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Supplementary Materials and Methods 

PCNSL tumor tissues 

A total of 28 patients with CNS lymphoma were enrolled. The patients were diagnosed according to 

the WHO classification and treated at Toyama Prefectural Central Hospital, Wakayama Medical University School 

of Medicine, Chiba University, and Yamaguchi University [26]. The current study was approved by the Ethics 

Committee of Kyoto Prefectural University of Medicine (RBMR-G-146), which covered the recruitment of patients 

from other centers. Prior written informed consents were obtained from all patients. Biopsy specimens and 

resected tumor tissues were immediately snap-frozen and subjected to the following analyses. 

 

Chemical compounds 

Inhibitors and antibiotics were used as follows: 1.6 μM LY294002 (Sigma-Aldrich, MO, USA), 20 μM 

Pictilisib (Abcam, Tokyo, Japan), and 100 μM Ideralisib (Tokyo Chemical Industry, Tokyo, Japan) as PI3K 

inhibitors, 0.4 μM PD0325901 (Sigma-Aldrich), 100 μM PD184352 (Sigma-Aldrich), 50 μM PD098059 (Sigma-

Aldrich), and 5 μM U0126 (Sigma-Aldrich) as MEK inhibitors, 2.1 μM Rapamycin (Sigma-Aldrich), 20 μM Torin1 

(ChemScene, NJ, USA), and 100 μM Everolimus (Toronto Research Chemicals Inc., ON, Canada) as mTOR 

inhibitors, 10 μM Chrysin as a HIF1α inhibitor (Abcam), 100 μM 10058-F4 as a c-MYC-Max dimerization inhibitor 

(Abcam), 10 μM Etoposide as a positive control for cellular senescence (Sigma-Aldrich), and 2 μM Staurosporine 

as a positive control for apoptosis (Alomone Labs, Jerusalem, Israel). 
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Apoptosis activity analysis  

Apoptosis activity was investigated using SpectraMax M2e (Molecular Devices) and a Caspase-Glo 

3/7 Assay (Promega, WI), as described [25]. Briefly, Caspase-Glo 3/7 reagent was added to lysates of cells 

harvested in vitro. Cells treated with 2 μM staurosporine as a protein kinase A/C/G inhibitor (Alomone Labs) for 

48 h at 37°C were evaluated as a positive control for apoptosis. 

 

Senescence associated (SA)-β-galactosidase activity analysis 

Cellular senescence was evaluated with SPiDER-βGal (Dojindo) according to the manufacturer’s 

instruction. Briefly, SPiDER-βGal solution (1 μM) was added to cell culture plates replaced to Hank's balanced 

salt solution (Nacalai Tesque Inc.) with 20 mM HEPES buffer (Nacalai Tesque Inc.) and cultured for 30 min in a 

5% CO2 incubator at 37°C. SA-β-galactosidase activity (Ex/Em = 550/605 nm) was detected using SpectraMax 

M2e (Molecular Devices). Hoechst 33342 (Ex/Em = 350/461 nm) was used for normalization. Cells treated with 

10 μM etoposide (Sigma-Aldrich) for 48 h at 37°C were evaluated as a positive control for cellular senescence.  

 

Reactive oxygen species (ROS) activity analysis 

Cells were cultured with 0.03-0.6% hydrogen peroxide (H2O2) for 48-72h to stimulate cells with 

oxidative stress. The ROS activity was measured with Cellular Reactive Oxygen Species Detection Assay Kit 

(Abcam) according to the manufacturer’s instructions. Fluorescence intensity was monitored at Ex/Em = 520/605 

nm using SpectraMax M2e (Molecular Devices).  

 

Glutathione reductase activity analysis 

 Glutathione reductase activity was evaluated by reduced form of nicotinamide adenine dinucleotide 

phosphate (NADP) (NADPH) oxidation by measuring absorbance at 340 nm using SpectraMax M2e (Molecular 

Devices) according to the manufacturer’s instructions (Cayman Chemical Company, MI, USA). 

 

Western blot analysis 

Western blot analysis was performed as described [22,25]. Briefly, cells were lysed with a standard 

lysis buffer with protease and phosphatase inhibitor cocktails (Nacalai Tesque Inc., Kyoto, Japan). The total 

lysates were centrifuged at 15,000 rpm and 4°C for 30 min, and the supernatants were quantified using Protein 

Assay Bicinchoninate Kit (Nacalai Tesque Inc.) The 30-40 μg lysates were subjected to sodium dodecyl sulfate-

poly-acrylamide gel electrophoresis (SDS-PAGE) with Mini-PROTEAN TGX Gel 4-20% (BIO-RAD, CA, USA) and 

transferred to 0.2 μm polyvinylidene fluoride (PVDF) transfer membranes with Trans-Blot Turbo Transfer Pack 

