19A1 was downregulated. In addition, a fusion transcript of DHFR (ex4) and MutS Homolog 3 (MSH3) (ex9) was identified in the RNA libraries derived from the two U-2OS variants with the highest MTX resistance level.
Conclusion: This innovative mmNGS approach enabled the simultaneous exploration of SNPs at DNA and RNA levels in human HGOS cell lines, providing evidence of the functional involvement of allele changes associated with the development of MTX resistance.
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1 INTRODUCTION
High-grade osteosarcoma (HGOS) is a very aggressive malignant bone tumor arising in children and young adults. Conventional first-line treatment for HGOS is based on neoadjuvant chemotherapy with methotrexate, doxorubicin, and cisplatin, with the possible addition of ifosfamide (Gill and Gorlick, 2021). As clinical treatment response to conventional drugs is limited by the development of intrinsic or acquired drug resistance, it is of fundamental importance to understand which mechanisms induce unresponsiveness to these chemotherapeutic agents. Methotrexate (MTX) is one of the most widely used drugs for HGOS treatment. MTX is a folate analog that targets dihydrofolate reductase (DHFR), a member of the reductase enzyme family that takes part in the metabolism of purines and pyrimidines. MTX is commonly used at high dosages, which may often cause adverse treatment-related effects, such as nephrotoxicity, hepatotoxicity, mucositis, and bone marrow suppression (Howard et al., 2016). Revealing the factors involved in MTX resistance or MTX-related toxicities will help enhance cell sensitivity toward the drug by simultaneously decreasing the risk of adverse toxic effects.
Several studies have reported that the most relevant mechanisms for MTX resistance in HGOS are the decreased expression of the solute carrier family 19 member 1/replication factor C subunit 1 (SLC19A1, previously known as RFC1), which negatively affects the transportation of the drug inside the cell, and the increased expression of DHFR that limits the inhibitory efficacy of MTX (Guo et al., 1999; Hattinger et al., 2003; Hattinger et al., 2009).
Pharmacogenetic and pharmacogenomic studies in HGOS have identified gene polymorphisms that play a fundamental role in MTX metabolism and transport (Jabeen et al., 2015; Hegyi et al., 2017) and suggested that variations in these genes could be involved in the acquisition of MTX resistance.
Several studies reported methylenetetrahydrofolate reductase (MTHFR) rs1801133 as a polymorphism associated with the development of treatment-related adverse toxicity (Hattinger et al., 2017; Hurkmans et al., 2022). Furthermore, polymorphism rs1051266 of SLC19A1 was reported to be associated with clinical outcomes, reporting better survival and lower predisposition to develop metastasis for patients with the G allele (Windsor et al., 2012; Jabeen et al., 2015).
In this study, we have focused on single-nucleotide polymorphisms (SNPs) affecting genes involved in MTX transport, folate metabolism, MTX-related toxicity, and TP53 (Supplementary Table S1), and explored them in 8 MTX-resistant and 12 drug-sensitive human HGOS cell lines. The status of these polymorphisms was evaluated on DNA and RNA to investigate if the genetic variations were also maintained in the transcriptome. SNPs that changed their genotype in relation to drug resistance were expected to play an important role in the development of MTX unresponsiveness. This analysis was performed by an innovative multimodal-targeted next-generation sequencing (mmNGS) approach that allowed for simultaneously revealing the presence of SNPs in both DNA and RNA and also providing information on the gene expression level and the possible presence of fusion transcripts.
2 MATERIALS AND METHODS
2.1 Cell lines
The U-2OS and Saos-2, MG-63, and HOS human HGOS cell lines were obtained from the American Type Culture Collection (ATCC, Rockville, MD, United States). The IOR/OS9, IOR/OS10, IOR/OS14, IOR/OS15, IOR/OS18, IOR/OS20, IOR/MOS, and IOR/SARG human HGOS cell lines were established and characterized, as previously described (Benini et al., 1999), at the Laboratory of Experimental Oncology of the Orthopedic Rizzoli Institute (Bologna, Italy).
The variants resistant to MTX were established by exposing the sensitive cell lines, such as U-2OS and Saos-2, to in vitro step-by-step increasing MTX concentrations. The in vitro continuous drug exposure resulted in the establishment of variants which are resistant to 3 ng/mL MTX (U-2OS/MTX3), 30 ng/mL MTX (U-2OS/MTX30 and Saos-2/MTX30), 100 ng/mL MTX (U-2OS/MTX100 and Saos-2/MTX100), 300 ng/mL MTX (U-2OS/MTX300 and Saos-2/MTX300), and 1 μg/mL MTX (Saos-2/MTX1µg). These MTX concentrations corresponded to 0.01 (3 ng/mL), 0.07 (30 ng/mL), 0.22 (100 ng/ul), 0.66 (300 ng/ul), and 2.20 µM MTX (1 μg/mL) (Hattinger et al., 2003; Serra et al., 2004).
MTX-resistant variants have been cultured in Iscove’s modified Dulbecco’s medium (IMDM), supplemented with penicillin (100 U/mL), streptomycin (100 μg/mL), 10% fetal bovine serum (BioWhittaker Europe, Cambrex-Verviers, Belgium), and with an appropriate MTX concentration, and then maintained in a humidified atmosphere with 5% CO2 at 37°C. All the cell lines were found to be mycoplasma-free using a MycoAlert Mycoplasma Detection Kit (Lonza Italia, Milan, Italy).
DNA fingerprint analyses were performed for all cell lines using 17 polymorphic short tandem repeat sequences, confirming their identity (PowerPlex ESX 17 Fast System, Promega Italia, Milan, Italy).
2.2 Extraction of nucleic acids
