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ABSTRACT

The relationship between metabolism and methylation is considered to be an 
important aspect of cancer development and drug efficacy. However, it remains 
poorly defined how to apply this aspect to improve preclinical disease characterization 
and clinical treatment outcome. Using available molecular information from Kyoto 
Encyclopedia of Genes and Genomes (KEGG) and literature, we constructed a 
large-scale knowledge-based metabolic  in silico model. For the purpose of model 
validation, we applied data from the Cancer Cell Line Encyclopedia (CCLE) to 
investigate computationally the impact of metabolism on chemotherapy efficacy. In 
our model, different metabolic components such as MAT2A, ATP6V0E1, NNMT involved 
in methionine cycle correlate with biologically measured chemotherapy outcome 
(IC50) that are in agreement with findings of independent studies. These proteins 
are potentially also involved in cellular methylation processes. In addition, several 
components such as 3,4-dihydoxymandelate, PAPSS2, UPP1 from metabolic pathways 
involved in the production of purine and pyrimidine correlate with IC50. This study 
clearly demonstrates that complex computational approaches can reflect findings 
of biological experiments. This demonstrates their high potential to grasp complex 
issues within systems medicine such as response prediction, biomarker identification 
using available data resources.

INTRODUCTION

Over the past decade, various studies have 
discovered a number of metabolic changes that promote 
or support cancer development [1, 2]. Cancer metabolism 
has been considered a hallmark of cancer, which has 
been linked to the initiation, metastasis, and recurrence 
of cancer [3–5]. Therefore, understanding the pathways 
and mechanisms of cancer metabolism holds promise for 
improving patient drug treatment [6, 7]. In this regard, 

several recent studies provide evidence that serine 
metabolism is an essential energy source for cancer 
development, which make this serine-based metabolic 
pathway a potentially druggable target [8, 9]. In parallel, 
a number of studies in the past decade have investigated 
the complex role of epigenetics in human cancer [10–12]. 
Epigenetic regulations such as DNA methylation, histone 
modification, and nucleosome remodeling can influence 
diverse biological processes that are fundamental to the 
initiation and development of cancer [13].
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As the fields of cancer metabolism and cancer 
epigenetics have developed, so has the appreciation 
of the functional crosstalk between these processes 
[14–16]. Recent studies provide strong evidence that 
changes in metabolism of cancer cells can directly or 
indirectly impact epigenetic regulation, which leads to the 
promotion of cancer development [17–19]. Clear evidence 
has shown that metabolic alteration affecting protein and 
DNA methylation are a potential driving force for cancer 
development. For instance, it has been shown that the 
metabolic enzyme nicotinamide N-methyltransferase 
(NNMT) is overexpressed in a variety of human 
cancers. The high expression of this enzyme enhances 
cancer aggressiveness by broadly changing methylation 
profiles [20, 21]. Moreover, Shyh-Chang et al. reported 
that embryonic stem cells strongly depend on threonine 
to maintain S-adenosyl methionine (SAM) synthesis, 
an essential primary methyl donor. The condition of 
threonine starvation leads to a dramatic decrease of 
histone methylation with a subsequent strong inhibition 
of proliferative activity [22]. The cyclic conversion of 
different methionine-based derivatives such as SAM with 
help of enzymes including NNMT, is referred to as the 
methionine cycle. This cycle provides methyl units for a 
variety of methylations for proteins, DNA, RNA, lipids 
and others. Some other studies have shown that the purine 
synthesis pathway is highly upregulated in cancer. This 
pathway is not only responsible for its contribution to the 
synthesis of nucleic acids (RNA and DNA), but also for 
the production of large amounts of ATP to meet the high 
energy demand characteristic for cancer development [23, 
24]. All these facts provide evidence to the fact that altered 
metabolic pathways with relation to cancerous methylation 
may prove fundamental in cancer development or drug 
treatment.

In a recent review of Mc Auley et al. on a series 
of computational models with focus on folate metabolism 
and methylation, the authors state that a model of this kind 
might be able to provide an ideal framework for handling 
the complexities of physiologic and pathologic states [25]. 
In another study an integrative model of DNA methylation 
was constructed by integrating multi-platform data from 
thousands of human tumors to explain the important 
relationship between metabolism, methylation, and 
their respective clinical implications [26]. However, this 
study only focused on statistical approaches, neglecting 
molecular and cellular regulation mechanism such as 
transcriptional and translational regulations.

