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A B S T R A C T   

Methionine addiction is a fundamental and general hallmark of cancer cells, which require exogenous methio
nine, despite their ability to synthesize normal amounts of methionine from homocysteine. In contrast, 
methionine-independent normal cells do not require exogenous methionine in the presence of a methionine 
precursor. The methionine addiction of cancer cells is due to excess transmethylation reactions. We have pre
viously shown that histone H3 lysine marks are over-methylated in cancer cells and the over-methylation is 
unstable when the cancer cells are restricted of methionine. In the present study, we show that methionine- 
addicted osteosarcoma cells are sensitive to both methotrexate (MTX) and recombinant methioninase (rME
Tase), but they affect histone H3 lysine-methylation in the opposite direction. Concentrations of MTX and 
rMETase, which inhibit osteosarcoma cells viability to 20%, had opposing effects on the status of histone 
methylation of H3K9me3 and H3K27me3. rMETase significantly decreased the amount of H3K9me3 and 
H3K27me3. In contrast, MTX significantly increased the amount of H3K9me and H3K27me3. The results suggest 
that increase or decrease in these methylated histone lysine marks is associated with proliferation arrest of 
methionine-addicted osteosarcoma.   

1. Introduction 

Methionine addiction, a general and fundamental hallmark of can
cer, was discovered by one of us (Robert M. Hoffman) [1]. Methionine 
addiction is due to overuse of methionine for transmethylation reactions 
[2]. At least some of the overused methionine by methionine-addicted 
cancer cells is used for over-methylation of histone H3 lysine marks [3]. 

In addition, we previously have reported that the levels of histone H3 
lysine-trimethylation were unstable in methionine-addicted cancer cells 
under methionine-restriction (MR) conditions [3], effected by recom
binant L-methionine α-deamino-γ-mercapto-methane lyase (rMETase) 
[4]. In contrast, normal cells have a stable and normal level of histone 
H3 lysine-trimethylation, even under MR [3]. 

Methotrexate (MTX) is a first line therapy for osteosarcoma, which 

has been used for decades [5,6]. MTX inhibits dihydrofolate reductase, 
subsequently depleting 10-formyl-tetrahydrofolate, which is essential 
for de novo purine synthesis, and 5,10-methylente-tetrahydrofolate, 
which is used for pyrimidine synthesis, causing inhibition of DNA 
synthesis. 

The global status of the histone lysine-methylation may alter the 
expression of a vast number of genes [7–9]. Histone H3K9me3 and 
H3K27me3 are thought to be involved in the repression the gene tran
scription. We previously reported that the levels of the histone 
H3K9me3 and H3K27me3 were decreased in methionine-addicted 
cancer cells when treated with rMETase [3,10]. There are previous re
ports on the relationship of drug resistance and the levels of H3K9me3 
and H3K27me3, but they are not consistent [11–22]. There are no re
ports on the effect of MTX on histone H3 lysine-methylation. 
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In the present report, we show that rMETase and MTX have opposite 
effects on histone H3 lysine-methylation, at concentrations which 
inhibit proliferation of methionine-addicted osteosarcoma cells. 

2. Materials and methods 

2.1. Cell culture and reagents 

The 143B human osteosarcoma cell line was obtained from the 
American Type Culture Collection (Manassas, VA, USA). Cells were 
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) and 1 IU/ml penicillin/streptomycin. 

2.2. Reagents 

MTX was obtained from MedChemExpress (# HY-14519, Monmouth 
Junction, NJ, USA) and dissolved in dimethyl sulfoxide (DMSO). Re
combinant methioninase (rMETase) (AntiCancer Inc., San Diego, CA, 
USA) is a homotetrameric enzyme, with a 172-kDa molecular mass. 
Production of rMETase was as previously reported [4]. 

2.3. Drug sensitivity assay 

Cell viability was assessed using the WST-8 reagent (Dojindo Labo
ratory, Kumamoto, Japan). Cells were cultured in 96-well plates (7.5 ×
102 cells/well) in DMEM (100 μl/well) and incubated at 37 ◦C over
night. Cells were treated with different concentrations of MTX, between 
1.25 μM and 160 μM; or rMETase, between 0.025 U/ml and 1.6 U/ml for 
72h. At the end of the culture period, 10 μl of the WST-8 solution was 
added to each well and the plate was additionally incubated for 1 h at 
37 ◦C. Absorption was measured with a microplate reader (SUNRISE: 
TECAN, Männedorf, Switzerland) at 450 nm. Drug sensitivity curves 
were obtained with Microsoft Excel for Mac 2016 ver. 15.52 (Microsoft, 
Redmond, WA, USA) and half-maximal inhibitory concentration (IC50) 
values were calculated with ImageJ ver. 1.53k (National Institutes of 
Health, Bethesda, MD, USA). Experiments were performed twice, each 
in triplicate. 

