
1 
 

Histone H3K4me3 and H3K9me3 are super over-methylated in soft tissue sarcoma 

compared to normal muscle in patient-derived xenograft (PDX) mouse models: an 

indicator of cancer methionine addiction 

 

Yusuke Aokia,b,c, Jun Yamamotoa,b,d, Yasunori Tomec, Kazuyuki Hamadaa,b, Sachiko 

Inubushie, Yoshihiko Tashiroa, Michael Bouvetb, Itaru Endod, Kotaro Nishidac, Robert 

M. Hoffmana,b  

 

 

aAntiCancer Inc, 7917 Ostrow St, San Diego, CA, 92111, USA 

bDepartment of Surgery, University of California, San Diego, 9300 Campus Point Drive 

#7220, La Jolla, CA, 92037-7220, USA 

cDepartment of Orthopedic Surgery, Graduate School of Medicine, University of the 

Ryukyus, 207 Uehara, Nishihara, Okinawa, 903-0125, Japan 

dDepartment of Gastroenterological Surgery, Yokohama City University Graduate 

School of Medicine, Yokohama, Japan 

eDepartment of Breast and Endocrine Surgery, Kobe University Graduate School of 

Medicine, Hyogo, Japan 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 5, 2021. ; https://doi.org/10.1101/2021.01.01.425040doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.01.425040
http://creativecommons.org/licenses/by/4.0/


2 
 

 

*Corresponding author: 

Robert M. Hoffman 

AntiCancer Inc, 

Address: 7917 Ostrow St, San Diego, CA, 92111, USA. 

Email: all@anticancer.com 

 

**Corresponding author: 

Yasunori Tome 

Department of Orthopedic Surgery, Graduate School of Medicine, University of the 

Ryukyus 

Address: 207 Uehara, Nishihara, Okinawa, 903-0125, Japan 

Email: yastome@med.u-ryukyu.ac.jp 

 

Running title: Histone H3 super over-methylation in sarcoma 

 

Key words: sarcoma, PDX, methionine-addiction, histone H-3, lysine, super 

over-methylation  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 5, 2021. ; https://doi.org/10.1101/2021.01.01.425040doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.01.425040
http://creativecommons.org/licenses/by/4.0/


3 
 

Abstract 

Methionine addiction is a fundamental and general hallmark of cancer 

discovered by us almost a half-century ago [Proc Natl Acad Sci U S A 73 (1976) 

1523-1527]. Methionine addiction is defined as the requirement, specific for cancer 

cells of all types, for exogenous methionine despite the normal ability to synthesize 

methionine from homocysteine. The methionine addiction of cancer is termed the 

Hoffman-effect, analogous to the Warburg-effect of the high glucose requirement of 

cancer cells. Methionine addiction is due to excess transmethylation reactions resulting 

in high methionine flux in cancer cells, which causes them to selectively arrest under 

methionine restriction due to depletion of free methionine and S-adenosyl methionine. 

Recently we have shown methionine-addicted cancer cells over-methylate histone H3 

lysine marks which are not over-methylated in normal cells or in low-malignancy 

methionine-independent revertants derived from methionine-addicted cancer cells. In 

the present report, we show that in patient-derived xenograft (PDX) mouse models of 

the most common soft tissue sarcomas: myxofibrosarcoma, undifferentiated 

pleomorphic sarcoma (UPS) and liposarcoma, histone H3K4me3 and H3K9me3 are 

super over-methylated compared to normal muscle tissue. This new result is discussed 

along with our previous reports, regarding the potential of histone H3 over-methylation 
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as a basis of malignancy.  
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1. Introduction 

 The paradigm for the basis of cancer has changed drastically over the past 

century. In the early 20th century, aneuploidy was proposed as the basis of cancer [1] 

and is still thought so by some researchers [2]. In the 1920’s a German-Jewish 

biochemist Otto Warburg proposed that the high rate of aerobic glycolysis, due to 

defective mitochondria, was the basis of cancer. This was termed the Warburg-effect [3]. 