In our previous study we constructed a genome-
scale molecular signaling model (MSM) containing 
multiple cancer-relevant signaling pathways and different 
cancer hallmarks [27]. Using an  in silico approach and 
integrating molecular models with genetic information 
such as gene expression data we were able to effectively 
handle complex issues such as prediction of targeted 
treatment outcome. Moreover, it was also shown that 

the costs of an  in silico approach both in regard to time 
and materials is much lower compared to conventional in 
vitro based studies such as cell line, xenograft and other 
experimental settings [27–29]. However, the MSM did 
not consider any aspects of metabolism and is therefore 
not able to fully reflect the metabolic regulation of 
carcinogenesis. As stated previously, diverse metabolic 
mechanisms might be key factors to investigate and 
predict the therapeutic effect of targeted or broadly 
acting cancer treatment. Therefore, we investigated 
whether a comprehensive modeling of metabolism with 
focus on epigenetic regulation might be able to clarify 
the intricate relationship between cancer treatment and 
cancer metabolism. Furthermore, it is unclear how the 
relationship between cancer metabolism and methylation 
can be used for individualized treatment outcome 
predication. Nevertheless, the application of large-scale 
metabolic models which reflect the metabolic behavior of 
cancer cells hold great promise for a more refined, systems 
approach in clinical cancer treatment [30]. The aim of 
our study was the application of a molecular modeling 
procedure in order to construct a large-scale metabolic 
model and its pre-clinical validation regarding treatment 
prediction. We intend to use this model to investigate the 
methionine cycle-based molecular metabolic function and 
to compare it with experimental key findings in this field.

RESULTS

Study design and construction of the methionine 
cycle-based metabolic model (MCPM)

Figure 1A summarizes the basic workflow: The 
study selectively used molecular information obtained 
from publicly available research databases and literature 
to construct a large-scale molecular metabolic network 
(MCPM). After model construction, gene expression 
data from different cancer cell lines was integrated for  
in silico simulation. The simulation results for protein 
components of the model were subsequently used to 
calculate correlations with the IC50 of different drug 
treatment from various cancer cell lines taken from 
the treatment data of Cancer Cell Line Encyclopedia 
(CCLE) [31]. We focused on broad-acting chemotherapy 
treatment, specifically DNA-Topoisomerase (irinotecan 
and topotecan from CCLE) and Histone-Deacetylase 
(HDAC) inhibitors (panobinostat). It is of interest 
to study how the MCPM reflects the mode of action 
determined through different properties of cancer 
metabolism [3, 19, 32–34].

The model construction of this study is mainly 
based on data obtained from the KEGG data base (http://
www.genome.jp/kegg/) [35] and literature research. 
The constructed MCPM consists of 30 pathways, 4750 
reactions, and 3755 components involving gene, mRNA, 
protein, compound and pseudo-object (Table 1). The 

http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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Figure 1: Overview of MCPM. (A) The flowchart of the applied methods. The metabolic network MCPM was constructed by 
SimConCell and based on KEGG database and current literature. Then MCPM is exported as an XML file, which is an input file for 
simulation in AutoAnalyse to simulate a molecular model with gene expression data. Lastly, spearman analysis was used to investigate 
the correlation between simulation value of components in the model and drug treatment (IC50 value) from 30 types of cancer cell lines 
(CCLE). (B) The schematic shows MCPM and its crosstalk with other metabolic pathways. The Key enzymes are shown in pink. Key 
reactions are shown in green. R00177 (Orthophosphate + Diphosphate + S-Adenosyl-L-methionine <=> ATP + L-Methionine + H2O), 
R04858 (S-Adenosyl-L-methionine + DNA cytosine <=> S-Adenosyl-L-homocysteine + DNA 5-methylcytosine), R01269 (S-Adenosyl-
L-methionine + Nicotinamide <=> S-Adenosyl-L-homocysteine + 1-Methylnicotinamide).
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transcription and translation reactions determine the 
relationship between gene, mRNA, and protein. Its 
central part is the methionine cycle pathway (MCP) 
and its direct crosstalk with other metabolic pathways 
including glycine, serine, threonine, cysteine, methionine, 
purine, and pyrimidine metabolism, as well as glycolysis 
and gluconeogenesis (Figure 1B). Therefore, we refer to 
this model as the MCPM (methionine cycle pathway-
based model). Input starts with 3-phosphoglycerate 
(3PG), a precursor for serine synthesis and activator 
of AMP-activated protein kinase (Figure 1B). The 
3PG are successively catalyzed by the enzymes 
PHGDH, phosphoserine aminotransferase (PSAT), and 
phosphoserine phosphatase (PSPH). PSAT converts 
glutamate and alpha-ketoglutarate to support the synthesis 
of serine, which in turn supports one-carbon metabolism 
for downstream conversion within the methionine and 
folate cycle. The folate cycle recycles methionine that 
has been synthesized from homocysteine. In the model, 
MAT1A and MAT2A/B catalyzes the reaction from 
methionine to SAM. Nicotinamide N-methyl-transferase 
(NNMT) catalyzed the conversation of Nicotinamide 
to 1-methylnicotinamide (1-MNA) by using SAM as a 
methyl donor. Serine supports SAM synthesis through 
methionine and de novo ATP synthesis. The model ends 
with a DNA methylation process catalyzed by DNA 
methyltransferase (DNMT) enzyme, which is dependent 
on the amount of donor methyl obtained from SAM.