2.4. Immunoblotting 

The cells were cultured in 100 mm2 dishes in DMEM medium, 
incubated in 37 ◦C overnight. The dishes were washed with phosphate- 
buffered saline (PBS) one time, and medium was changed to normal 
medium or medium with MTX (0.02 μM) or with METase (0.5 U/ml) and 
further incubated in 37 ◦C for 72h. The cells were lysed, and histones 
were extracted using a Epiquik Total Histone-Extraction Kit (Epigentek, 
Farmingdale, NY, USA). Immunoblotting for these histones was per
formed as follows: Histone extract samples were loaded onto 12% SDS- 
PAGE gels and transferred to 0.2 μm polyvinylidene difluoride (PVDF) 
membranes. Blocking of the membranes was performed with the Bullet 
Blocking One for Western Blotting (Nakalai Tesque, Inc. Kyoto, Japan). 
Anti-H3K9me3 antibody (1:1,000, #13969, Cell Signaling Technology, 
Danvers, MA, USA); anti-H3K27me3 antibody (1:1000 #9733, Cell 
Signaling Technology); and anti-H3 antibody (1:1,500, 17168-1-AP, 
Proteintech, Rosemont, IL, USA) were used. Total histone H3 was used 
as an internal loading control. Horseradish-peroxidase-conjugated anti- 
rabbit IgG (1:20,000, SA00001-2, Proteintech, Rosemont, IL, USA) was 
used as a second antibody. Immunoreactivity was visualized with Clarity 
Western ECL Substrate (Bio-Rad Laboratories, Hercules, CA, USA). The 
signals were detected with the UVP ChemStudio (Analytik Jena, Upland, 
CA, USA) [3,10]. The signals of H3K9me3 and H3K27me3 were 
normalized to the signals of total histone H3 for relative quantification. 
Experiments were performed three times. 

2.5. Statistical analysis 

All statistical analyses were performed with JMP pro ver. 15.0.0 (SAS 
Institute, Cary, NC, USA). Tukey-Kramer HSD was performed to 
compare the means between 3 groups. The Dunnett test was applied to 
compare each of the means with the control group. Bar graphs were 
constructed to show the mean and error bars show standard deviation or 
standard error of the mean. A probability value ≤ 0.05 was defined as 
statistically significant. 

3. Results 

3.1. Osteosarcoma cells are sensitive to both rMETase and MTX 

Both MTX and rMETase inhibited the 143B osteosarcoma cells with 
the following IC50: MTX (0.016 μM), and rMETase (0.28 U/ml) (Fig. 1A 
and B), (MTX [P < 0.001], and rMETase [P < 0.001], compared to the 
untreated controls) (Fig. 1C). 

3.2. rMTEase decreased and MTX increased histone H3 lysine- 
trimethylation 

We evaluated the methylation status of histone H3K9me3 and 
H3K27me3 in osteosarcoma cells by immunoblotting, at the 20% 
inhibitory concentrations of rMETase or MTX. Compared to untreated 
control cells, rMETase decreased the amount of H3K9me3 (P = 0.04) 
and H3K27me3 (P < 0.001). In contrast, MTX increased the amount of 
H3K9me3 (P = 0.002) and H3K27me3 (P < 0.001) (Fig. 2). 

4. Discussion 

The results of the present study show that the levels of the histone H3 
lysine marks H3K9me3 and H3K27me3 were decreased in methionine- 
addicted osteosarcoma cells treated with rMETase, which is consistent 
with our previous study, which showed that the level of H3K9me3 and 
H3K27me3 was decreased in methionine-addicted carcinoma cells by 
treatment with rMETase [3,10]. In contrast in the present study, the 
level of H3K9me3 and H3K27me3 was increased by MTX. 

There are reported effects of drugs on histone H3 lysine-methylation, 
including H3K9me3 and H3K27me3 [11–22], which are inconsistent. 
There are no reports on the effect of MTX on histone-H3 lysine-methy
lation. The present report is the first to show histone H3 
lysine-trimethylation marks are increased by MTX. 