Both DNA and RNA were isolated from frozen cell pellets. The extraction of nucleic acids was performed using the AllPrep DNA/RNA Mini Kit (QIAGEN, Hilden, Germany), according to the manufacturer’s instructions. After isolation, DNA and RNA concentrations were determined by spectrophotometry (NP-80, Implen GmbH, Munich, Germany), and the quality of all RNA samples was evaluated using the 2100 Bioanalyzer system (Agilent, Santa Clara, CA, United States) using the RNA 6000 kit (Agilent, Santa Clara, CA, United States).
2.3 Custom multimodal-targeted next-generation sequencing
Library preparation was performed for all 20 cell lines, according to the QIAseq Multimodal Panel handbook v06/2020 (QIAGEN, Hilden, Germany), as previously reported (Hattinger et al., 2022). The primers for DNA-derived libraries were designed for the analysis of 22 SNPs affecting 12 genes, which were related to MTX transport, folate metabolism, MTX-related toxicity, and TP53. The primers for RNA-derived libraries were designed for those SNPs mapping to coding regions and covering the entire 12 selected genes. This approach allowed not only the identification of DNA and RNA variations but also the assessment of the gene expression level and the detection of fusion transcripts.
For library preparation, the input amount was 40 ng of DNA and 100 ng of RNA. The libraries were quantified through the QIAseq Library Quant Assay kit (QIAGEN, Hilden, Germany) on a real-time PCR system (7900HT Fast Real-Time PCR system; Thermo Fisher Scientific by Life Technologies Italia, Monza, Italy). The libraries were then diluted to 1.2 p.m., pooled together, and sequenced on a NextSeq 500 system (Illumina Inc., San Diego, CA, United States) using a Mid-Output Reagent Kit v2.5 (300 cycles).
2.4 NGS data analysis by CLC genomics workbench
FastQ files were downloaded from the BaseSpace cloud (Illumina Inc., San Diego, CA, United States) and imported into the CLC genomics workbench (GWB) v22.0.1 (QIAGEN Bioinformatics, Aarhus, Denmark). Through the QIAseq Multimodal Analysis workflow, DNA variants, gene expression, and transcript fusions were identified. For the identification of RNA variants, a custom workflow was developed by the QIAGEN bioinformatics support.
The detection of DNA and RNA variants was performed by aligning the reads to the human genome hg38 as a reference sequence and filtering using coverage of 100x and a variant allele frequency (VAF) higher than 3%. Figures 1, 2; Figures 3, 4 show the reads aligned to the reference genome hg38, where the polymorphisms have been highlighted with a red box. Paired reads are colored in blue, whereas mismatches between the reads and the reference are colored, following the RasMol structure color scheme.
[image: Figure 1]FIGURE 1 | TP53 rs1642785 genotype identified by mmNGS in U-2OS and the MTX-resistant variant U-2OS/MTX30. The figure shows the genotype of TP53 rs1642785 that changed between the parental cell line U-2OS and its MTX-resistant variants. For example, the genotypes of parental U-2OS cells and the U-2OS/MTX30 variant are shown with a plot generated by CLC GWB software. The polymorphism status is highlighted with a red box.
[image: Figure 2]FIGURE 2 | This figure shows the genotype of SLC19A1 rs1051266 that changed between the parental cell line Saos-2 and its resistant variant Saos-2/MTX300. The polymorphism is highlighted with a red box.
[image: Figure 3]FIGURE 3 | Amino acid change in MTHFR rs1801133 in U-2OS.
[image: Figure 4]FIGURE 4 | Amino acid change in MTHFR rs1801133 in Saos-2.
For the analysis of differential gene expression, the transcripts per million data were considered, and a log2fold-change between the drug-resistant variants and their respective parental cell lines was evaluated using the differential expression tools of CLC GWB. A Bonferroni correction was used, and a p-value <0.05 was considered significant.
The hierarchical cluster tool of CLC GWB was used to create the heatmap setting, with the parameters Euclidean distance and complete linkage.
The principal component analysis (PCA) was conducted using PCA for the RNA-seq tool of CLC GWB, considering the 12 genes for all 20 cell lines to identify the clustering of the cell lines.
2.5 Single-nucleotide polymorphism genotyping by real-time PCR
To validate the sequencing data, a genotyping analysis was undertaken by TaqMan SNP genotyping and drug-metabolizing enzyme (DME) assays (Thermo Fisher Scientific by Life Technologies Italia, Monza, Italy), which are listed in Supplementary Table S2. This analysis was performed for 19 out of 22 selected polymorphisms by using 10 ng DNA as the input material. The genotyping experiments were performed on the VIIA 7 DX real-time PCR system (Thermo Fisher Scientific by Life Technologies Italia, Monza, Italy), and the results were analyzed with TaqMan Genotyper software (Thermo Fisher Scientific by Life Technologies Italia, Monza, Italy).
3 RESULTS
3.1 Validation of mmNGS variant calling by genotyping
For each polymorphism, the data obtained by the mmNGS approach were compared with the data obtained by TaqMan genotyping. Supplementary Table S3 shows, for each cell line, this comparison considering only the allele with a VAF >3%. In the aforementioned Table, data on those polymorphisms that were identified as heterozygous or homozygous variants were reported.
From the comparison between the genotyping data and the sequencing results, we found that for 13/20 (65%) cell lines, the match was 100%, whereas for 7/20 (35%) cell lines the match was 95%. Overall, we found a high concordance between the data obtained by genotyping and sequencing approaches, and therefore, the performance of our custom panel for DNA variant calling can be considered reliable.
3.2 SNPs that change their genotype status in relation to MTX resistance
3.2.1 Comparison between U-2OS MTX-resistant variants and parental cell line at the DNA level