Simulation and analysis of CCLE Data

We utilized the gene expression data of Cancer Cell 
Line Encyclopedia (CCLE) [31] and incorporate these data 
with MCPM into AutoAnalysis (Materials and Methods). 
Afterwards, we performed a graphic-based data-flow 
analysis simulation in order to investigate whether this 
type of metabolic simulation could reveal the inhibition 
effect of different chemotherapies within the CCLE. We 
investigated response data of all chemotherapy drugs from 
CCLE: irinotecan, topotecan, panobinostat, paclitaxel and 
17-AAG. Response data (IC50) of the cell lines under 
these drugs were correlated with simulation values of 
components from the model MCPM. The results of the 

correlation analysis regarding MCPM protein components 
and IC50 are presented for each drug in a specific 
Manhattan-like plot which is separated into the strips of 
30 pathways and bars whose length represents the p-value 
of the corresponding correlation (Figure 2).

These five plots are given in the Figure 2 and 
Supplementary Information 1. Lists with pathway specific 
correlation results of the protein components are also 
given in the Supplementary Information 1. The results 
show that overall correlations between the simulation 
values of model components and response data from each 
of irinotecan, topotecan and panobinostat are significant, 
whereas the correlations from paclitaxel, 17-AAG are not 
significant. Therefore, this following study mainly focused 
on irinotecan, topotecan and panobinostat.

Correlation of model components and DNA-
topoisomerase inhibitor efficacy

The mechanism of chemotherapy based on DNA-
topoisomerase inhibition acts via inactivation of the 
enzymatic function of DNA-topoisomerase to prevent 
DNA replication and transcription processes in highly 
prolific cells. This irreversibly leads to apoptosis [32, 36]. 
In the MCPM, we found that a simulation value of the 
enzyme protein MAT2A correlates with the IC50 value 
of irinotecan (spearman: 0.5293110 p=1.250274e-16) 
and topotecan (spearman: 0.6808339 p=7.988427e-14) 
(Figure 3A-3B). This result shows that the high MAT2A 
simulation value is associated with a lower response 
(high IC50 value) to DNA-topoisomerase inhibitors. A 
high MAT2A simulation value can generate more input 
for the methionine-cycle, which increases the activity 
and output of the methioninie-cycle during simulated 
metabolism. This cycle mainly provides methyl units for 
methylation reactions catalyzed by DNMT, which results 
in hypermethylation, especially DNA methylation [14, 37]. 
This correlation between MAT2A and treatment efficacy 
of irinotecan and topotecan indicates that high levels of 
DNA methylation may help cells become more resistant 
against DNA-topoisomerase inhibition. This finding is 
in agreement with other important findings that suggest 
that DNA hypermethylation can be considered a potential 

Table 1: Component and reaction summary of the model MCPM

Component No. Reaction No. Pathway No.

Gene 786 Transcription 790

mRNA 1582 Translation 779

Protein 794 Decay 1571

Metabolite 582 Translocation 791

pseudo-Object 11 Metabolism 819

Sum: 3755 Sum: 4750 Sum: 30
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Figure 2: Manhattan Plots of drug treatment (IC50) with simulation of MCPM consisting of 30 metabolic pathways. 
(A) irinotecan, (B) topotecan, (C) panobinostat. If the bar is red, the correlation is negative (high model based values have a low IC50, 
high values related to good response), if the bar is black, the correlation is positive (high model based values have a high IC50, high values 
related to bad response).
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chemotherapy target [19]. In addition, several studies have 
shown that cancer cells have a high demand for serine that 
can play a key role in feeding one-carbon units to supports 
both nucleotide synthesis and NADPH production [38–
41]. During model simulation with gene expression data 
from the CCLE, simulation values of serine from all cell 
lines are critically low, even with a 10-folder increase of 
serine input. These results indicate that MCPM requires 
a large amount of serine during simulated metabolism, 
which was also seen in other studies [38–41].

The simulation value of ATP6V0E1 in the MCPM 
also correlated with the IC50 value of irinotecan 
(spearman: 0.4056839 p=4.483729e-13) and topotecan 
(spearman: 0.3491871 P=4.875323e-15) in the CCLE 
(Figure 3C-3D). This protein is responsible for the cellular 
ion transport and plays a role in the activation of the 

immune system [42]. The significant correlation between 
ATP6V0E1 and IC50 values suggests that the activation of 
the immune system induced by ATP6V0E1 may counteract 
the inhibitory effect of DNA-topoisomerase. However, 
future studies need to confirm this finding in an in vivo 
experimental setting.

The simulation results showed that the simulation 
value of the enzyme PIP4K2C in MCPM correlated 
with the IC50 value of irinotecan (spearman: 0.3562168 
P=3.188388e-10) and topotecan (spearman: 0.3369385 
p=4.778644e-14) (Figure 3F-3G). The PIP4K2C protein 
is mainly involved in the pathway of inositol phosphate 
metabolism. This metabolic pathway has tight crosstalk 
with diverse signaling pathways such as PI3K-AKT, 
MAPK, and AMPK among others [43]. The upregulation 
of PIP4K2C could strengthen the crosstalk between these 