(BIO-RAD) using Trans-Blot Turbo Transfer System (BIO-RAD). Antibodies used were mTOR Pathway Antibody 

Sampler Kit (Cell Signaling Technology, Inc., MA, USA), Phospho-Akt Isoform Antibody Sampler Kit (Cell 

Signaling Technology), Phospho-Erk1/2 Pathway Sampler Kit (Cell Signaling Technology), PI3 Kinase Antibody 

Sampler Kit (Cell Signaling Technology), and β-Actin (Santa Cruz Biotechnology, Inc., TX, USA). The β-Actin 
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signals were used for loading control and normalization. Signals were detected by enhanced chemiluminescence 

with Chemi-Lumi One Super (Nacalai Tesque Inc.) according to the manufacturer’s instructions. Images were 

obtained using the ImageQuant LAS500 (GE Healthcare Japan, Tokyo, Japan) and its accessory software 

ImageQuant TL8.2 (GE Healthcare Japan). The data presented in the figures indicate representative 

immunoblots. Quantitative analyses of the blots were performed using the NIH ImageJ software 

(https://imagej.nih.gov/ij/). 

 

Real-time quantitative polymerase chain reaction (qPCR)  

Total RNA was extracted from approximately 1 × 107 cells using an Isogen II (Nippongene, Toyama, 

Japan), according to the manufacturer’s instruction. The quality of extracted RNA was verified using NanoDrop 

Lite (Thermo Fisher Scientific). Approximately 2 μg of RNA samples were reverse-transcribed using ReverTra 

Ace, according to the manufacturer’s instruction (Toyobo, Osaka, Japan). Approximately 10 ng of cDNA samples 

per well in a 96-well plate were used for a real-time qPCR that was performed using a THUNDERBIRD qPCR 

Mix (Toyobo) and a StepOne real-Time PCR System (Applied Biosystems, CA, USA), according to the 

manufacturer’s instructions. Primers used are listed in Suppl. Table S4. The data were calculated using the delta 

cycle threshold method with median cycle threshold and/or the delta-delta cycle threshold method relative to 

appropriate controls, as described [21]. The value of ACTB was used to normalize the expression of each gene.  

 

Next-generation sequencing (NGS) 

NGS was performed as described [25,26]. Briefly, total RNA was extracted from the PCNSL-derived 

cells using Isogen II (Nippongene). The quality of RNA was verified with the Bioanalyzer System using RNA Pico 

Chips (Agilent Technologies, CA, USA). NGS was performed using the Illumina HiSeq 2000/2500 platform with 

a standard 124-bp paired-end read protocol (Illumina, CA, USA). The arranged sequence data were mapped 

onto the genome assembly GRCh37/hg19 using TopHat2/Bowtie2 [40]. Gene expression was estimated as 

fragments per kilobase of exon per million reads mapped (FPKM). Detection of differentially expressed genes 

(DEGs) was performed using Cufflinks [41]. 

 

Gene set enrichment analysis (GSEA) 

GSEA was performed using the GSEAPreranked program 

(http://software.broadinstitute.org/gsea/index.jsp), as described [25]. Briefly, Molecular Signatures Database 

(MSigDB; http://software.broadinstitute.org/gsea/msigdb/index.jsp) was used for pathway data sets. The gene 

sets for DEGs in TK-MTX and HKBML-MTX, compared with the corresponding control cells, were processed with 

the GSEAPreranked program. Gene symbols and log-scale data were extracted and sorted in descending order 

to create the ranking list. The top and bottom 200 genes were used for GSEA. p-value < 0.05 and false discovery 

rate (FDR) q < 0.01 were statistically significant. 
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Gene ontology (GO) analysis 

GO was surveyed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID; 

https://david.ncifcrf.gov) and PANTHER (http://pantherdb.org/). p-value < 0.05 was statistically significant. 

 

Correlation analysis 

Correlation coefficient among the gene expression were analyzed using the JMP10 built-in module 

(SAS Institute, NC, USA) as described [24]. p-value < 0.05 was statistically significant. 

 

Kaplan-Meier survival analysis 

Kaplan-Meier analysis was performed with the log-rank test to estimate the survival distribution among 

the subgroups using the JMP10 built-in modules (SAS Institute) as described [23,24,26]. p-value < 0.05 was 

statistically significant. 