The comparison of DNA variant calling data between U-2OS and its MTX-resistant variants identified a change in the polymorphism status of TP53 rs1642785. In the parental cell line, the genotype of TP53 rs1642785 was a homozygous variant, which changed during the acquisition of MTX resistance (Table 1).
TABLE 1 | TP53 DNA single-nucleotide polymorphism that changed the genotype in U-2OS methotrexate-resistant variants compared to the parental cell line.
[image: Table 1]In addition, five sites of SNPs of the TP53 gene were revealed to be near to the rs1642785 locus (Chr17: 7676471-7676,491), with a VAF higher than 3% (Figure 1). This observation is in accordance with the frequent TP53 variations found in the germline DNA of HGOS patients (Mirabello et al., 2015).
3.2.2 Comparison between Saos-2 MTX-resistant variants and the parental cell line at the DNA level
By comparing the group of Saos-2 resistant variants to their parental cell line, a change of the SLC19A1 rs1051266 polymorphism was observed (Table 2).
TABLE 2 | SLC19A1 DNA single-nucleotide polymorphism that changed the genotype in Saos-2 methotrexate-resistant variants compared to the parental cell line.
[image: Table 2]In the sensitive cell line Saos-2, the genotype of SLC19A1 rs1051266 has proven to be a heterozygous variant (CT), while all four MTX-resistant variants were homozygous wild types (TT). Furthermore, Figure 2 shows this SNP in Saos-2 and Saos-2/MTX300 variants.
These findings suggest that this transition emerged during the first phases of MTX resistance acquisition.
3.3 Comparison of variant calling on DNA and RNA
3.3.1 Variant calling in U-2OS MTX-resistant variants and U-2OS cell lines
The polymorphism status revealed on DNA was identified to be equal at the RNA level in 96% of the polymorphisms, indicating that these variants were also maintained during transcription. Table 3 shows the three SNPs presenting at least one variant allele that were identified in the MTX-resistant and sensitive cell lines both on DNA and RNA but did not change during the acquisition of MTX resistance.
TABLE 3 | Polymorphisms that have at least one variant allele and remain stable in the sensitive and methotrexate-resistant U-2OS cell lines.
[image: Table 3]ABCB1 rs2032582 was found to be a heterozygous variant with a consequent amino acid change of a Ser-Ala in both parental and resistant cell lines (Table 3). This gene plays a key role in the MTX level inside normal cells, being present in the liver cells where it pumps MTX out of the cell.
Another polymorphism that was found to be a heterozygous variant in all cell lines was MTHFR r1801131, which caused a Glu to Ala amino acid change (Table 3). This variation was reported to be associated with a decreased enzyme activity (Lopez-Lopez et al., 2013).
TP53 rs1042522 was found to be a homozygous variant in all cell lines, suggesting a possible biological advantage for cells carrying this allele. This SNP has been reported as a somatic mutation in HGOS, where it has been described to be associated with poor survival, supporting a more aggressive behavior of tumors carrying the variant allele (Pakos et al., 2004). By contrast, for MTHFR rs1801133, the status differed between DNA and RNA (Table 4). At the DNA level, the genotype remained a heterozygous variant (AG) in all cell lines, whereas at the RNA level, it was a heterozygous variant (AG) in the sensitive cell line and the two variants with lower MTX resistance but changed to a homozygous wild-type in the two more resistant variants. This SNP caused an amino acid change from Ala to Val that was lost in U-20S/MTX100 and U-2OS/MTX300 variants (Figure 3).
TABLE 4 | Polymorphism MTHFR rs1801133 in U-2OS methotrexate-resistant variants and their parental cell line that changed at the RNA level. Polymorphism changes at the RNA level associated with MTX resistance have been highlighted in bold.
[image: Table 4]3.3.2 Variant calling in Saos-2 MTX-resistant variants and Saos-2 cell lines
In Saos-2 cell lines, we observed that the genotype status occurring on DNA was maintained in 94.7% at the RNA level. Most of the polymorphisms were homozygous wild type with the exception of ABCB1 and MTHFD1, which showed a heterozygous and homozygous genotype, respectively. These variations were also identified at the RNA level (Table 5).
TABLE 5 | Polymorphisms that remain stably mutated in the sensitive and methotrexate-resistant Saos-2 cell lines.
[image: Table 5]By contrast, the status of one SNP, namely, MTHFR rs1801133, changed between DNA and RNA (Table 6). The MTHFR rs1801133 status was a homozygous variant (AA) in both sensitive and MTX-resistant cell lines on the DNA level with the consequent substitution of Ala with Val (Figure 4), whereas at the RNA level, this polymorphism emerged to be a heterozygous variant in all cell lines. Whether this status change, which was revealed only on the RNA level, regardless of MTX resistance, has a biological consequence or is due to the genetic heterogeneity and thresholds used for variant identification remains to be clarified by further studies.
TABLE 6 | Polymorphism MTHFR rs1801133 in Saos-2 methotrexate-resistant variants and their parental cell line that changed at the RNA level.
[image: Table 6]3.4 Differential gene expression analysis assessed by targeted RNA-seq analysis
RNA-derived libraries were synthesized with primers that are specific for the aforementioned 12 genes and were analyzed with the RNA expression tool of CLC GWB. Figure 5 shows the fold changes in the gene transcription level in each MTX-resistant variant compared to its parental cell line.
[image: Figure 5]FIGURE 5 | Fold changes of RNA expression in U-2OS/MTX-resistant variants (A) and Saos-2 MTX-resistant variants (B) compared with their parental cell lines. Thresholds for overexpression and underexpression are indicated by lines. Since the fold change values are based on a log2 scale, 1 and −1 values correspond to 2-fold increase or decrease, respectively. Significant changes are indicated by a *.