Figure 3: Spearman correlation plots between simulation value of MCPM components and IC50 value of drug 
treatments. (A) MAT2A vs. irinotecan (spearman: 0.5293110 p=1.250274e-16); (B) MAT2A vs. topotecan (spearman: 0.6808339 
p=7.988427e-14); (C) ATP6V0E1 vs. irinotecan (spearman: 0.4056839 p=4.483729e-13); (D) ATP6V0E1 vs. topotecan (spearman: 
0.3491871 p=4.875323e-15); (E) ATP6V0E1 vs. panobinostat (spearman: 0.3775625 p=2.262852e-17); (F) PIP4K2C vs. irinotecan 
(spearman: 0.3562168 P=3.188388e-10); (G) PIP4K2C vs. topotecan (spearman: 0.3369385 p=4.778644e-14); (H) NNMT vs. panobinostat 
(spearman: 0.3829126 p=7.334179e-18); (I) 1-MNA (MNA1) vs. panobinostat (spearman: 0.3723424 p=4.231325e-14); (J) ALDH1A3 
vs. panobinostat (spearman: 0.3818062 p=9.274430e-18); (K) 4-Hydroxypheinylacetate vs. panobinostat (spearman: 0.3323161, 
p=1.3982196e-13) (L) homovanillate vs. panobinostat (spearman: 0.3288698, 2.569935e-13).

Table 2: A list of components that present high spearman correlation in the MCPM regarding irinotecan and 
topotecan treatment

Drug type Component Metabolic pathway Correlation / P value

Irinotecan ATP6V0E1 Purine 0.4056839 p=4.483729e-13

Irinotecan ADCY6 Purine 0.3115568 p=5.745343e-08

Topotecan ATP6V0E1 Purine 0.3491871 p=4.875323e-15

Topotecan PIP4K2C Purine 0.3562168 p=3.188388e-10

Topotecan CMP Pyrimidine 0.3231642 p=2.184534e-10

Topotecan ATP6AP1 Purine 0.2899188 p=1.242801e-10

These components and reactions are from purine and pyrimidine pathways.
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important pathways, thereby counteracting the inhibition 
of DNA-Topoisomerase. Moreover, our results show 
that the simulation value of several components from 
the purine and pyrimidine pathways are significantly 
correlated with the IC50 value of irinotecan and topotecan 
(Table 2). This indicates that a high amount of purines and 
pyrimidines within cancerous cells might protect against 
DNA-topoisomerase inhibition.

Correlation between model components and 
inhibition effect of histone-deacetylase (HDAC)

Histone proteins are responsible for chromatin 
configurations, which may function as a control switch 
between gene transcription and gene silence [44]. 
Therefore, the cellular activity of transcriptional factors, 
tumor suppressors, structural proteins, and other important 
cellular regulators are highly dependent on the stages of 
chromatin configurations. This places HDAC in a unique 
position to affect a myriad of cellular processes including 
proliferation, apoptosis, and metastasis. We studied the 
treatment effect (IC50 value) of panobinostat, a Histone-
Deacetylase inhibitor in the CCLE and analyzed the 
association of these values and the MCPM simulation 
values. Our results show that simulation values of NNMT 
and 1-MNA correlate with the IC50 value of panobinostat 
(spearman: 0.3829126 and 0.3723424; p<0.05) (Figure 
3H-3I). NNMT is a special metabolic enzyme, which 
exerts specific control over cells methylation potential 
thereby broadly impacting the epigenetic state of cancer 
cells [21]. Diverse studies have demonstrated that 1-MNA 
has pro-angiogenic activity, anti-thrombotic activity, 
anti-inflammatory activity, and vasoprotective properties 
influencing cancer metastasis [45–48]. Our result shows 
that the high simulation value of NNMT and 1-MNA 
correlates with low treatment response of CCLE regarding 
panobinostat treatment, thereby potentially signaling that 
an effect of histone modification on gene expression 
regulation is tightly related to the cellular methylation 
state. However, more studies are necessary to clarify the 
association of HDAC inhibition with clinical findings.

Regarding HDAC inhibition our results also found 
that the simulation value of ALDH1A3 correlates to the 
IC50 of panobinostat (spearman: 0.3818062 9.274430e-

18) (Figure 3J). ALDH1A3 has been shown to play an 
essential role in treatment resistance to chemotherapy and 
radiotherapy [49–51]. This protein is deeply involved in 
the regulation of diverse signaling and metabolic pathways 
and is therefore considered a potential biomarker for 
cancer stem cell (CSC) [52–54]. The hypermethylation of 
the ALDH1A3 gene promoter has previously been reported 
in various tumors [55, 56]. This correlation between 
ALDH1A3 and the panobinostat IC50 value might be an 
indication that the mechanism of ALDH1A3 for resistance 
of chemotherapy is based on the relationship between the 
histone-modification of gene expression and methylation. 
This link may generally protect cells from dysfunctions 
in the DNA replication process. The simulation value of 
ATP6V0E1 a regulator of immunsystem, also correlated 
with the IC50 of panobinostat (spearman: 0.3775625 
2.262852e-17) (Figure 3E). This indicates that ATP6V0E1 
might be a potential prognostic biomarker to predict 
HDAC inhibition.