 

Supplementary Results 

Activated PI3K, mTOR, and MAPK signaling pathways in the MTX-resistant PCNSL-derived cells 

We examined the upstream signaling regulating glycolysis in the MTX-resistant PCNSL-derived cells 

with additional chemical compounds to inhibit PI3K, mTOR, and MEK. In cell growth, TK was suppressed by PI3K 

inhibitors including Pictilisib and Ideralisib, MEK inhibitors including PD184352, PD098059, and U0126, and 

mTOR inhibitors including Torin1 and Everolimus, whereas TK-MTX showed no difference, compared with DMSO 

as a control (Suppl. Fig. S3A, C, and E). On the other hand, HKBML and HKBML-MTX were suppressed by the 

PI3K inhibitors (Suppl. Fig. S3B). While, although HKBML showed no difference with the MEK and mTOR 

inhibitors, HKBML-MTX were suppressed (Suppl. Fig. S3D and F). The metabolisms of glucose, pyruvate, and 

lactate, and ATP production were also examined. TK-MTX slightly showed the glucose suppression with 

PD184352 and PD098059 as PI3K inhibitors, and Torin1 as a mTOR inhibitor, compared with TK, whereas the 

glucose amount in HKBML-MTX was decreased with Torin1 and Everolimus as mTOR inhibitors, compared with 

HKBML (Suppl. Fig. S6A and B). The above inhibitors for PI3K, mTOR, and MEK increased the pyruvate amount 

in TK-MTX, compared with TK (Suppl. Fig. S6C). However, in HKBML-MTX, the PI3K and mTOR inhibitors 

increased pyruvate, whereas MEK inhibitors did not so (Suppl. Fig. S6D). While, the above inhibitors decreased 

lactate in TK-MTX and HKBML-MTX, compared with the control cells, except for PD184352, PD098059, and 

Everolimus (Suppl. Fig. S6E and F). Furthermore, the above inhibitors also decreased the LDH activity in TK-

MTX and HKBML-MTX, compared with the control cells, except for Torin1 (Suppl. Fig. S6G and H). Finally, ATP 

production was increased with PI3K inhibitors in TK-MTX and HKBML-MTX, compared with the control cells 

(Suppl. Fig. S6I and J). However, PD184352, and PD098059 increased ATP in TK-MTX, whereas U0126, Torin1, 

and Everolimus did not so (Suppl. Fig. S6I). On the other hand, MEK and mTOR inhibitor decreased ATP in 

HKBML-MTX, compared with HKBML (Suppl. Fig. S6J). These results suggested that almost of the results were 
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similar with the results from LY294002 as a PI3K inhibitor, PD0325901 as a MEK inhibitor, and Rapamycin as a 

mTOR inhibitor (Figs. 3 and 4). 

 

Phosphorylation on the PI3K-AKT-mTOR and MAPK signaling pathways in the MTX-resistant PCNSL-

derived cells 

Protein expression and phosphorylation were examined in the MTX-resistant PCNSL-derived cells 

(Suppl. Figs. S7 and S8). In PI3K, class I catalytic subunit p100α, encoded by PIK3CA, and p85 regulatory subunit, 

encoded by PIK3R1, were relatively expressed but class III PI3K protein was hardly expressed (Suppl. Fig. S7A 

and D). Besides, phospho-p85 (Tyr458) was hardly detected in HKBML and HKBML-MTX (Suppl. Fig. S7A, D, 

and G). In AKT proteins, AKT2 was more expressed than AKT1 (Suppl. Fig. S7A and D). Besides, the ratio of 

phosphorylation of AKT1 (Ser473) per AKT1 was 1.59-fold in HKBML-MTX compared with HKBML (Suppl. Fig. 

S7A, D and G). The ratios of phosphorylation of AKT2 (Ser474) per AKT2 were 2.56-fold and 1.58-fold in HKBML-

MTX and TK-MTX, respectively, compared with the parent cells (Suppl. Fig. S7A, D and G). In mTOR proteins, 

the mTOR protein and Rictor, Rapamycin-insensitive companion of mTOR complex 2 (mTORC2) were expressed 

in HKBML than TK, whereas Raptor and GβL, positive regulatory subunits of mTORC1 were expressed in TK 

than HKBML (Suppl. Fig. S7B and E). Besides, phospho-mTOR (Ser2448) and phospho-mTOR (Ser2481) were 

reciprocally detected in HKBML and TK, (Suppl. Fig. S7B and E). However, the ratio of phosphorylation of mTOR 

(Ser2481) per mTOR was 2.57-fold in HKBML-MTX compared with HKBML (Suppl. Fig. S7G). In MAPK, 

phospho-MEK1/2 (Ser217/Ser221), phospho-ERK1/2 (Thr202/Tyr204), ERK1, phospho-p90 RSK (Ser380), and 

phospho-MSK1 (Thr581) was expressed in TK than HKBML, whereas phospho-c-Raf (Ser338) was detected in 

HKBML than TK (Suppl. Fig. S7C and F). Of these, the ratio of phosphorylation of ERK1 (Thr202) per ERK1 was 

1.43-fold in TK-MTX compared with TK (Suppl. Fig. S7G). These results suggested that, in protein and 

phosphorylation levels, AKT was activated in both HKBML-MTX and TK-MTX. Furthermore, mTOR and ERK 

signaling pathways were activated in HKBML-MTX and TK-MTX, respectively.  