In the present study, we compared the status of histone H3 lysine- 
trimethylation between cells treated with rMETase and MTX, and 
found an opposite effect with these 2 agents. Generally histone 
H3K9me3 and H3K27me3 are regarded as transcription suppressors 
[7–9]. The global status of histone methylation might alter the expres
sion of a vast number of genes. The results suggest that both an increase 
and a decrease of histone H3 lysine-methylation can be involved in in
hibition of proliferation of methionine-addicted cancer cells. 

MTX is a long-time first-line drug for all sarcoma types. rMETase has 
shown efficacy against all major sarcoma types in patient-derived 
orthotopic xenograft (PDOX) mouse models [23–36], and has shown 
clinical efficacy as well in preliminary studies [37]. 

rMETase reduces the cell’s external source of methionine. MTX re
duces the cell’s internal source of methionine by inhibiting dihy
drofolate reductase (DHFR) and methylenetetrahydrofolate reductase 
(MTHFR), thereby inhibiting methionine biosynthesis from homocys
teine. Our previous studies have indicated that cancer cells use external 
methionine and biosynthesized methionine differently [1,38], which 
appear to be in separate pools. 

Our current hypothesis is that the inhibition of internally- 
biosynthesized methionine by MTX may disrupt the methionine bal
ance in the cancer cell, possibly allowing more external methionine to be 
used for histone methylation via S-adenosylmethionine (SAM). It is 
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possible that both over-methylation and under-methylation of the two 
histone markers, H3K9me3 and H3K27me3, are detrimental to the 
proliferation of osteosarcoma cells. 

Future studies will focus on the mechanism of cell proliferation 

inhibition by rMETase and MTX, involving alteration of histone H3 
lysine-methylation, including studies at the atomic/molecular level [39, 
40]. 

Fig. 1. MTX and rMETase sensitivity of human osteosarcoma cell line 143B (mean ± SD, n = 3). (A) Sensitivity to MTX. (B) Sensitivity to rMETase. (C) Comparison of 
the efficacy of MTX (0.02 μM) and rMETase (0.5 U/ml). **; P < 0.001. 

Fig. 2. (A) Immunoblotting of histone H3 lysine marks H3K9me3 and H3K27me3 in 143B osteosarcoma cells cultured in DMEM or treated with MTX (0.02 μM) or 
rMETase (0.5 U/ml) for 72h. (B) The ratio of H3K9me3/total histone H3 and H3K27me3/total histone H3 in 143B osteosarcoma cells cultured in DMEM and treated 
with MTX or rMETase (mean ± SEM, n = 3). *; P < 0.01, **; P < 0.001. 

Y. Aoki et al.                                                                                                                                                                                                                                    



Biochemistry and Biophysics Reports 28 (2021) 101177

4

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This paper is dedicated to the memory of A. R. Moossa, MD, Sun Lee, 
MD, Professor Li Jiaxi and Masaki Kitajima, MD. 

References 

[1] R.M. Hoffman, R.W. Erbe, High in vivo rates of methionine biosynthesis in 
transformed human and malignant rat cells auxotrophic for methionine, Proc. Natl. 
Acad. Sci. U. S. A. 73 (1976) 1523–1527, https://doi.org/10.1073/pnas.73.5.1523. 

[2] P.H. Stern, R.M. Hoffman, Elevated overall rates of transmethylation in cell lines 
from diverse human tumors 20 (1984) 663–670, https://doi.org/10.1007/ 
bf02619617. 

[3] J. Yamamoto, Q. Han, S. Inubushi, N. Sugisawa, K. Hamada, H. Nishino, K. Miyake, 
T. Kumamoto, R. Matsuyama, M. Bouvet, I. Endo, R.M. Hoffman, Histone 
methylation status of H3K4me3 and H3K9me3 under methionine restriction is 
unstable in methionine-addicted cancer cells, but stable in normal cells, Biochem. 
Biophys. Res. Commun. 533 (2020) 1034–1038, https://doi.org/10.1016/j. 
bbrc.2020.09.108. 

[4] Y. Tan, M. Xu, X. Tan, X. Wang, Y. Saikawa, T. Nagahama, X. Sun, M. Lenz, R. 
M. Hoffman, Overexpression and large-scale production of recombinant L- 
methionine-alpha-deamino-gamma-mercaptomethane-lyase for novel anticancer 
therapy, Protein Expr. Purif. 9 (1997) 233–245, https://doi.org/10.1006/ 
prep.1996.0700. 