The simulation value of 4-Hydroxyphenylacetate 
and homovanillate correlated with the IC50 of panobinostat 
(spearman: 0.3323161 and 0.3288698; p<0.05) (Figure 
3K-3L). Both metabolic components have been validated 
as sensitive metabolic biomarkers in cancer screening 
[57]. Both components are key components in the tyrosine 
metabolic pathway where the enzyme ALDH1A3 plays 
an essential role in the methylation processes [3]. In 
addition, simulation values of several components such as 
3, 4-dihydoxymandelate, PAPSS2, UPP1, Uracil, NT5E 
correlated with the IC50 of panobinostat (Table 3). These 
components are part of the purine and pyrimidine metabolism 
pathways, both of which are strongly upregulated in cancer 
cells and provide nucleic acids necessary for cellular 
proliferation and tumor growth [23, 24].

Computational aspects

In our study  in silico simulation was performed for 
all of the 479 cancer cell lines that were part of the CCLE 
in order to investigate the metabolic behavior of these cell 
lines. The entire simulation procedure lasted 16 min and 43 
seconds. The simulation was conducted on one laptop with 
a hardware that consisted of 2 cores, 2GB RAM, and 8GB 
memory. The subsequent spearman correlation was repeated 

Table 3: A list of components that present high spearman correlation in the MCPM regarding panobinostat

Drug type Component Metabolic pathway Correlation / P value

Panobinostat ATP6V0E1 Purine 0.3775625 p=2.262852e-17

Panobinostat UPP1 Pyrimidine 0.3762676 p=2.963006e-17

Panobinostat 3,4-Dihydroxymandelate Tyrosine 0.3723126 p=3.021123e-17

Panobinostat PAPSS2 Purine 0.3375621 p=5.454525e-14

Panobinostat NT5E Purine, pyrimidine 0.3049326 p=1.431208e-11

These components and reactions are from purine, pyrimidine and tyrosine pathways.
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a total of 7.071 million times between the IC50 of each drug 
treatment and simulation value of model components. This 
statistical analysis ran for a total of 19 min and four seconds 
to summarize and achieve the above shown results.

DISCUSSION

Recent evidence has shown that alterations in 
metabolism that affect cellular methylation may be a 
significant driving force in carcinogenesis. This means that 
cancer cells are able to take advantage of this relationship to 
influence gene expression, chromatin structure, and cellular 
function thereby enabling treatment resistance and cellular 
proliferation [17, 20]. Given these facts, hypermethylation 
has been suggested as a potential drug target [19]. In order 
to explore this intricate relationship between metabolism, 
methylation, and cytostatic drug efficacy we constructed 
the molecular model MCPM based on methionine cycle-
based metabolism and related metabolic pathways. We 
performed an  in silico simulation with the MCPM using 
the AutoAnalysis integrated with gene expression data from 
the CCLE, containing more than 479 cancer cell lines from 
approximately 30 types of cancer. We furthermore utilized the 
drug treatment data (IC50 value) of the CCLE and compared 
this response data to the simulation data of the MCPM.

The results show that distinct components from the 
MCPM play important roles as biomarkers for treatment 
efficacy and prognosis, specifically regarding the inhibition 
of DNA-topoisomerase and HDAC. These components 
are namely MAT2A, NNMT, ATP6V0E1, PIP4K2C, 
ALDH1A3, 4-hydroxyphenylacetate, and homovanillate 
among others. Many of these results are in agreement with 
findings from other independent studies, which indicate a 
successful model validation. In detail, during simulation 
within the model MCPM, the protein MAT2A can push the 
methionine cycle to generate more SAM. When the key 
metabolic enzyme NNMT is available, then 1-MNA would 
be generated from SAM and nicotinamide. 1-MNA can 
enhance activity of the cyclooxygenase 2 (COX-2) pathway 
and increase angiogenesis to protect cancer cells from the 
inhibition of DNA-topoisomerase through chemotherapy 
[33]. Our results reflect those found in a study by 
Mehrmohamadi et al (2016). Their results also show that 
MAT2B together with the methionine cycle has a potential 
to be predictive [26]. Diverse studies provide evidence 
that NNMT is a putative onco-metabolic protein, which 
can promote tumorigenesis by widely changing cellular 
methylation pattern via control over the availability of free 
methyl units. This enzyme protein is also overexpressed in 
different types of cancer [58–62]. The simulation value of 

Figure 4: An example of modeling in the model MCPM. Each gene from the model participate in a transcription reaction to 
produce a mRNA. And a mRNA takes part in translation reaction to produce a corresponding protein in the model. The protein acts in most 
cases as enzyme to catalyse different metabolic reactions such as ALDH1A3 in the figure.
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NNMT and 1-MNA were also predictive for the efficacy of 
HDAC inhibition.

The common basis for both types of drug 
inhibition pathways is the methionine cycle. It controls 
the methylation resources within cells (including cancer 
cells). A strong upregulation of this cycle leads to 
abundant amounts of methyl units, thereby providing a 
necessary precondition for hypermethylation. This state of 
hypermethylation might substantially protect cancer cells 
from the therapeutic effect of these chemotherapy drugs.