 

Global expression analysis in the MTX-resistant PCNSL-derived cells 

To investigate the whole genome expression in HKBML-MTX and TK-MTX, we performed sequencing 

with the Illumina HiSeq2000/2500 as a high throughput comprehensive next-generation RNA-sequencing (Suppl. 

Fig. S9). Compared with the expression in the control cells, forty-nine and thirty-nine differentially expressed 

genes (DEGs) were detected in HKBML-MTX (Suppl. Fig. S9A) and TK-MTX (Suppl. Fig. S9B). The 

downregulated genes in HKBML-MTX were enriched into the gene ontology (GO) for neutral amino acid 

transmembrane transporter activity (GO 0015175) (p = 0.01), GTP-binding (p = 0.05), cellular response to glucose 

starvation (GO 0042149) (p = 0.026), and Central carbon metabolism in cancer (KEGG 05230) (p = 0.081) (Suppl. 

Fig. S9A and C, Suppl. Table S5). The upregulated genes in HKBML-MTX were enriched into the GO for cell 

junction (GO 0030054) (p = 0.0033), Cell membrane (UP_KEYWORDS) (p = 0.037), and neuronal stem cell 

population maintenance (GO 0097150) (p = 0.027) (Suppl. Fig. S9A and C, Suppl. Table S5). On the other hand, 
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the downregulated genes in TK-MTX were enriched into the GO for negative regulation of MAP kinase activity 

(GO 0043407) (p = 0.04), B cell receptor signaling pathway (GO 0050853) (p = 0.059), extracellular matrix (ECM) 

disassembly (GO 0022617) (p = 0.083), and natural killer (NK) cell mediated cytotoxicity (GO 0042267) (p = 0.02) 

(Suppl. Fig. S9B and D, Suppl. Table S5). The upregulated genes in TK-MTX were enriched into the GO for 

glycosylation site: N-linked (GlcNAc) (UP_SEQ_FEATURE) (p = 0.0095), transmembrane region 

(UP_SEQ_FEATURE) (p = 0.0025), glycoprotein (UP_KEYWORDS) (p = 0.068), in addition to EGF-like calcium-

binding, conserved site (IPR018097) (p = 0.074) (Suppl. Fig. S9B and D, Suppl. Table S5). These results suggest 

that downregulated function of membrane activity, glucose and central carbon metabolism, and upregulated stem 

cell property exist in HKBML-MTX and that downregulated function of negative regulation of MAP kinase, ECM 

disassembly, B cell receptor signaling, and NK cell-mediated cytotoxicity, and upregulated function of 

glycosylation of glycoproteins and EGF-like signaling pathway are served in TK-MTX.  

 Furthermore, gene set enrichment analysis (GSEA) was also performed on the NGS data (Suppl. 

Table S6). The downregulated genes in HKBML-MTX were enriched into the gene set for galectin-treated dendric 

cells Down (GSE4984) (p = 4.05 × 10-11), Cell projection (GO 0042995) (p = 3.44 × 10-10), naïve B cell vs 

monocyte, Up (GSE22886) (p = 1.32 × 10-9), B cell vs monocyte, Up (GSE29618) (p = 1.32 × 10-9), CD4 T cell 

vs B cell, Down (GSE10325) (p = 3.74 × 10-8). The upregulated genes in HKBML-MTX were enriched into the 

gene set for adult tissue stem module [42] (p = 4.27 × 10-38), positive regulation of response to stimulus (GO 

0048583) (p = 2.84 × 10-36), regulation of multicellular organismal development (GO 2000026) (p = 1.45 × 10-34), 

regulation of intracellular signal transduction (GO 1902531) (p = 2.88 × 10-33), cell surface (GO 0009986) (p = 

5.98 × 10-32), biological adhesion (GO 0022610) (p = 2.94 × 10-30), regulation of phosphorus metabolic process 

(GO 0051174) (p = 4.82 × 10-30), immune system process (GO 0002376) (p = 2.3 × 10-29), regulation of protein 

modification process (GO 0031399) (p = 1.65 × 10-28), and receptor activity (GO 0038023) (p = 5.2 × 10-28). While, 

the downregulated genes in TK-MTX were enriched into the gene set for cell projection (GO 0042995) (p = 5.01 

× 10-11), CD4 T cell vs B cell, Down (GSE10325) (p = 9.64 × 10-8), lupus CD4 T cell vs lupus B cell, Down 

(GSE10325) (p = 9.64 × 10-8), Apoptosis reversed by IL6 [43] (p = 5.89 × 10-7), and HDAC targets silenced by 

methylation, Down (p = 7.08 × 10-7) [44]. The upregulated genes in TK-MTX were enriched into the gene set for 