[5] M. Sramek, J. Neradil, R. Veselska, Much more than you expected: the non-DHFR- 
mediated effects of methotrexate, Biochim. Biophys. Acta Gen. Subj. 1861 (2017) 
499–503, https://doi.org/10.1016/j.bbagen.2016.12.014. 

[6] Y.C. Wang, E.P. Chiang, Low-dose methotrexate inhibits methionine S- 
adenosyltransferase in vitro and in vivo, Mol. Med. 18 (2012) 423–432, https:// 
doi.org/10.2119/molmed.2011.00048. 

[7] J.L. Miller, P.A. Grant, The role of DNA methylation and histone modifications in 
transcriptional regulation in humans, Subcell. Biochem. 61 (2013) 289–317, 
https://doi.org/10.1007/978-94-007-4525-4_13. 

[8] Y. Song, F. Wu, J. Wu, Targeting histone methylation for cancer therapy: enzymes, 
inhibitors, biological activity and perspectives, J. Hematol. Oncol. 9 (2016) 49, 
https://doi.org/10.1186/s13045-016-0279-9. 

[9] H. Cedar, Y. Bergman, Linking DNA methylation and histone modification: patterns 
and paradigms, Nat. Rev. Genet. 10 (2009) 295–304, https://doi.org/10.1038/ 
nrg2540. 

[10] J. Yamamoto, S. Inubushi, Q. Han, Y. Tashiro, N. Sugisawa, K. Hamada, Y. Aoki, 
K. Miyake, R. Matsuyama, M. Bouvet, S.G. Clarke, I. Endo, R.M. Hoffman, The 
linkage of methionine addiction, overmethylation of histone H3 lysines and 
malignancy demonstrated when cancer cells revert to methionine-independence, 
bioRxiv (2021), https://doi.org/10.1101/2020.12.04.412437. 

[11] A.V. Paschall, D. Yang, C. Lu, J.H. Choi, X. Li, F. Liu, M. Figueroa, N.H. Oberlies, 
C. Pearce, W.B. Bollag, A. Nayak-Kapoor, K. Liu, H3K9 trimethylation silences fas 
expression to confer colon carcinoma immune escape and 5-fluorouracil 
chemoresistance, J. Immunol. 195 (2015) 1868–1882, https://doi.org/10.4049/ 
jimmunol.1402243. 

[12] J. Torrano, A. Al Emran, H. Hammerlindl, H. Schaider, Emerging roles of 
H3K9me3, SETDB1 and SETDB2 in therapy-induced cellular reprogramming, Clin. 
Epigenet. 11 (2019) 43, https://doi.org/10.1186/s13148-019-0644-y. 

[13] G.D. Guler, C.A. Tindell, R. Pitti, C. Wilson, K. Nichols, T. KaiWai Cheung, H. 
J. Kim, M. Wongchenko, Y. Yan, B. Haley, T. Cuellar, J. Webster, N. Alag, G. Hegde, 
E. Jackson, T.L. Nance, P.G. Giresi, K.B. Chen, J. Liu, S. Jhunjhunwala, 
J. Settleman, J.P. Stephan, D. Arnott, M. Classon, Repression of stress-induced 
LINE-1 expression protects cancer cell subpopulations from lethal drug exposure, 
Cancer Cell 32 (2017) 221–237, https://doi.org/10.1016/j.ccell.2017.07.002, 
e213. 

[14] D.E. Tang, Y. Dai, J.X. He, L.W. Lin, Q.X. Leng, X.Y. Geng, D.X. Fu, H.W. Jiang, S. 
H. Xu, Targeting the KDM4B-AR-c-Myc axis promotes sensitivity to androgen 
receptor-targeted therapy in advanced prostate cancer, J. Pathol. 252 (2020) 
101–113, https://doi.org/10.1002/path.5495. 

[15] T. Liu, Q. Guo, H. Guo, S. Hou, J. Li, H. Wang, Quantitative analysis of histone H3 
and H4 post-translational modifications in doxorubicin-resistant leukemia cells, 
Biomed. Chromatogr. 30 (2016) 638–644, https://doi.org/10.1002/bmc.3608. 

[16] S. Hu, L. Yu, Z. Li, Y. Shen, J. Wang, J. Cai, L. Xiao, Z. Wang, Overexpression of 
EZH2 contributes to acquired cisplatin resistance in ovarian cancer cells in vitro 
and in vivo, Cancer Biol. Ther. 10 (2010) 788–795, https://doi.org/10.4161/ 
cbt.10.8.12913. 