Furthermore, the results show that the simulation 
value of ATP6V0E1 correlates with the IC50 of irinotecan, 
topotecan, and panobinostat. ATP6V0E1 belongs to V-ATPase 
family, whose members are general highly expressed in 
cancer cells to control the acidity of microenvironment so 
that metastasis and the epithelial-mesenchymal transition are 
promoted [63]. Our simulation result indicates that the higher 
the simulation value of ATP6V0E1 is the lower the treatment 
response. This is confirmed by findings that cancer cells with 
high concentration of ATP6V0E1 or other V-ATPase family 
members are more resistant to anti-neoplastic drugs [34, 64, 
65]. Therefore, based on this simulation result, we would 
propose ATP6V0E1 as a potential predictive biomarker for 
DNA-topoisomerase and HDAC inhibition based on  in 
silico simulation of treatment outcome. Future studies will 
be focusing on expanding the MCPM to incorporate other 
V-ATPase family members.

Our results also show that the simulation value 
of several components from the purine and pyrimidine 
pathways in the MCPM were significantly associated 
with the efficacy of these two types of cytostatic drugs. 
This finding indicates that cancer cells need even larger 
amounts of nucleic acids for survival and proliferation to 
cope with such a therapeutic intervention. The simulation 
results indicate that the more nucleic acids cancer cells 
receive during the course of drug cancer therapy, the more 
resistant the cancer cells would become. Moreover, we 
noticed that the serine demand is always high during the 
simulation of CCLE for the included 30 types of cancer. 
The simulation of MCPM shows that no free methyl 
units remain when the serine resource is artificially cut 
off, leading to a general state of hypomethylation. This 
scenario might represent an effective way to induce 
detrimental effects on cancer cells as suggested by other 
studies [40, 41, 66]. Nevertheless, a limitation of the 
MCPM is that this large-scale model was constructed with 
a focus on the methionine cycle and its related metabolic 
pathways. That makes approximately 40% of knowledge 
originating from KEGG. The crosstalk between signaling 
and metabolic pathways, as well as the microRNA 
regulation effect on the metabolism were also not been 
considered during this study. Moreover, the model does 
not take some biological reaction types such as post-
translation modification and protein-protein interactions 
into consideration. Future studies will be focused on 
improving the model according to these limitations.

In our study, we were able to demonstrate the high 
efficiency of a computational systems approach. Our  in 
silico simulation ran 34 minutes and 47 seconds in total, 
the same amount of work would normally require 200 
working days with four co-workers in a wet-lab. Moreover, 
recent studies have demonstrated that treatment with 
triple-drug-combinations appear to be most effective in 
comparison to single drug treatment [67, 68]. Verification 
of these multi-drug combination treatments are hard to 
replicate in the setting of a wet-lab, here computational 
simulation could be a clear alternative. This line of 
research will be the next step of our research objective.

After this model validation study, our next steps of 
our research will be based on the strong correlations found 
in the CCLE data between computational components of 
our model and the biological treatment effect quantified by 
the IC50. The strong correlation motivate us to use linear 
penalized regression which allow to model prediction 
scores for treatment efficacy regarding irinotecan, 
topotecan, and panobiostat. We will evaluate these 
prediction scores with regard to treatment response on 
patients from the TCGA which were treated with one of 
the substances of interest.

Based on our experience in previous studies [27–29], 
we think that many studies of gene signature are premature 
in analyzing the pre-clinical and clinical outcome. While 
big data such as gene expression contains a multitude 
of valuable information, intricate biological regulation 
mechanisms such as transcriptional and translational 
regulation, feedback-control regulation, ligand-competitor 
mechanism and others are not included within any kind of 
big data. Biological modeling could become an essential 
step to fill the gap for a meaningful application of big data.

MATERIALS AND METHODS

Study design

This study selectively used the molecular information 
of metabolism from KEGG (http://www.genome.jp/kegg/) 
to construct a large scale metabolic network containing 627 
metabolites, 786 genes, 794 proteins, and 30 metabolic 
pathways such as (glycolysis, pentose_phosphart pathways 
among others). The unpublished web-based modeling 
software SimConCell was used to compile the KEGG 
information (structure and components of pathways, 
quantitative information on reactions within the pathway) 
into a formal network structure which is the structural basis 
for the MCPM model construction. SimConCell formalizes 
each model component (including gene, RNA, protein, 
metabolite, and other) as a node and each biochemical 
reaction as an edge to link corresponding nodes (Figure 
4). The output of the SimConCell software is an XML file 
available under Supplementary Information 4. The gene 
expression data of different cancer cell lines are integrated 
into the model during  in silico simulation. The simulation 

http://www.genome.jp/kegg/
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procedure has been implemented using the AutoAnalyse 
framework developed by the informatics department of the 
Augsburg University.