In U-2OS/MTX-resistant variants, DHFR was significantly upregulated compared to U-2OS in parallel with the increasing MTX resistance. In addition, ABCB1 was also upregulated but did not reach significance.
On the contrary, in Saos-2 resistant variants, SLC19A1 was significantly downregulated in all MTX-resistant variants, with a p-value <0.05 after Bonferroni correction.
Heatmap and hierarchical clustering analysis including all the studied cell lines and considering the expression level of all 12 genes were performed. The resulting clusterization showed that 20 cell lines can be divided into four main groups based on different gene expression levels (Figure 6).
[image: Figure 6]FIGURE 6 | Heatmap analysis of all MTX-sensitive and -resistant human HGOS cell lines, including 12 genes, using the heatmap tool of the CLC genomics workbench.
Two groups included the sensitive cell lines, whereas the other two included the MTX-resistant variants. The U-2OS parental cell line and its relative resistant variants were grouped and characterized by the elevated expression of DHFR, ABCB1, and SLCO1B1. These data were in agreement with the fold changes shown in Figure 5. The cluster formed by U-2OS and its four MTX-resistant variants differed from the other cell lines due to the high expression of DHFR in U-2OS/MTX100 and U-2OS/MTX300, the expression of ABCB1, which was mainly overexpressed in U-2OS/MTX3 and U-2OS/MTX300, and due to SLCO1B1, which was overexpressed in U-2OS/MTX100 and U-2OS/MTX300. Figure 5 shows that the latter did not emerge as overexpressed in MTX-resistant variants because the SLCO1B1 expression level was higher in the parental U-2OS cell line.
Figure 5 shows that all four Saos-2 MTX-resistant variants were characterized by an underexpression of SLC19A1. However, differently from U-2OS, Saos-2 variants were grouped together but distant from their parental Saos-2 cell line. This long distance was due to different expressions of gamma-glutamyl hydrolase (GGH), which was highly overexpressed in all Saos-2 MTX-resistant variants.
The clustering of the two groups of MTX-resistant variants similar to their parental MTX-sensitive cell lines was also observed by PCA (Figure 7). Sensitive cell lines were positioned in the same region of the graph but not as a tight cluster, reflecting the typical heterogeneity of osteosarcoma.
[image: Figure 7]FIGURE 7 | Principal component analysis on the 20 MTX-resistant and -sensitive cell lines.
3.5 Detection of fusion transcripts
FastQ files of all RNA-derived libraries were explored for the presence of fusion transcripts using the QIAseq Multimodal Analysis of CLC GWB. One fusion transcript involving DHFR and MSH3 genes was identified in the U-2OS/MTX300 variant, the variant with the highest MTX resistance level (Table 7). A graphic representation of the particular chromosomal organization of DHFR and MSH3 genes is shown in Figure 8A. These two genes are on the same chromosome and are located closely to each other. MSH3 and DHFR genes are divergently transcribed from a promoter region that is shared by both of them (Drummond et al., 1997).
TABLE 7 | Report of the fusion transcript between DHFR and MSH3 in the U-2OS/MTX300 cell line.
[image: Table 7][image: Figure 8]FIGURE 8 | (A) Schematic representation of DHFR and MSH3 organization reconstructed according to Ensembl, indicating the position on chromosome 5. (B) Representation of the intrachromosomal fusion transcript between DHFR and MSH3. Arrows indicate breakpoints.
The intrachromosomal fusion transcript comprised exons 1 to 4 of DHFR, which were juxtaposed to exon 9 of MSH3 (Figure 8B). Interestingly, the same fusion transcript, with a slightly different position, was already detectable at a lower extent in the U-2OS/MTX100 variant, suggesting that it was selected due to its involvement in MTX unresponsiveness. (Supplementary Table S4).
4 DISCUSSION
In the present study, the pharmacogenomic profiling of MTX-resistant and -sensitive human HGOS cell lines has been performed by mmNGS targeting 22 SNPs with reported evidence to be related to the MTX-based chemotherapy response or toxicity development by mainly pharmacogenetic studies in HGOS patients. This innovative approach has provided novel biological insights and confirmed previously reported findings.
The validation of the custom mmNGS panel for variant calling by TaqMan genotyping assays was satisfactory, confirming the reliability of this methodology. Interestingly, the genotype distribution of the 22 SNPs was very heterogeneous, particularly being a homozygous wild type for all transporter genes except ABCB1. Different from the transporter genes, MTHFR rs1801133 and TP53 rs1042522 were most frequently found with variant alleles.
Germline and somatic TP53 mutations have been studied in patients with HGOS by several authors (Gokgoz et al., 2001; Pakos et al., 2004; Savage et al., 2007; Toffoli et al., 2009). HGOS often occurs in patients with Li–Fraumeni syndrome, a syndrome that leads to a predisposition to certain rare tumors, in which TP53 mutations are identified in 70% of patients (Savage et al., 2007; Mirabello et al., 2015). TP53 plays crucial roles in cell growth, apoptosis, and DNA repair, and mutations that occur in this gene could cause a loss of the protein tumor suppressor, leading to a more aggressive tumor. In patients with HGOS, TP53 has been reported to be somatically mutated in many cases (Gokgoz et al., 2001), which could be associated with reduced survival in osteosarcoma patients (Pakos et al., 2004).
The data obtained in the present study have confirmed the high instability of TP53 in HGOS cell drug-sensitive cell lines and MTX-resistant variants. However, the revealed TP53 changes could not directly be attributed to the development of MTX resistance.