[17] P.H. Abbosh, J.S. Montgomery, J.A. Starkey, M. Novotny, E.G. Zuhowski, M. 
J. Egorin, A.P. Moseman, A. Golas, K.M. Brannon, C. Balch, T.H. Huang, K. 
P. Nephew, Dominant-negative histone H3 lysine 27 mutant derepresses silenced 
tumor suppressor genes and reverses the drug-resistant phenotype in cancer cells, 
Cancer Res. 66 (2006) 5582–5591, https://doi.org/10.1158/0008-5472.can-05- 
3575. 

[18] X. Zong, W. Wang, A. Ozes, F. Fang, G.E. Sandusky, K.P. Nephew, EZH2-Mediated 
downregulation of the tumor suppressor DAB2IP maintains ovarian cancer stem 
cells, Cancer Res. 80 (2020) 4371–4385, https://doi.org/10.1158/0008-5472.can- 
20-0458. 

[19] G. Stazi, C. Zwergel, A. Mai, S. Valente, EZH2 inhibitors: a patent review (2014- 
2016), Expert Opin. Ther. Pat. 27 (2017) 797–813, https://doi.org/10.1080/ 
13543776.2017.1316976. 

[20] Z. Wang, J. Dai, J. Yan, Y. Zhang, Z. Yin, Targeting EZH2 as a novel therapeutic 
strategy for sorafenib-resistant thyroid carcinoma, J. Cell Mol. Med. 23 (2019) 
4770–4778, https://doi.org/10.1111/jcmm.14365. 

[21] W. Li, Y. Li, H. Zhang, M. Liu, H. Gong, Y. Yuan, R. Shi, Z. Zhang, C. Liu, C. Chen, 
H. Liu, J. Chen, HOTAIR promotes gefitinib resistance through modification of 
EZH2 and silencing p16 and p21 in non-small cell lung cancer, J. Cancer 12 (2021) 
5562–5572, https://doi.org/10.7150/jca.56093. 

[22] C. Yang, J. Zhang, Y. Ma, C. Wu, W. Cui, L. Wang, Histone methyltransferase and 
drug resistance in cancers, J. Exp. Clin. Cancer Res. 39 (2020) 173, https://doi. 
org/10.1186/s13046-020-01682-z. 

[23] T. Murakami, S. Li, Q. Han, Y. Tan, T. Kiyuna, K. Igarashi, K. Kawaguchi, H. 
K. Hwang, K. Miyake, A.S. Singh, S.D. Nelson, S.M. Dry, Y. Li, Y. Hiroshima, T. 
M. Lwin, J.C. DeLong, T. Chishima, K. Tanaka, M. Bouvet, I. Endo, F.C. Eilber, R. 
M. Hoffman, Recombinant methioninase effectively targets a Ewing’s sarcoma in a 
patient-derived orthotopic xenograft (PDOX) nude-mouse model, Oncotarget 8 
(2017) 35630–35638, https://doi.org/10.18632/oncotarget.15823. 

[24] K. Miyake, T. Kiyuna, S. Li, Q. Han, Y. Tan, M. Zhao, H. Oshiro, K. Kawaguchi, 
T. Higuchi, Z. Zhang, S. Razmjooei, M. Barangi, S. Wangsiricharoen, T. Murakami, 
A.S. Singh, Y. Li, S.D. Nelson, F.C. Eilber, M. Bouvet, Y. Hiroshima, T. Chishima, 
R. Matsuyama, S.R. Singh, I. Endo, R.M. Hoffman, Combining tumor-selective 
bacterial therapy with Salmonella typhimurium A1-R and cancer metabolism 
targeting with oral recombinant methioninase regressed an ewing’s sarcoma in a 
patient-derived orthotopic xenograft model, Chemotherapy 63 (2018) 278–283, 
https://doi.org/10.1159/000495574. 

[25] K. Igarashi, S. Li, Q. Han, Y. Tan, K. Kawaguchi, T. Murakami, T. Kiyuna, 
K. Miyake, Y. Li, S.D. Nelson, S.M. Dry, A.S. Singh, I.A. Elliott, T.A. Russell, M. 
A. Eckardt, N. Yamamoto, K. Hayashi, H. Kimura, S. Miwa, H. Tsuchiya, F.C. Eilber, 
R.M. Hoffman, Growth of doxorubicin-resistant undifferentiated spindle-cell 
sarcoma PDOX is arrested by metabolic targeting with recombinant methioninase, 
J. Cell. Biochem. 119 (2018) 3537–3544, https://doi.org/10.1002/jcb.26527. 