SimConCell for molecular modeling

SimConCell is designed as web-based systems 
biology software for development, simulation, and analyse of 
molecular models for cellular reaction networks. It provides a 
number of functions to support users to design and construct 
larger-scale molecular models such as semi-automation 
option for definition of transcription and translation 
reactions. Furthermore, SimConCell functions as a model 
repository and can split or merge different models, thereby 
enabling specific model construction and analysis. Each 
entity in a SimConCell model including gene, RNA, protein, 
compound, complex among others can be associated with 
publicly available IDs such as Ensemble-ID, UniProt, ChEBI-
ID. Given these putative IDs, models from SimConCell can 
be easily integrated with different genetic data including gene 
expression data, protein data, and metabolic data.

Literature search

The literature search was conducted using available 
publications on Google scholar and PubMed. We used 
‘cancer metabolism’, ‘targeting cancer therapy’ as key 
words. The search yielded 1,440,000 and 1,430,000 
sources respectively. Using the advanced search key 
words were applied, such as ‘metabolic target’ AND 
‘cancer therapy’ (A), ‘targeting metabolism’ AND ‘cancer 
therapy’ (B), ‘metabolic transformation’ AND ‘cancer’ 
(C). Results are limited by review, abstract availability, 
and publication within the past ten years (2006-2017). Our 
final search results were 542 (A), 5011 (B) and 416 (C) 
results. We studied the top ranking 100 publications that 
are associated with relevant content on epigenetics und 
cancer metabolism.

Gene expression data and drug response data of 
cancer cell lines

The study of Barretina and colleagues has 
established the Cancer Cell Line Encyclopedia (CCLE) 
[31] through systematically analysis of drug responses 
of 479 cancer cell lines derived from 30 solid and 
hematological cancer types, which allows identification of 
genetic, lineage, and gene-expression-based predictors of 
drug sensitivity. These gene expression data of CCLE were 
generated for each of these cell lines using Affymetrix 
U133 plus 2.0 array. The data was pre-treatment data and 
not normalized. It is associated with accession number 
GSE36139 from Gene Expression Omnibus (GEO). 
The drug response data of CCLE were generated as 
pharmacological sensitivity in vitro and can be accessed 
via http://www.broadinstitute.org/ccle.

Simulation procedure of autoanalyse

The AutoAnalyse framework supports a data-flow-
based network simulation with the central point of graphic 
manipulation (a detailed description of the software is currently 
under submission). Different types of components from our 
metabolic model will be translated into the defined instance 
objects within a model-based representation of AutoAnalyse. 
The input model file for AutoAnalysis is the XML file of the 
model Supplementary Information 4. The gene expression data 
of CCLE is also translated into a XML file for AutoAnalysis 
(Supplementary Information 2) (Figure 1A).

For instance of a reaction translation: the input 
concentration for a reaction ∈ R and role ∈ {e, g, i, s, tr(a), 
tr(r)} (e: enzyme; g: gene; i: inhibitor; s: substrate; tr(a): 
transcriptional activator; tr(r): transcriptional repressor) 
is the product of all reactant object concentrations which 
belong to the reactant of the respective role:

I (reaction,role)
object.concentration

object reactant (reaction,role).objects=
∏

∈

The output concentration for reaction ∈ R is 
computed by applying the kinetic rate law to the required 
and optional input concentrations of the reaction. If the 
object C is the product of a reaction with substrates of 
the object A and object B, and the C does not participate 
in any other reaction in the model, then the concentration 
of [C] = reaction kinetic law ([A], [B]). All kinetic 
rate laws applied in the AutoAnalysis are listed in the 
Supplementary Information 3.

Statistical analysis

We analyze the correlation (using Spearman 
correlation coefficient) between the numerical values 
of a “protein” model component with the biologically 
measured IC50. The results of the analysis are presented 
for each of the 5 substances under study in a Manhattan-
like plot which shows (per pathway) the transformed 
p-value (-1)·log10 (p-value) of the corresponding 
correlation analysis. We apply Bonferroni-adjustment for 
multiple testing per substance.

Author contributions

The conception and design of the study, acquisition 
of data: MZ, UM, JL; analysis and interpretation of data: 
MZ, CS, LL, UM, JL; drafting of the article or revising 
it for important content: MZ, CS, LL, KH, BB, UM, JL; 
final approval of the version to be published: UM, JL.

ACKNOWLEDGMENTS

We thank Alexander Volkmann for his technical 
support for creation of plots.

http://www.broadinstitute.org/ccle


Oncotarget22556www.oncotarget.com

CONFLICTS OF INTEREST

Disclose any potential conflicts of interest.

FUNDING

This work is funded by the German Cancer 
Consortium (DKTK) and German Cancer Research Center 
(DKFZ).

REFERENCES

1.	 DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson 
CB. The biology of cancer: metabolic reprogramming fuels 
cell growth and proliferation. Cell Metab. 2008; 7:11–20. 
https://doi.org/10.1016/j.cmet.2007.10.002.

2.	 Hsu PP, Sabatini DM. Cancer cell metabolism: warburg and 
beyond. Cell. 2008; 134:703–07. https://doi.org/10.1016/j.
cell.2008.08.021.

3.	 Duan JJ, Cai J, Guo YF, Bian XW, Yu SC. ALDH1A3, 
a metabolic target for cancer diagnosis and therapy. Int 
J Cancer. 2016; 139:965–75. https://doi.org/10.1002/
ijc.30091.