In the 1960’s another paradigm change took place, stating that viruses are the cause of 

cancer [4]. After about 15years, the viral-cause-of-cancer paradigm failed, due to 

inability to find viruses in patient cancers, despite billions of dollars spent. Then in the 

late 1970’s a new field of cellular oncogenes appeared, with the discovery that certain 

cancer cells contained mutated genes that could be transferred by transfection to induce 

greater malignancy in recipient cells [5,6]. The cellular oncogenes were analogous to 

genes of viruses that could cause cancer in animals, the most famous of which is the 

Rous sarcoma virus which contains the “Src” gene, discovered by Duesberg and Vogt 

[7]. The idea of anti-oncogenes or tumor suppressor genes was part of this paradigm [8]. 

It was thought that when an oncogene or tumor suppressor gene was mutated in a 

normal cell, the cell became cancerous. However, it became known through more and 

more sophisticated DNA sequencing technology that cancers had 100s if not 1000s of 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 5, 2021. ; https://doi.org/10.1101/2021.01.01.425040doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.01.425040
http://creativecommons.org/licenses/by/4.0/


6 
 

mutated genes. Presently, this is explained that despite the enormous numbers of 

mutated and misregulated genes in a particular cancer, the cancer contains a mutated 

“driver” gene among the set of altered gene that makes it malignant [9]. However, no 

specific driver gene is consistently found in the various cancers.   

However, there is another more general explanation for the basis of cancer, the 

cancer-specific property of methionine addiction, discovered by one of us (RMH), 

almost a half century ago [10]. Methionine addiction is the requirement of cancer cells 

for exogenous methionine, despite their ability to make normal or super-normal 

amounts of methionine from homocysteine. In contrast normal cells or 

methionine-independent revertants derived from methionine-addicted cancer cells 

require much less methionine [10-14]. It was then found in the 1980s that methionine 

addiction was due to high flux of methionine in cancer cells, due to excess 

transmethylation reactions [15] which deplete free methionine and S-adenosyl 

methionine in cancer cells during methionine restriction (MR) but not in normal cells or 

methionine-independent revertants [10,12-14]. Methionine addiction is termed the 

Hoffman effect [16] analogous to the Warburg effect of glucose addiction of cancer [3]. 

However, for 35 years the fate of transferred methyl groups in cancer cells was 

unknown. In 2019, a major hint toward solving the problem of methionine addiction 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 5, 2021. ; https://doi.org/10.1101/2021.01.01.425040doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.01.425040
http://creativecommons.org/licenses/by/4.0/


7 
 

came from the observation that “tumor-initiating cells” have highly methylated histone 

H3 lysine marks [17]. We then observed that cancer cell lines have highly methylated 

histone H3 lysine marks that are absent in normal cells and in low-malignancy 

methionine independence revertant derived from the methionine-addicted cancer cells 

[18]. In addition we have found that over-methylated histone H3 lysine marks are 

unstable in methionine addicted cancer cells under methionine restriction [19] in which 

condition they arrest in late-S / G2 of the cell cycle [20,21]. In contrast, normal cells 

have a normal level of methylated histone H3 lysine marks which are stable under 

methionine restriction [19].  

In the present report, we show that the most common types of soft tissue 

sarcoma (STS), myxofibrosarcoma, undifferentiated pleomorphic sarcoma (UPS) and 

liposarcoma, growing in patient derived xenograft (PDX) mouse models, have super 

over-methylated histone H3K4me3 and H3K9me3 marks, in contrast to normal muscle 

in the host nude mouse. The results of the present report, along with our previous results 

[18,19], are discussed as the possible basis of malignancy. 
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2. Materials and Methods 

2.1. Mice  

Athymic nu/nu nude mice (AntiCancer, Inc., San Diego, CA, USA) were used 

to establish PDX mouse models of three types of STS: myxofibrosarcoma, 

undifferentiated pleomorphic sarcoma (UPS), liposarcoma. All studies were performed 

with a protocol approved by an AntiCancer, Inc. Institutional Animal Care and Use 

Committee (IACUC) following the principles and procedures provided in the National 

Institutes of Health (NIH) Guide for the Care and Use of Animals under Assurance 

Number A3873-1. In order to minimize any suffering of the animals, anesthesia and 

analgesics were used for all surgical experiments.  