CDH1 targets, Down (p = 8.66 × 10-31) [45], adult tissue stem module (p = 9.87 × 10-27) [42], response to external 

stimulus (GO 0009605) (p = 1.94 × 10-26), Memory CD4 T cell vs B cell, Up (GSE3982) (p = 2.27 × 10-24), CD4 T 

cell vs B cell, Up (GSE10325) (p = 4.64 × 10-19), Immune system process (GO 0002376) (p = 5.81 × 10-23), 

Regulation of immune system process (GO 0002682) (p = 3.03 × 10-18), locomotion (GO 0040011) (p = 5.91 × 

10-18), and Membrane region (GO 0098589) (p = 1.09 × 10-17). These results suggested that tissue stem cell 

function and immune system process were activated in both HKMBL-MTX and TK-MTX. Besides, downregulated 

signaling of endogenous lectin, galectin-1 exists in HKBML-MTX. On the other hand, TK-MTX showed 

downregulation of cell projection, neural development, and blood cell differentiation on GO term and GSE profiling. 

Summarized the above GSEA results, global expression profiles of the MTX-resistant PCNSL-like cells suggested 

that MTX-resistances changed intrinsic pathways for stem cell property, development, and blood lineage toward 
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proliferative cells and stem-like cells than stable membranes and differentiated cells. 

 

Cell-type specific oxidative stress resistance in PCNSL 

As described above, the PI3Kianse-AKT-mTOR pathway was activated in TK-MTX but there may be 

other signaling pathways in HKBML-MTX, because of sensitivities for Rapamycin and MEK inhibitor (Fig. 5C and 

D). Recent studies have demonstrated that the glycolysis pathway is also regulated by oxidative stress via the 

HIF1/2α [46-48] and c-MYC [49,50]. Although the growth of TK was suppressed in culture media with 0.3% 

hydrogen peroxide (H2O2) (0.28-fold, p < 0.01), the growth of TK-MTX was not suppressed less than TK (0.77-

fold, p < 0.01) (Suppl. Fig. S11A). Inversely, the growth of HKBML-MTX was suppressed in culture media with 

0.03% H2O2 (0.70-fold, p < 0.01), whereas the growth of HKBML was not suppressed by even 0.3% H2O2 (Suppl. 

Fig. S11B). The reactive oxygen species (ROS) activity was strengthened with 0.3% H2O2 in TK (2.0-fold, p < 

0.01) but not in TK-MTX (Suppl. Fig. S11C). While, the ROS activities of both HKBML and HKBML-MTX were 

strengthened by oxidative stress (Suppl. Fig. S11D). These results indicated that TK was sensitive to oxidative 

stress but HKBML was resistant for oxidative stress, and furthermore, HKBML had a potential activity for ROS. 

Besides, the HIF1A expression was suppressed in TK (0.34-fold, p < 0.01) and HKBML (0.19-fold, p < 0.01) in 

0.3% H2O2, whereas the increased expression of HIF1A was observed in HKBML-MTX than HKBML (2.63-fold, 

p < 0.01) and under oxidative stress condition than a control in HKBML-MTX (2.43-fold, p < 0.01), but not 

observed in TK-MTX (Suppl. Fig. S11E and F), suggesting that HKBML-MTX gains the enhanced HIF1α activity 

under the oxidative stress condition.  

Next, we confirmed the above results with a HIF1α inhibitor, chrysin and a c-MYC-Max dimerization 

inhibitor, 10058-F4 (Suppl. Fig. S12). Chrysin showed no growth suppression in both TK-MTX and HKBML-MTX, 

compared with TK and HKBML, respectively (Suppl. Fig. S12A and B). While, 10058-F4 suppressed the growth 

of both TK (0.52-fold, p < 0.05) and TK-MTX (0.58-fold, p < 0.05), but not in HKBML and HKBML-MTX (Suppl. 

Fig. S12A and B). In TK and HKBML, LDH activities were not affected by chrysin but enhanced by 10058-F4 as 

1.89-fold in TK and 1.18-fold in HKBML (p < 0.01) (Suppl. Fig. S12C and D). While, the LDH activity in TK-MTX 

was enhanced by 10058-F4 than TK as 1.80-fold (p < 0.01), but not in HKBML-MTX (Suppl. Fig. S12C and D). 

Furthermore, 10058-F4 decreased the amounts of lactate in both TK (0.65-fold, p < 0.01) and TK-MTX (0.69-fold, 

p < 0.05) compared with the controls, whereas no differences were observed between TK and TK-MTX (Suppl. 