One study reported a significant correlation between TP53 mutations and increased levels of DHFR mRNA in patients with acute lymphoblastic leukemia (ALL) (Goker et al., 1995), suggesting that the amplification of DHFR and TP53 mutations might be correlated with MTX resistance in ALL patients.
Among the 22 SNPs investigated in this study, MTHFR rs1801133 was found to be a variant in all eight MTX-resistant cell lines. This SNP caused an amino acid change which was reported to increase the thermolability of MTHFR protein, with a consequent decreased enzyme activity, leading to elevated plasma homocysteine levels and altered distribution of folate (Hider et al., 2007). In addition, MTHFR rs1801133 was also reported to be associated with liver toxicity in patients with HGOS due to the slower folate metabolism (Hattinger et al., 2020). MTHFR is an enzyme that catalyzes the conversion of 5,10-methylene-tetrahydrofolate to 5-methyl-tetrahydrofolate. The MTHFR rs1801133 Ala-Val mutation was reported to cause a decrease in the binding affinity of the MTHFR enzyme to the flavin adenine dinucleotide (FAD) cofactor by protein modeling and molecular dynamics studies (Abhinand et al., 2016). This amino acid change did not act directly on the kinetic properties of MTHFR but modified the ability of the MTHFR enzyme to bind FAD, causing a lower capacity for the remethylation of homocysteine into methionine. The mutation caused hyperhomocysteinemia with an increased cardiovascular risk and impairment of DNA methylation, with a consequent alteration of gene expression. In our study, the change of MTHFR rs1801133 to its homozygous wild-type observed in the two U-2OS variants with the higher levels of MTX resistance suggested that functional MTHFR is necessary for MTX resistance.
The reduced expression of SLC19A1 was reported as a mechanism underlying MTX resistance in MTX-resistant HGOS cell lines (Serra et al., 2004). These data have been confirmed by the mmNGS approach in the present study.
In addition, the sequence alterations of the entire coding region of the SLC19A1 gene were studied in 162 patients with different types of osteosarcoma (Yang et al., 2003). Interestingly, the authors defined the heterozygous status of rs1051266 SNP (A/G) as the wild type, according to the CCRF-CEM cell line, which transported MTX normally. This genotype was found in 37.6% (n = 61) of patients, followed by the homozygous GG status in 30.2% (n = 49) and the homozygous AA genotype in 22.8%. According to this definition in relation to the MTX transport, the detected change of rs1051266 to TT on DNA and RNA levels observed in all four Saos-2-derived MTX-resistant variants could, therefore, be associated with the altered MTX transport. However, it must be underlined that Yang et al. (2003) did not find an association between rs1051266 SNP and different responses to pre-operative chemotherapy, including MTX.
In other cancers, many fusion transcripts have been reported in association with drug resistance (Panicker et al., 2021), and it has been suggested that these fusion genes could be excellent targets to reestablish the sensitivity to chemotherapeutic drugs. In the present study, we have revealed a fusion transcript involving DHFR, a gene known to be responsible for MTX resistance, and MSH3, so far not known as drug resistance associated gene. This is, to the best of our knowledge, the first time that this fusion transcript has been reported in HGOS. The fact that we have identified this DHFR-MSH3 fusion transcript in the two U-2OS variants with the highest MTX resistance levels indicated an important role in the development of MTX resistance. Whether this DHFR-MSH3 fusion could also occur in HGOS tumors treated with high doses of MTX and not only in MTX-resistant cell lines remains to be elucidated.
So far, two studies have reported that in MTX-resistant cell lines, the promyelocytic leukemia HL-60 cell line (Drummond et al., 1997) and the colon cancer cell line HT-29 (Kim et al., 2021), DHFR and MSH3 were often co-amplified, leading to an overexpression of both genes. DHFR overexpression was described to elude the metabolic block caused by MTX, while the increased expression of MSH3 could significantly alter the concentration of MuTSα and MutSβ by decreasing the efficiency of the mismatch repair (Marra et al., 1998). In addition, in MTX-resistant HT-29 cells, Kim et al. (2021) identified several novel mutations and structural variants like duplications, deletions, and inversions in this site.
Fusion genes and RNAs are a hallmark of cancer and are the result from either chromosomal rearrangements or splicing mechanisms (Taniue and Akimitsu, 2021). The functional role of the fusion transcripts of adjacent genes is, however, still unclear, even though thousands of them have been deposited in several databases. A fusion transcript of DHFR and MSH3 has not been described in the literature to date but its presence in the two cell lines, with the highest levels of MTX resistance, suggests that it is a concomitant event together with the over-expression and amplification of DHFR previously identified by traditional methods (Hattinger et al., 2009).
Shoshani and co-workers recently showed how selective the pressure of MTX in HeLa S3 cells stimulated several rounds of chromothripsis, leading to the amplification of DHFR (Shoshani et al., 2021). HGOS are tumors in which high-confidence chromothripsis has been confirmed in 77% of the samples analyzed by whole-genome sequencing (Cortes-Ciriano et al., 2020), further suggesting that chromothripsis could underlie the development of MTX resistance.