 

2.2. Patient-derived tumors 

2.2-1. Myxofibrosarcoma 

A resected tumor tissue specimen of a 64-year-old woman with right anterior 

thigh myxofibrosarcoma was previously obtained from surgery at the UCLA medical 

center and transported immediately to the laboratory at AntiCancer, Inc.. This sample 

was cut into 5 mm3 fragments and then implanted subcutaneously in nude mice as 

previously reported [22] 
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2.2-2. undifferentiated pleomorphic sarcoma (UPS)  

 A resected tumor tissue specimen of a 65-year-old man with a right thigh UPS 

obtained at surgery in UCLA was previously brought to AntiCancer, Inc. and implanted 

subcutaneously in nude mice as previously described. [23] 

 

2.2-3. Liposarcoma 

A tumor specimen resected from a 67-year-old man with upper abdominal soft 

tissue liposarcoma at UCLA, was brought to Anticancer, Inc. and implanted 

subcutaneously in nude mice as previously described [24]. 

 

 All three sarcoma cases were approved by the UCLA Institutional Review 

Board (IRB#10-001857) and written informed consent was obtained from all patients. 

 

2.3. Immunoblotting 

The sarcoma PDX mouse models were sacrificed and tumor and femoral 

muscle tissues were resected before tumors reached a volume of 4000 mm3. Then 

tissues were frozen immediately after resections in liquid nitrogen. To prepare for 
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immunoblotting, the tumors were homogenized and the histones were extracted using a 

Epiquik Total Histone Extraction Kit (Epigentek, Farmingdale, NY, USA). 

Immunoblotting for these histones was performed under the following conditions: 12% 

SDS-PAGE gels and 0.2 μm polyvinylidene difluoride (PVDF) membranes were used. 

Blocking was performed using the Bullet Blocking One for Western Blotting (Nakalai 

Tesque, Inc. Kyoto, Japan). Anti-H3K4me3 antibody (1:1,000, #9751, Cell Signaling 

Technology, Danvers, MA, USA); anti-H3K9me3 antibody (1:1,000, #13969, 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 a 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 

using Clarity Western ECL Substrate (Bio-Rad Laboratories, Hercules, CA, USA). The 

signals were detected with UVP ChemStudio (Analytik Jena, Upland, CA, USA) 

[18,19]. 

 

2.4. Hematoxylin and eosin (H & E) staining  

After resection of the sarcoma and femoral muscle tissues from PDX mice, the 

tissues were fixed with 10% formalin overnight before embedding in paraffin. The 
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tumor and muscle tissues were sectioned and specimens were deparaffinized with 

xylene and rehydrated in a series of ethanol. Staining of H&E was performed in 

accordance with standard protocol. 

 

2.5 immunohistochemical (IHC) staining 

The same procedure as for H & E staining, described above, was performed 

through rehydration. Autoclaving was then performed in order to retrieve antigen at 

120 °C for 5 min with a citrate buffer solution (pH 6.0). Next, the specimens were 

immersed in absolute methanol containing 0.3% hydrogen peroxide solution in order to 

block endogenous peroxidase activity at room temperature for 30 minutes. Then, the 

specimens were blocked using 10 % bovine serum albumin at room temperature for 

15 min and incubated with H3K4me3 antibody (1:1,000) at 4 °C overnight. IHC 

reactions were detected with  HistoFine (Nichirei, Tokyo, Japan) and Dako Omnis 

(Agilent, Santa Clara, CA, USA). Finally, the specimens were counterstained with 

hematoxylin [18,19].  
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3. Results 

3.1. Histone H3K4me3 and H3K9me3 in the PDX sarcoma tissues are super 

over-methylated compared to normal muscle 

 We evaluated the methylation status of histone marks H3K4me3 and H3K9me3 

of the myxofibrosarcoma, UPS and liposarcoma grown in their corresponding PDX 

models. Histone H3K4me3 and H3K9me3 were super over-methylated in all of the 

three sarcomas compared to muscle tissue from the host mice as seen by 

immunoblotting (Fig. 1). Super over-methylation of H3K4me3 in all three sarcoma 

models can also be seen by immunohistochemistry (Fig. 2) 

 

3.2. Histology of each sarcoma type in the PDX model 

H & E staining showed that all of three types of sarcoma have each maintained 

the histological characteristics of their sarcoma type after growth in PDX mouse models 

(Fig. 2). The myxofibrosarcoma tissue comprised high-density spindle-shaped cancer 

cells with myxoid stroma. The UPS tissue comprised high-density pleomorphic cells. 