[26] K. Igarashi, K. Kawaguchi, T. Kiyuna, K. Miyake, M. Miyaki, N. Yamamoto, 
K. Hayashi, H. Kimura, S. Miwa, T. Higuchi, A.S. Singh, B. Chmielowski, S. 
D. Nelson, T.A. Russell, M.A. Eckardt, S.M. Dry, Y. Li, S.R. Singh, S.P. Chawla, F. 
C. Eilber, H. Tsuchiya, R.M. Hoffman, Metabolic targeting with recombinant 
methioninase combined with palbociclib regresses a doxorubicin-resistant 
dedifferentiated liposarcoma, Biochem. Biophys. Res. Commun. 506 (2018) 
912–917, https://doi.org/10.1016/j.bbrc.2018.10.119. 

[27] K. Igarashi, K. Kawaguchi, S. Li, Q. Han, Y. Tan, E. Gainor, T. Kiyuna, K. Miyake, 
M. Miyake, T. Higuchi, H. Oshiro, A.S. Singh, M.A. Eckardt, S.D. Nelson, T. 
A. Russell, S.M. Dry, Y. Li, N. Yamamoto, K. Hayashi, H. Kimura, S. Miwa, 
H. Tsuchiya, F.C. Eilber, R.M. Hoffman, Recombinant methioninase combined with 
doxorubicin (DOX) regresses a DOX-resistant synovial sarcoma in a patient-derived 
orthotopic xenograft (PDOX) mouse model, Oncotarget 9 (2018) 19263–19272, 
https://doi.org/10.18632/oncotarget.24996. 

[28] K. Igarashi, K. Kawaguchi, S. Li, Q. Han, Y. Tan, T. Murakami, T. Kiyuna, 
K. Miyake, M. Miyake, A.S. Singh, M.A. Eckardt, S.D. Nelson, T.A. Russell, S. 
M. Dry, Y. Li, N. Yamamoto, K. Hayashi, H. Kimura, S. Miwa, H. Tsuchiya, S. 
R. Singh, F.C. Eilber, R.M. Hoffman, Recombinant methioninase in combination 
with doxorubicin (DOX) overcomes first-line DOX resistance in a patient-derived 
orthotopic xenograft nude-mouse model of undifferentiated spindle-cell sarcoma, 
Cancer Lett. 417 (2018) 168–173, https://doi.org/10.1016/j.canlet.2017.12.028. 

[29] K. Igarashi, K. Kawaguchi, T. Kiyuna, K. Miyake, M. Miyake, S. Li, Q. Han, Y. Tan, 
M. Zhao, Y. Li, S.D. Nelson, S.M. Dry, A.S. Singh, I.A. Elliott, T.A. Russell, M. 
A. Eckardt, N. Yamamoto, K. Hayashi, H. Kimura, S. Miwa, H. Tsuchiya, F.C. Eilber, 
R.M. Hoffman, Tumor-targeting Salmonella typhimurium A1-R combined with 
recombinant methioninase and cisplatinum eradicates an osteosarcoma 
cisplatinum-resistant lung metastasis in a patient-derived orthotopic xenograft 
(PDOX) mouse model: decoy, trap and kill chemotherapy moves toward the clinic, 
Cell Cycle 17 (2018) 801–809, https://doi.org/10.1080/15384101.2018.1431596. 

[30] T. Higuchi, K. Kawaguchi, K. Miyake, Q. Han, Y. Tan, H. Oshiro, N. Sugisawa, 
Z. Zhang, S. Razmjooei, N. Yamamoto, K. Hayashi, H. Kimura, S. Miwa, K. Igarashi, 
S.P. Chawla, A.S. Singh, F.C. Eilber, S.R. Singh, H. Tsuchiya, R.M. Hoffman, Oral 
recombinant methioninase combined with caffeine and doxorubicin induced 
regression of a doxorubicin-resistant synovial sarcoma in a PDOX mouse model, 
Anticancer Res. 38 (2018) 5639–5644, https://doi.org/10.21873/ 
anticanres.12899. 