The overexpression of MSH3 was not investigated because no primers were included in the mmNGS panel. However, our unpublished expression array data suggested that MSH3 was 1.99-fold upregulated in MTX-resistant variants compared to the parental U-2OS cell line, although these findings need to be further confirmed.
In conclusion, although HGOS has been studied by whole-genome sequencing techniques, the customized mmNGS approach targeting 22 SNPs of 12 genes with pharmacogenomic evidence reliably identified allele changes by variant calling on DNA- and RNA-derived libraries, differentially expressed genes, and a novel fusion RNA in relation to MTX resistance development.
DATA AVAILABILITY STATEMENT
The next-generation-sequencing, multimodal-targeted datasets presented in this article are not readily available because the custom multimodal targeted panel has been designed also for additional targets, which have not been included in the submitted manuscript and have also not yet been published. Justified requests to access the datasets should be directed to the corresponding author.
ETHICS STATEMENT
Ethical approval was not required for the studies involving humans because the use of the cell lines analyzed in this study does not require ethical approval. The studies were conducted in accordance with the local legislation and institutional requirements. The human samples used in this study were acquired from cell lines of human origins. Written informed consent to participate in this study was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS
CC: Conceptualization, Data curation, Formal Analysis, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. CH: Conceptualization, Writing–original draft, Writing–review and editing, Data curation, Formal Analysis, Methodology, Software, Validation, Visualization. MaP: Formal Analysis, Methodology, Validation, Writing–review and editing. SL: Methodology, Validation, Writing–review and editing. LF: Methodology, Validation, Writing–original draft, Writing–review and editing. MiP: Methodology, Writing–review and editing. KS: Resources, Supervision, Writing–review and editing. TI: Conceptualization, Supervision, Writing–original draft, Writing–review and editing. MS: Conceptualization, Funding acquisition, Project administration, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Foundation AIRC for Cancer Research (project AIRC IG2018-ID.21487-P.I. MS).
ACKNOWLEDGMENTS
Research activities have been conducted by using resources and equipment of the Laboratory of Experimental Oncology, where CC and LF are also executing their ongoing PhD research projects. The authors would like to thank the technical support provided by the R&D and bioinformatic specialists of QIAGEN.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1294873/full#supplementary-material
ABBREVIATIONS
ABCB1, ATP-binding cassette subfamily B member 1; ABCC2, ATP-binding cassette subfamily C member 2; ALL, acute lymphoblastic leukemia; CLC GWB, CLC genomics workbench; DHFR, dihydrofolate reductase; DME, drug-metabolizing enzyme; FAD, flavin adenine dinucleotide; FISH, fluorescence in situ hybridization; GGH, gamma-glutamyl hydrolase; HGOS, high-grade osteosarcoma; IMDM, Iscove’s modified Dulbecco’s medium; mmNGS, multimodal-targeted next-generation sequencing; MSH3, MutS homolog 3; MTHFD1, methylenetetrahydrofolate dehydrogenase; MTHFR, methylenetetrahydrofolate reductase; MTX, methotrexate; PCA, principal component analysis; SLC19A1/RFC1, solute carrier family 19 member 1/replication factor C subunit 1; SLC22A7, solute carrier family 22 member 7; SLC22A17, solute carrier family 22 member 17; SLC28A3, solute carrier family 28 member 3; SLCO1B1, solute carrier organic anion transporter family member 1B1; SNPs, single-nucleotide polymorphisms; TP53, tumor protein p53; VAF, variant allele frequency.
REFERENCES
 Abhinand, P. A., Shaikh, F., Bhakat, S., Radadiya, A., Bhaskar, L. V., Shah, A., et al. (2016). Insights on the structural perturbations in human MTHFR Ala222Val mutant by protein modeling and molecular dynamics. J. Biomol. Struct. Dyn. 34, 892–905. doi:10.1080/07391102.2015.1057866
 Benini, S., Baldini, N., Manara, M. C., Chano, T., Serra, M., Rizzi, S., et al. (1999). Redundancy of autocrine loops in human osteosarcoma cells. Int. J. Cancer 80, 581–588. doi:10.1002/(sici)1097-0215(19990209)80:4<581::aid-ijc16>3.0.co;2-o
 Cortes-Ciriano, I., Lee, J. J., Xi, R., Jain, D., Jung, Y. L., Yang, L., et al. (2020). Comprehensive analysis of chromothripsis in 2,658 human cancers using whole-genome sequencing. Nat. Genet. 52, 331–341. doi:10.1038/s41588-019-0576-7
 Drummond, J. T., Genschel, J., Wolf, E., and Modrich, P. (1997). DHFR/MSH3 amplification in methotrexate-resistant cells alters the hMutSalpha/hMutSbeta ratio and reduces the efficiency of base-base mismatch repair. Proc. Natl. Acad. Sci. U. S. A. 94, 10144–10149. doi:10.1073/pnas.94.19.10144
 Gill, J., and Gorlick, R. (2021). Advancing therapy for osteosarcoma. Nat. Rev. Clin. Oncol. 18, 609–624. doi:10.1038/s41571-021-00519-8
 Goker, E., Waltham, M., Kheradpour, A., Trippett, T., Mazumdar, M., Elisseyeff, Y., et al. (1995). Amplification of the dihydrofolate reductase gene is a mechanism of acquired resistance to methotrexate in patients with acute lymphoblastic leukemia and is correlated with p53 gene mutations. Blood 86, 677–684. doi:10.1182/blood.v86.2.677.bloodjournal862677
 Gokgoz, N., Wunder, J. S., Mousses, S., Eskandarian, S., Bell, R. S., and Andrulis, I. L. (2001). Comparison of p53 mutations in patients with localized osteosarcoma and metastatic osteosarcoma. Cancer 92, 2181–2189. doi:10.1002/1097-0142(20011015)92:8<2181::aid-cncr1561>3.0.co;2-3
 Guo, W., Healey, J. H., Meyers, P. A., Ladanyi, M., Huvos, A. G., Bertino, J. R., et al. (1999). Mechanisms of methotrexate resistance in osteosarcoma. Clin. Cancer Res. 5, 621–627.