The liposarcoma tissue comprised both well differentiated and dedifferentiated cells. 
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4. Discussion 

The present study showed that histone marks H3K4me3 and H3K9me3 were 

super over-methylated in myxofibrosarcoma, UPS and liposarcoma, growing as patient 

derived xenografts (PDX) nude mice, in contrast to normal muscle from the host mice 

which was only slightly methylated in histone H3K4me3 and H3K9me3 (Fig. 1). This 

result is consistent with our previous report that histone H3K4me3 and H3K9me3 are 

highly methylated in methionine-addicted cancer cell lines but not in normal cells or in 

low-malignancy methionine-independent revertants derived from the 

methionine-addicted cell lines [18,19]. This is the first report to our knowledge that 

histone H3K4me3 and/or H3K9me3 are super over-methylated in patient tumors 

growing in a PDX model. 

Methionine addiction has been found in all properly-tested cancer cell types in 

vitro [25,26] and vivo [27]. The present results of super over-methylated histone H-3 

marks in the three sarcoma PDX types indicate they are also methionine addicted. The 

present report and our previous reports [18,19] suggest that super over-methylation of 

histone H3K4me4 and H3K9me3 may be a general biomarker in cancer, since histone 

H3 lysine over-methylation is linked to methionine addiction, which is found in the all 

cancer types [25,26]. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 5, 2021. ; https://doi.org/10.1101/2021.01.01.425040doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.01.425040
http://creativecommons.org/licenses/by/4.0/


14 
 

The enzyme methioninase has been used to effectively target methionine 

addiction and inhibit or arrest tumor growth in vivo [28-32]. 

Histone H3K4me3 and H3K9me3 are thought to be global gene regulators and 

their super over-methylation status may inhibit their function and change the expression 

of a large number of genes that result in malignant conversion of the cell. 

 There have been a number of publications in recent years [33-35] attempting to 

correlate the extent of methylation of histone H3 lysine marks with patient outcome in 

cancers of the liver, cervical and colon, with conflicting results. 

The results of the present study showing super over-methylation of histone 

H3K4me3 and H3K9me3 in the three types of the most common sarcomas: 

myxofibrosarcoma, UPS and liposarcoma in PDX mouse models, along with our 

previous results [18,19], suggest that super over-methylation of histone marks may be 

an important clinical indicator and that histone H3 super over-methylation may be a 

basis of malignancy. PET imaging of cancer with [11C]methionine gives a very strong 

signal compared to [18F]FDG PET [36,37], indicating that clinical cancer is methionine 

addicted and that the Hoffman effect is stronger than the Warburg effect. 

Future studies will correlate the malignant behavior, including metastasis of the 

sarcomas, in patient-derived orthotopic xenograft (PDOX) models [38], The present 
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results give additional support that methionine addiction, due at least in part to super 

over-methylation of H3K4me3 and H3K9me3, is the fundamental hallmark of cancer. 
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Figure Legends 

Figure 1. Immunoblotting of histone marks H3K4me3 and H3K9me3 from 

myxofibrosarcoma, undifferentiated pleomorphic sarcoma and liposarcoma and normal 

mouse muscle from PDX mouse models. Please see Material and Methods for details. 

 

Figure 2. (A) Representative H & E staining images of myxofibrosarcoma, 

undifferentiated pleomorphic sarcoma and liposarcoma grown in PDX mouse models. 

(B) Immunohistochemical staining for the histone marks H3K4me3 in a 

myxofibrosarcoma, undifferentiated pleomorphic sarcoma and liposarcoma grown in 

PDX mouse models, and normal mouse muscle. Magnification: 200×. Scale bar: 50μm. 

Please see Material and Methods for details. 
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