[31] T. Higuchi, H. Oshiro, K. Miyake, N. Sugisawa, Q. Han, Y. Tan, J. Park, Z. Zhang, 
S. Razmjooei, N. Yamamoto, K. Hayashi, H. Kimura, S. Miwa, K. Igarashi, 
M. Bouvet, S.P. Chawla, S.R. Singh, H. Tsuchiya, R.M. Hoffman, Oral recombinant 
methioninase, combined with oral caffeine and injected cisplatinum, overcome 
cisplatinum-resistance and regresses patient-derived orthotopic xenograft model of 
osteosarcoma, Anticancer Res. 39 (2019) 4653–4657, https://doi.org/10.21873/ 
anticanres.13646. 

Y. Aoki et al.                                                                                                                                                                                                                                    

https://doi.org/10.1073/pnas.73.5.1523
https://doi.org/10.1007/bf02619617
https://doi.org/10.1007/bf02619617
https://doi.org/10.1016/j.bbrc.2020.09.108
https://doi.org/10.1016/j.bbrc.2020.09.108
https://doi.org/10.1006/prep.1996.0700
https://doi.org/10.1006/prep.1996.0700
https://doi.org/10.1016/j.bbagen.2016.12.014
https://doi.org/10.2119/molmed.2011.00048
https://doi.org/10.2119/molmed.2011.00048
https://doi.org/10.1007/978-94-007-4525-4_13
https://doi.org/10.1186/s13045-016-0279-9
https://doi.org/10.1038/nrg2540
https://doi.org/10.1038/nrg2540
https://doi.org/10.1101/2020.12.04.412437
https://doi.org/10.4049/jimmunol.1402243
https://doi.org/10.4049/jimmunol.1402243
https://doi.org/10.1186/s13148-019-0644-y
https://doi.org/10.1016/j.ccell.2017.07.002
https://doi.org/10.1002/path.5495
https://doi.org/10.1002/bmc.3608
https://doi.org/10.4161/cbt.10.8.12913
https://doi.org/10.4161/cbt.10.8.12913
https://doi.org/10.1158/0008-5472.can-05-3575
https://doi.org/10.1158/0008-5472.can-05-3575
https://doi.org/10.1158/0008-5472.can-20-0458
https://doi.org/10.1158/0008-5472.can-20-0458
https://doi.org/10.1080/13543776.2017.1316976
https://doi.org/10.1080/13543776.2017.1316976
https://doi.org/10.1111/jcmm.14365
https://doi.org/10.7150/jca.56093
https://doi.org/10.1186/s13046-020-01682-z
https://doi.org/10.1186/s13046-020-01682-z
https://doi.org/10.18632/oncotarget.15823
https://doi.org/10.1159/000495574
https://doi.org/10.1002/jcb.26527
https://doi.org/10.1016/j.bbrc.2018.10.119
https://doi.org/10.18632/oncotarget.24996
https://doi.org/10.1016/j.canlet.2017.12.028
https://doi.org/10.1080/15384101.2018.1431596
https://doi.org/10.21873/anticanres.12899
https://doi.org/10.21873/anticanres.12899
https://doi.org/10.21873/anticanres.13646
https://doi.org/10.21873/anticanres.13646


Biochemistry and Biophysics Reports 28 (2021) 101177

5

[32] K. Igarashi, K. Kawaguchi, M. Zhao, Q. Han, Y. Tan, T. Kiyuna, K. Miyake, 
T. Higuchi, S.D. Nelson, S.M. Dry, Y. Li, N. Yamamoto, K. Hayashi, H. Kimura, 
S. Miwa, S.R. Singh, H. Tsuchiya, R.M. Hoffman, Recombinant methioninase 
combined with tumor-targeting Salmonella typhimurium A1-R induced regression 
in a PDOX mouse model of doxorubicin-resistant dedifferentiated liposarcoma, 
Anticancer Res. 40 (2020) 2515–2523, https://doi.org/10.21873/ 
anticanres.14222. 

[33] T. Higuchi, Q. Han, K. Miyake, H. Oshiro, N. Sugisawa, Y. Tan, N. Yamamoto, 
K. Hayashi, H. Kimura, S. Miwa, K. Igarashi, M. Bouvet, S.R. Singh, H. Tsuchiya, R. 
M. Hoffman, Combination of oral recombinant methioninase and decitabine arrests 
a chemotherapy-resistant undifferentiated soft-tissue sarcoma patient-derived 
orthotopic xenograft mouse model, Biochem. Biophys. Res. Commun. 523 (2020) 
135–139, https://doi.org/10.1016/j.bbrc.2019.12.024. 