 Hattinger, C. M., Casotti, C., Patrizio, M. P., Luppi, S., Fantoni, L., Scotlandi, K., et al. (2022). Pharmacogenomic profiling of cisplatin-resistant and -sensitive human osteosarcoma cell lines by multimodal targeted next generation sequencing. Int. J. Mol. Sci. 23, 11787. doi:10.3390/ijms231911787
 Hattinger, C. M., Patrizio, M. P., Luppi, S., and Serra, M. (2020). Pharmacogenomics and pharmacogenetics in osteosarcoma: translational studies and clinical impact. Int. J. Mol. Sci. 21, 4659. doi:10.3390/ijms21134659
 Hattinger, C. M., Reverter-Branchat, G., Remondini, D., Castellani, G. C., Benini, S., Pasello, M., et al. (2003). Genomic imbalances associated with methotrexate resistance in human osteosarcoma cell lines detected by comparative genomic hybridization-based techniques. Eur. J. Cell. Biol. 82, 483–493. doi:10.1078/0171-9335-00336
 Hattinger, C. M., Stoico, G., Michelacci, F., Pasello, M., Scionti, I., Remondini, D., et al. (2009). Mechanisms of gene amplification and evidence of coamplification in drug-resistant human osteosarcoma cell lines. Genes. Chromosom. Cancer 48, 289–309. doi:10.1002/gcc.20640
 Hattinger, C. M., Tavanti, E., Fanelli, M., Vella, S., Picci, P., and Serra, M. (2017). Pharmacogenomics of genes involved in antifolate drug response and toxicity in osteosarcoma. Expert Opin. Drug Metab. Toxicol. 13, 245–257. doi:10.1080/17425255.2017.1246532
 Hegyi, M., Arany, A., Semsei, A. F., Csordas, K., Eipel, O., Gezsi, A., et al. (2017). Pharmacogenetic analysis of high-dose methotrexate treatment in children with osteosarcoma. Oncotarget 8, 9388–9398. doi:10.18632/oncotarget.11543
 Hider, S. L., Bruce, I. N., and Thomson, W. (2007). The pharmacogenetics of methotrexate. Rheumatol. Oxf. 46, 1520–1524. doi:10.1093/rheumatology/kem147
 Howard, S. C., Mccormick, J., Pui, C. H., Buddington, R. K., and Harvey, R. D. (2016). Preventing and managing toxicities of high-dose methotrexate. Oncologist 21, 1471–1482. doi:10.1634/theoncologist.2015-0164
 Hurkmans, E. G. E., Brand, A., Verdonschot, J. A. J., Te Loo, D., and Coenen, M. J. H. (2022). Pharmacogenetics of chemotherapy treatment response and -toxicities in patients with osteosarcoma: a systematic review. BMC Cancer 22, 1326. doi:10.1186/s12885-022-10434-5
 Jabeen, S., Holmboe, L., Alnaes, G. I., Andersen, A. M., Hall, K. S., and Kristensen, V. N. (2015). Impact of genetic variants of RFC1, DHFR and MTHFR in osteosarcoma patients treated with high-dose methotrexate. Pharmacogenomics J. 15, 385–390. doi:10.1038/tpj.2015.11
 Kim, A., Shin, J. Y., and Seo, J. S. (2021). Genomic and transcriptomic analyses reveal a tandem amplification unit of 11 genes and mutations in mismatch repair genes in methotrexate-resistant HT-29 cells. Exp. Mol. Med. 53, 1344–1355. doi:10.1038/s12276-021-00668-x
 Lopez-Lopez, E., Martin-Guerrero, I., Ballesteros, J., and Garcia-Orad, A. (2013). A systematic review and meta-analysis of MTHFR polymorphisms in methotrexate toxicity prediction in pediatric acute lymphoblastic leukemia. Pharmacogenomics J. 13, 498–506. doi:10.1038/tpj.2012.44
 Marra, G., Iaccarino, I., Lettieri, T., Roscilli, G., Delmastro, P., and Jiricny, J. (1998). Mismatch repair deficiency associated with overexpression of the MSH3 gene. Proc. Natl. Acad. Sci. U. S. A. 95, 8568–8573. doi:10.1073/pnas.95.15.8568
 Mirabello, L., Yeager, M., Mai, P. L., Gastier-Foster, J. M., Gorlick, R., Khanna, C., et al. (2015). Germline TP53 variants and susceptibility to osteosarcoma. J. Natl. Cancer Inst. 107, djv101. doi:10.1093/jnci/djv101
 Pakos, E. E., Kyzas, P. A., and Ioannidis, J. P. (2004). Prognostic significance of TP53 tumor suppressor gene expression and mutations in human osteosarcoma: a meta-analysis. Clin. Cancer Res. 10, 6208–6214. doi:10.1158/1078-0432.CCR-04-0246
 Panicker, S., Venkatabalasubramanian, S., Pathak, S., and Ramalingam, S. (2021). The impact of fusion genes on cancer stem cells and drug resistance. Mol. Cell. Biochem. 476, 3771–3783. doi:10.1007/s11010-021-04203-4
 Savage, S. A., Burdett, L., Troisi, R., Douglass, C., Hoover, R. N., Chanock, S. J., et al. (2007). Germ-line genetic variation of TP53 in osteosarcoma. Pediatr. Blood Cancer 49, 28–33. doi:10.1002/pbc.21077
 Serra, M., Reverter-Branchat, G., Maurici, D., Benini, S., Shen, J. N., Chano, T., et al. (2004). Analysis of dihydrofolate reductase and reduced folate carrier gene status in relation to methotrexate resistance in osteosarcoma cells. Ann. Oncol. 15, 151–160. doi:10.1093/annonc/mdh004
 Shoshani, O., Brunner, S. F., Yaeger, R., Ly, P., Nechemia-Arbely, Y., Kim, D. H., et al. (2021). Chromothripsis drives the evolution of gene amplification in cancer. Nature 591, 137–141. doi:10.1038/s41586-020-03064-z
 Taniue, K., and Akimitsu, N. (2021). Fusion genes and RNAs in cancer development. Noncoding RNA 7, 10. doi:10.3390/ncrna7010010
 Toffoli, G., Biason, P., Russo, A., De Mattia, E., Cecchin, E., Hattinger, C. M., et al. (2009). Effect of TP53 Arg72Pro and MDM2 SNP309 polymorphisms on the risk of high-grade osteosarcoma development and survival. Clin. Cancer Res. 15, 3550–3556. doi:10.1158/1078-0432.CCR-08-2249
 Windsor, R. E., Strauss, S. J., Kallis, C., Wood, N. E., and Whelan, J. S. (2012). Germline genetic polymorphisms may influence chemotherapy response and disease outcome in osteosarcoma: a pilot study. Cancer 118, 1856–1867. doi:10.1002/cncr.26472
 Yang, R., Sowers, R., Mazza, B., Healey, J. H., Huvos, A., Grier, H., et al. (2003). Sequence alterations in the reduced folate carrier are observed in osteosarcoma tumor samples. Clin. Cancer Res. 9, 837–844.
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision
Copyright © 2023 Casotti, Hattinger, Patrizio, Luppi, Fantoni, Pasello, Scotlandi, Ibrahim and Serra. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1294873-t005.jpg
Identified variants