Fig. S12E). On the other hand, 10058-F4 increased the amount of lactate in HKBML-MTX (1.37-fold, p < 0.05) 

compared with DMSO as a control, and furthermore, lactate was increased in HKBML-MTX than HKBML (2.55-

fold, p < 0.01) (Suppl. Fig. S12F). The amounts of pyruvate were decreased by chrysin (0.62-fold, p < 0.01) and 

10058-F4 (0.62-fold, p < 0.01) in TK, but not in TK-MTX (Suppl. Fig. S12G). In HKBML-MTX, the amounts of 

pyruvate were less than that in HKBML (0.52-0.58-fold, p < 0.05), whereas chrysin and 10058-F4 did not change 

(Suppl. Fig. S12H). These results indicated that HIF1α and c-MYC pathways played pivotal roles for glycolysis 

with the LDH activity in HKBML and HKBML-MTX, but not in TK-MTX. Besides, HKBML was considered originally 

tolerant to HIF1α and c-MYC inhibition from the results, as described above. Thus, there would be cell-type and 
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stress-dependent signaling pathways regulating glycolysis among TK and HKBML, and their MTX-resistant cells. 

Metabolome analysis detected markedly decreased glutathione (GSH) in TK-MTX compared with TK 

(0.27-fold, p < 0.01), but not significant in HKBML-MTX compared with HKBML (Suppl. Fig. S13A). While, 

glutathione disulfide (GSSG, divalent) was decreased in the both of TK-MTX and HKBML-MTX, compared with 

the control cells, as 0.48-fold (p < 0.01) and 0.61-fold (p < 0.01), respectively (Suppl. Fig. S13A). These amounts 

led the ratios of GSH/GSSG, oxidative stress indicators, which was decreased in TK-MTX than TK (0.55-folg, p 

< 0.01), but increased in HKBML-MTX than HKBML (1.34-fold, p < 0.05) (Suppl. Fig. S13B and C). These results 

suggested anti-oxidative stress activity in HKBML-MTX, but not in TK-MTX. Furthermore, glutathione reductase 

activities were measured in time course (Suppl. Fig. S13D-F). The results showed that glutathione reductase 

activity was increased in HKBML-MTX than HKBML (1.48-folg, p < 0.001), but not in TK-derived cells (Suppl. Fig. 

S13E and F). These results also demonstrated that the cell-type specific oxidative stress resistance in HKBML-

MTX, but not in TK-MTX. 

 

Activated PI3Kinase and mTOR pathways associated with poor prognoses in PCNSL 

Expression of the DEGs in the MTX-resistant PCNSL-derived cells were also examined in PCNSL 

clinical samples. A total of 28 PCNSL tumor specimens were enrolled (Suppl. Table S7). The median age of the 

patients was 68 years (range, 31–82 years). Of the 28 patients, 17 patients were male (60.71%), and 11 patients 

were female (39.28%). The median overall survival (OS) was 28 months (range, 2–117.5 months). The OS times 

in Karnofsky Performance Status (KPS) (KPS 0–60: hazard ratio (HR) 5.32, 95% confidence interval (CI) 1.46–

25.11, p = 0.01), Memorial Sloan Kettering Cancer Center (MSKCC) risk score (MSKC2: HR 0.096, 95%CI 0.005–

0.558, p = 0.006), and International Extranodal Lymphoma Study Group (IELSG) risk score (IELSG 0–1: HR 3.78 

× 10-10, 95%CI 0–0.38, p = 0.008) showed significant differences in univariable analyses but not in multivariable 

analyses (Suppl. Table S7). The subgroups divided by the two-way clustering returned no significant differences 

(Suppl. Fig. S14A-C). However, the subgroups associated with lower expression of FOXO1 (HR 8.95, p = 0.001) 

and higher expression of MKI67 (HR 7.25, p = 0.003) showed poor prognoses (Suppl. Fig. S14E and F). Besides, 

lower expression of MYC (HR 1.82, p = 0.32) and NFKB2 (HR 1.24, p = 0.72) and higher expression of MTOR 

(HR 1.45, p = 0.54) and PIK3R1 (HR 1.71, p = 0.39) also divided survival curves (Suppl. Fig. S14G and J), 

suggestive of suppression of apoptosis and immune activity and activation of mTOR and PI3Kinase pathways 

associated with poor prognoses in PCNSL. While, the BCL6 expression was correlated with MKI67 (r = 0.72, p = 

0.027), MTOR (r = -0.53, p = 0.045), and PIK3R1 (r = 0.62, p = 0.0004) (Suppl. Fig. S15A-C). Similarly, the MTOR 

expression was associated with MKI67 (r = 0.67, p = 0.0005) and PIK3R1 (r = 0.58, p = 0.0037) (Suppl. Fig. S15B 

and C). These results indicated that PI3Kinase and mTOR pathways were activated in PCNSL. However, the 

expression of these genes was not correlated with serum LDH levels (Suppl. Fig. S16), suggestive of difficulties 

for prognosis markers in serum LDH. 
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Supplementary Figure Legends 

Suppl. Fig. S1. A whole diagram of metabolic pathways in the MTX-resistant TK cells. Red bar; MTX-resistant 

cells, blue bar; control cells. 