[34] T. Higuchi, N. Sugisawa, J. Yamamoto, H. Oshiro, Q. Han, N. Yamamoto, 
K. Hayashi, H. Kimura, S. Miwa, K. Igarashi, Y. Tan, S. Kuchipudi, M. Bouvet, S. 
R. Singh, H. Tsuchiya, R.M. Hoffman, The combination of oral-recombinant 
methioninase and azacitidine arrests a chemotherapy-resistant osteosarcoma 
patient-derived orthotopic xenograft mouse model, Cancer Chemother. Pharmacol. 
85 (2020) 285–291, https://doi.org/10.1007/s00280-019-03986-0. 

[35] T. Higuchi, Q. Han, N. Sugisawa, J. Yamamoto, N. Yamamoto, K. Hayashi, 
H. Kimura, S. Miwa, K. Igarashi, M. Bouvet, S.R. Singh, H. Tsuchiya, R.M. Hoffman, 
Combination methionine-methylation-axis blockade: a novel approach to target 

the methionine addiction of cancer, CANCER GENOMICS PROTEOMICS 18 (2021) 
113–120, https://doi.org/10.21873/cgp.20246. 

[36] Y. Aoki, Y. Tome, N.F. Wu, J. Yamamoto, K. Hamada, Q. Han, M. Bouvet, 
K. Nishida, R.M. Hoffman, Oral-recombinant methioninase converts an 
osteosarcoma from docetaxel-resistant to -sensitive in a clinically-relevant patient- 
derived orthotopic-xenograft (PDOX) mouse model, Anticancer Res. 41 (2021) 
1745–1751, https://doi.org/10.21873/anticanres.14939. 

[37] Q. Han, Y. Tan, R.M. Hoffman, Oral dosing of recombinant methioninase is 
associated with a 70% drop in PSA in a patient with bone-metastatic prostate 
cancer and 50% reduction in circulating methionine in a high-stage ovarian cancer 
patient, Anticancer Res. 40 (2020) 2813–2819, https://doi.org/10.21873/ 
anticanres.14254. 

[38] D.W. Coalson, J.O. Mecham, P.H. Stern, R.M. Hoffman, Reduced availability of 
endogenously synthesized methionine for S-adenosylmethionine formation in 
methionine-dependent cancer cells, Proc. Natl. Acad. Sci. U. S. A. 79 (1982) 
4248–4251, https://doi.org/10.1073/pnas.79.14.4248. 

[39] M.M. Rhaman, M.H. Hasan, A. Alamgir, L. Xu, D.R. Powell, B.M. Wong, R. Tandon, 
M.A. Hossain, Highly selective and sensitive macrocycle-based dinuclear foldamer 
for fluorometric and colorimetric sensing of citrate in water, Sci. Rep. 8 (2018) 
286, https://doi.org/10.1038/s41598-017-18322-w. 

[40] M.M. Rhaman, M.H. Hasan, Z.A. Ali, D.R. Powell, R. Tandon, B.M. Wong, M. 
A. Hossain, Charge-density induced discrimination of halides with a rigid dinuclear 
copper( ii ) complex, Mol. Syst. Des. Eng. 5 (2020) 996–1002. 

Y. Aoki et al.                                                                                                                                                                                                                                    

https://doi.org/10.21873/anticanres.14222
https://doi.org/10.21873/anticanres.14222
https://doi.org/10.1016/j.bbrc.2019.12.024
https://doi.org/10.1007/s00280-019-03986-0
https://doi.org/10.21873/cgp.20246
https://doi.org/10.21873/anticanres.14939
https://doi.org/10.21873/anticanres.14254
https://doi.org/10.21873/anticanres.14254
https://doi.org/10.1073/pnas.79.14.4248
https://doi.org/10.1038/s41598-017-18322-w
http://refhub.elsevier.com/S2405-5808(21)00271-5/sref40
http://refhub.elsevier.com/S2405-5808(21)00271-5/sref40
http://refhub.elsevier.com/S2405-5808(21)00271-5/sref40

	Histone H3 lysine-trimethylation markers are decreased by recombinant methioninase and increased by methotrexate at concent ...
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and reagents
	2.2 Reagents
	2.3 Drug sensitivity assay
	2.4 Immunoblotting
	2.5 Statistical analysis

	3 Results
	3.1 Osteosarcoma cells are sensitive to both rMETase and MTX
	3.2 rMTEase decreased and MTX increased histone H3 lysine-trimethylation

	4 Discussion
	Declaration of competing interest
	Data availability
	Acknowledgements
	References