Saos-2
Saos-2/MTX30
Sa0s-2/MTX100
Saos-2/MTX300

Sa0s-2/MTXlpg

ABCB1 rs2032582 DNA/RNA MTHFD1 rs2236225 DNA/RNA
CA/CA AAJAA
CA/CA AA/AA
CA/CA AA/AA
CA/CA AAJAA
CA/CA AA/AA

Amino acid change due to a variant

Saos-2
Sa0s-2/MTX30
Sa0s-2/MTX100
Sa0s-2/MTX300

Sa0s-2/MTXlpg

Ser-Ala ArgGln
Ser-Ala ArgGln
Ser-Ala [ Arg:Gln
Ser-Ala ArgGln
Ser-Ala ArgGln






OPS/xhtml/nav.xhtml
Contents

		Cover

		Single-nucleotide polymorphism profiling by multimodal-targeted next-generation sequencing in methotrexate-resistant and -sensitive human osteosarcoma cell lines		1 Introduction

		2 Materials and methods		2.1 Cell lines

		2.2 Extraction of nucleic acids

		2.3 Custom multimodal-targeted next-generation sequencing

		2.4 NGS data analysis by CLC genomics workbench

		2.5 Single-nucleotide polymorphism genotyping by real-time PCR





		3 Results		3.1 Validation of mmNGS variant calling by genotyping

		3.2 SNPs that change their genotype status in relation to MTX resistance

		3.3 Comparison of variant calling on DNA and RNA

		3.4 Differential gene expression analysis assessed by targeted RNA-seq analysis

		3.5 Detection of fusion transcripts





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/fphar-14-1294873-t004.jpg
Cell line HFR rs1801133 DNA/RNA

U-208 | AG/AG
U-208/MTX3 | AG/AG
U-208/MTX30 AG/AG
U-208/MTX100 AG/GG
U-208/MTX300 AGIGG

Amino acid change due to a variant

U-208 Ala-Val

U-208/MTX3 | Ala-Val

U-208/MTX30 Ala-Val
U-208/MTX100 Ala (no change)

U-208/MTX300 Ala (no change)






OPS/images/fphar-14-1294873-t007.jpg
Fusion name
5' Gene DHFR
5' Chromosome 5
3' Gene MSH3
3' Chromosome 5
Reported transcript 5’ NM_001290354.2
Reported transcript 3' NM_002439.5
Translocation name DHER{NM_001290354.2):r.1_929_MSH3({NM_002439.5}: r.1417_4443
' p-value | 0,00
Zscore 1534
Fusion crossing reads 126
5 Read coverage 31201
3 Read coverage 196
position positi Translocation name
80.633.876 80.725.452 DHFR{NM_001290354.2}:r. 1_929_MSH3{NM_002439. 126
5)r.1417_4443
80.649.388 80.725.452 [ DHFR{NM_001290354.2}:r. 1_686_MSH3{NM_002439. | 57
5)r.1417_4443
80.637.882 80.725.452 DHER{NM_001290354.2}xr. 1_813_MSH3{NM_002439. | 13
5)r.1417_4443
80.633.876 80.656.410 DHER{NM_001290354.2}:r. 1_929_MSH3{NM_002439. 8
80.649.388 80.656.410 | DHER{NM_001290354.2}r. 1_686_MSH3{NM_002439. 6
5hr.314_4443
80.649.388 80.678.926 DHER{NM_001290354.2}:r. 1_686_MSH3{NM_002439. 2
5}:r.1250_4443
80.633.876 80.767.932 DHER{NM_001290354.2}r. 1_929_MSH3{NM_002439. 2
5)r.1973_4443
80.649.388 80.787.564 DHER{NM_001290354.2}:r. 1_686_MSH3{NM_002439. 1
5)r2512_4443
80.649.388 80.854.129 DHER{NM_001290354.2}r. 1_686_MSH3{NM_002439. 1
5)r.2890_4443






OPS/images/fphar-14-1294873-t006.jpg
Cell line HFR rs1801133 DNA/RNA

Saos-2 AA/AG
Saos-2/MTX30 AAIAG
Sa0s-2/MTX100 AAIAG
Sa0s-2/MTX300 AAIAG
Sa0s-2/MTXIpg AAIAG

Amino acid change due to a variant

Saos-2 Ala-Val
Saos-2/MTX30 Ala-Val
Saos-2/MTX100 Ala-Val
Sa0s-2/MTX300 Ala-Val

Saos-2/MTX1pg Ala-Val





OPS/images/fphar-14-1294873-t003.jpg
Identified variants

ABCB1 rs2032582 DNA/RNA MTHFR rs1801131 DNA/RNA TP53 rs1042522 DNA/RNA
U208 CAICA GI/GT ccree
U-208/MTX3 CAICA GT/GT ccree
U-208/MTX30 CAICA GI/GT ccree
U-208/MTX100 CAICA [ GT/GT ccree
U-208/MTX300 CAICA GT/GT ccree
Amino acid change due to a variant

U208 Ser-Ala Glu-Ala Pro-Arg
U-208/MTX3 Ser-Ala Glu-Ala Pro-Arg
U-208/MTX30 Ser-Ala Glu-Ala Pro-Arg
U-208/MTX100 Ser-Ala Glu-Ala Pro-Arg
U-208/MTX300 Ser-Ala Glu-Ala Pro-Arg






OPS/images/fphar-14-1294873-t002.jpg
Cell |

[ 19A1 rs105

Saos-2

Sa0s-2/MTX30

Sa0s-2/MTX100

Sa0s-2/MTX300

3/49(4(4|3

Sa0s-2/MTXlpg










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





OPS/images/fphar-14-1294873-g005.gif
Fold-changes of RNA expression in U-20S and Saos-2 -resistant variants






OPS/images/fphar-14-1294873-g006.gif
Heatmap of MTX-sensitive and -resistant cell lincs including 12 genes.






OPS/images/fphar-14-1294873-g003.gif
'MTHFR rs1801133 in U-208

S - —






OPS/images/fphar-14-1294873-g004.gif
MTHFR 151801133 in Saos-2.






OPS/images/fphar-14-1294873-t001.jpg
TP53 rs1642785

U-208 cc
U-208/MTX3 CG
U-208/MTX30 GG
U-208/MTX100 GG
U-208/MTX300 G






OPS/images/fphar-14-1294873-g007.gif
Principal component analysis.

EeEEiiEees






OPS/images/fphar-14-1294873-g008.gif
A 'DHFR-MSHS Fusion transeript

DHFR breskpoin Cirs: 50633570 NSH brskpoin Chs: 725452






OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Single-nucleotide
polymorphism profiling by
multimodal-targeted next-
generation sequencing in
methotrexate-resistant and
-sensitive human osteosarcoma
cell lines





OPS/images/fphar-14-1294873-g001.gif
P53 rs1642785
e

Genotypes

waos

Hamorygous

vaosamn

e

" Homarygos
ey






OPS/images/fphar-14-1294873-g002.gif
SLC19A1 1051266
[ ]

— — — B ¥

Genotypes

Son 2T
oo