 

Suppl. Fig. S2. A whole diagram of metabolic pathways in the MTX-resistant HKBML cells. Red bar; MTX-

resistant cells, blue bar; control cells. 

 

Suppl. Fig. S3. Endo-point suppression of cell growth of the MTX-resistant TK and HKBML cells cultured for 4 

days with drugs (A,B) PI3Kinase inhibitors: Pictilisib and Idelalisib. (C,D) MEK1/2 inhibitors: PD184352, 

PD098059, and U0126. (E,F) Rapamycin inhibitors: Torin 1 and Everolimus. Cells were cultured for 4 days with 

drugs (200 nM). WST-8 cell proliferation assays were measured by 450 nm absorbance and presented by growth 

ratio compared with values of the appropriate control samples. Numbers in parentheses on the top of bars of 

MTX-resistant cells indicate fold-differences compared with the values of controls (DMSO). **p < 0.01; * p < 0.05; 

n.s., not significant. The experiments were repeated at least once with similar results. 

 

Suppl. Fig. S4. Malformed suppression of cell growth of the MTX-resistant TK and HKBML cells co-cultured with 

signaling inhibitors for PI3K, MEK, and mTOR. (A) TK-derived cells. (B) HKBML-derived cells. Cells were cultured 

for 4 days with drugs. WST-8 proliferation assays were measured by 450 nm absorbance and presented by 

growth ratio compared with values of the appropriate control samples. Numbers on the top of bars of MTX-

resistant cells indicate fold-differences compared with the values of controls. **p < 0.01; *p < 0.05. The 

experiments were repeated at least once with similar results. 

 

Suppl. Fig. S5. Apoptosis and senescence activities in PCNSL-derived cells cultured 48h with LY294001 as PI3K 

inhibitor, PD0325901 as MEK inhibitor, and Rapamycin as mTOR inhibitor. (A,B) Caspase-3/7 activity in (A) TK-

derived cells and (B) HKBML-derived cells. TK and HKBML cells cultured with Staurosporine (2 μM) as positive 

controls for the Caspase-3/7 activity. (C,D) Senescence associated (SA)-β-galactosidase activity in (C) TK-

derived cells and (D) HKBML-derived cells. TK and HKBML cells cultured with etoposide (10 μM) as positive 

controls for the SA-β-galactosidase activity. DMSO as vehicle, RLU; relative luminescence unit, RFU; relative 

fluorescence unit. Numbers of parentheses indicate fold changes with statistical significances. *p < 0.05. n.s., not 

significant. The experiments were repeated at least once with similar results. 
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Suppl. Fig. S6. Cell-specific signaling pathways for glycolysis and ATP synthesis in the MTX-resistant TK and 

HKBML cells. Inhibitors for PI3K (Pictilisib and Ideralisib), MEK (PD184352, PD098059, and U0126), and mTOR 

(Torin1 and Everolimus) were used in TK (A,C,E,G,I) and HKBML (B,D,F,H,J). (A,B) Glucose. (C,D) Pyruvate. 

(E,F) Lactate. (G,H) LDH activity. (I,J) ATP. Fold differences in the MTX-resistant cells compared with the control 

cells are shown. Numbers in parentheses on the top of bars of MTX-resistant cells indicate fold-differences. **p 

< 0.01; *p < 0.05; n.s., not significant. The experiments were repeated at least once with similar results. 

 

Suppl. Fig. S7. Protein expression and phosphorylation of PI3-Kinase, AKT family, mTOR complex, and MAP-

Kinase in the MTX-resistant PCNSL-derived cells. (A-C) Western blot analysis. (A) PI3-Kinase and AKT family. 

(B) mTOR complex. (C) MAP-Kinase and β-Actin as a loading control. (D-F) Quantifications of the signal 

intensities of the western blots normalized by β-Actin signals. (D) PI3-Kinase and AKT family. (E) mTOR complex. 

(F) MAP-Kinase. (G) Relative phosphorylation of p85 PI3-Kinase, AKT, mTOR, and ERK. The signal intensities 

of representative blots were quantified by the NIH Image. Y; Tyrosine, S; Serine, T; Threonine. The experiments 

were repeated at least once with similar results. 

 

Suppl. Fig. S8. Representative images of the western blot analysis. Area surrounded by red lines was quantified 

as signals by the NIH Image. The signal intensities were calculated as average signal multiplied by dot area. 

 

Suppl. Fig. S9. Global expression analysis of the MTX-resistant PCNSL-derived cells using the Next Generation 

Sequencer. (A,B) Differentially expressed genes (DEGs) in the MTX-resistant PCNSL-derived HKBML (A) and 

TK (B) cells, compared with the control cells, respectively. Downregulated and upregulated gene sets in HKBML-

MTX were designated Gene Set 1 and Gene Set 2, respectively. Downregulated and upregulated gene sets in 

TK-MTX were designated Gene Set 3 and Gene Set 4, respectively. (C) List of DEGs with fold changes in HKBML-

MTX, compared with HKBML. (D) List of DEGs with fold changes in TK-MTX, compared with TK.  

 

Suppl. Fig. S10. Images of tumors grown in nude mice. 

 

Suppl. Fig. S11. Cell-type specific oxidative stress responses in the MTX-resistant PCNSL-derived cells. (A,B) 

Cell growth of the MTX-resistant PCNSL-derived cells exposed oxidative stress with 0.03 – 0.6% H2O2 in culture 

media. (A) TK and TK-MTX. (B) HKBML and HKBML-MTX. (C,D) Reactive oxygen species (ROS) activities of 

the MTX-resistant PCNSL-derived cells exposed oxidative stress with 0.03 – 0.6% H2O2 in culture media. (C) 

TK and TK-MTX. (D) HKBML and HKBML-MTX. (E,F) Expression levels of HIF1A in the MTX-resistant PCNSL-

derived cells exposed oxidative stress with 0.3% H2O2 in culture media. (E) TK and TK-MTX. (F) HKBML and 

HKBML-MTX. Numbers in parentheses indicate fold-differences compared with control culture media. **p < 0.01; 

*p < 0.05, REU; relative expression unit, n.s.; not significant. The experiments were repeated once with similar 

results. 
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Suppl. Fig. S12. Cell-type specific oxidative stress responses and MYC function for cell growth and glycolysis in 

the MTX-resistant PCNSL-derived cells. (A,B) Cell growth, (C,D) LDH activities, (E,F) Lactate, and (G,H) pyruvate 

levels of the MTX-resistant PCNSL-derived cells with HIF1A inhibitor, chrysin and MYC inhibitor, 10058-F4, 

compared with the control cells (DMSO). DMSO was used as a control. Numbers in parentheses indicate fold-

differences compared with control culture media. **p < 0.01; *p < 0.05, n.s.; not significant. (A,C,E,G) TK and TK-

MTX. (B,D,F,H) HKBML and HKBML-MTX. The experiments were repeated once with similar results. 

 

Suppl. Fig. S13. Cell-type specific glutathione reductase activity in the MTX-resistant PCNSL-derived cells. (A) 

Concentration of GSH and GSSG. (B,C) Ratios of GSH/GSSG as oxidative stress markers in (B) TK-derived 

cells and (C) HKBML-derived cells. (D) Time course-dependent absorptions at 340 nm per well (n = 6). (E,F) 

Glutathione reductase activity in (E) TK-derived cells and (F) HKBML-derived cells. n.s., not significance. The 

experiments were repeated once with similar results. 

 

Suppl. Fig. S14. Expression of the genes with significant differences in the MTX-resistant PCNSL-derived cells 

in the patients with PCNSL. (A) Expression of BCL6, MKI67, MTOR, PIK3R1, FOXO1, NFKB2, and MYC were 

investigated with qPCR in 28 PCNSL specimens and were shown in the heat map with a hierarchical clustering 

analysis. The relative expression levels were normalized by ACTB. (B,C) Survival distributions of the PCNSL 

patients associated with an expression cluster (B) and a unique expression (C). (D-J) Survival distributions of the 

subgroups divided by the median expression of the genes. (D) BCL6, (E) FOXO1, (F) MKI67, (G) MTOR, (H) 

MYC, (I) NFKB2, and (J) PIK3R1. HR; hazard ratio, OS; overall survival. 

 

Suppl. Fig. S15. Correlation among the expression of the genes with significant differences in the MTX-resistant 

PCNSL-derived cells in the patients with PCNSL. (A) Scatter plot of the genes with histograms on X-axis. X and 

Y axes denote relative expression units of the genes. (B) Partial correlation coefficient values among the genes 

are shown. (C) p-values corresponding to the partial correlation coefficient values are shown. 

 

Suppl. Fig. S16. Correlation between the expression of the genes with significant differences in the MTX-resistant 

PCNSL-derived cells and the serum LDH levels in the patients with PCNSL. (A-G) Scatter plots of the gene 

expression associated with the serum LDH levels. R2, R-square. (H-N) Box plots of the gene expression in the 

subgroups associated with serum LDH levels by 200 U/L. (A,H) BCL6, (B,I) FOXO1, (C,J) MKI67, (D,K) MTOR, 

(E,L) MYC, (F,M) NFKB2, and (G,N) PIK3R1. REU, relative expression unit.  