4.	 Wellen KE, Thompson CB. A two-way street: reciprocal 
regulation of metabolism and signalling. Nat Rev Mol Cell 
Biol. 2012; 13:270–76. https://doi.org/10.1038/nrm3305.

5.	 Deberardinis RJ, Sayed N, Ditsworth D, Thompson CB. 
Brick by brick: metabolism and tumor cell growth. Curr 
Opin Genet Dev. 2008; 18:54–61. https://doi.org/10.1016/j.
gde.2008.02.003.

6.	 Vander Heiden MG. Targeting cancer metabolism: a 
therapeutic window opens. Nat Rev Drug Discov. 2011; 
10:671–84. https://doi.org/10.1038/nrd3504.

7.	 Kinnaird A, Zhao S, Wellen KE, Michelakis ED. Metabolic 
control of epigenetics in cancer. Nat Rev Cancer. 2016; 
16:694–707. https://doi.org/10.1038/nrc.2016.82.

8.	 Mullarky E, Lucki NC, Beheshti Zavareh R, Anglin 
JL, Gomes AP, Nicolay BN, Wong JC, Christen S, 
Takahashi H, Singh PK, Blenis J, Warren JD, Fendt 
SM, et al. Identification of a small molecule inhibitor 
of 3-phosphoglycerate dehydrogenase to target serine 
biosynthesis in cancers. Proc Natl Acad Sci USA. 2016; 
113:1778–83. https://doi.org/10.1073/pnas.1521548113.

9.	 Pacold ME, Brimacombe KR, Chan SH, Rohde JM, Lewis 
CA, Swier LJ, Possemato R, Chen WW, Sullivan LB, 
Fiske BP, Cho S, Freinkman E, Birsoy K, et al. A PHGDH 
inhibitor reveals coordination of serine synthesis and one-
carbon unit fate. Nat Chem Biol. 2016; 12:452–58. https://
doi.org/10.1038/nchembio.2070.

10.	 Feinberg AP, Tycko B. The history of cancer epigenetics. 
Nat Rev Cancer. 2004; 4:143–53. https://doi.org/10.1038/
nrc1279.

11.	 Forbes SA, Bindal N, Bamford S, Cole C, Kok CY, Beare 
D, Jia M, Shepherd R, Leung K, Menzies A, Teague JW, 

Campbell PJ, Stratton MR, Futreal A. COSMIC: mining 
complete cancer genomes in the Catalogue of Somatic 
Mutations in Cancer. Nucleic Acids Res. 2011; 39:D945–
D950. https://doi.org/10.1093/nar/gkq929.

12.	 Stratton MR, Campbell PJ, Futreal PA. The cancer genome. 
Nature. 2009; 458:719–24. https://doi.org/10.1038/
nature07943.

13.	 Dawson MA, Kouzarides T. Cancer epigenetics: from 
mechanism to therapy. Cell. 2012; 150:12–27. https://doi.
org/10.1016/j.cell.2012.06.013.

14.	 Gut P, Verdin E. The nexus of chromatin regulation and 
intermediary metabolism. Nature. 2013; 502:489–98. 
https://doi.org/10.1038/nature12752.

15.	 Hino S, Nagaoka K, Nakao M. Metabolism-epigenome 
crosstalk in physiology and diseases. J Hum Genet. 2013; 
58:410–15. https://doi.org/10.1038/jhg.2013.57.

16.	 Nordgren KK, Skildum AJ. The deep end of the metabolite 
pool: influences on epigenetic regulatory mechanisms 
in cancer. Eur J Clin Invest. 2015; 45:9–15. https://doi.
org/10.1111/eci.12361.

17.	 Maddocks OD, Labuschagne CF, Adams PD, Vousden 
KH. Serine Metabolism supports the methionine cycle and 
DNA/RNA methylation through De Novo ATP in cancer 
cells. Mol Cell. 2016; 61:210–21. https://doi.org/10.1016/j.
molcel.2015.12.014.

18.	 Locasale JW, Cantley LC. Genetic selection for enhanced 
serine metabolism in cancer development. Cell Cycle. 2011; 
10:3812–13. https://doi.org/10.4161/cc.10.22.18224.

19.	 Ren J, Singh BN, Huang Q, Li Z, Gao Y, Mishra P, Hwa 
YL, Li J, Dowdy SC, Jiang SW. DNA hypermethylation 
as a chemotherapy target. Cell Signal. 2011; 23:1082–93. 
https://doi.org/10.1016/j.cellsig.2011.02.003.

20.	 Shlomi T, Rabinowitz JD. Metabolism: cancer mistunes 
methylation. Nat Chem Biol. 2013; 9:293–94. https://doi.
org/10.1038/nchembio.1234.

21.	 Ulanovskaya OA, Zuhl AM, Cravatt BF. NNMT promotes 
epigenetic remodeling in cancer by creating a metabolic 
methylation sink. Nat Chem Biol. 2013; 9:300–06. https://
doi.org/10.1038/nchembio.1204.

22.	 Shyh-Chang N, Locasale JW, Lyssiotis CA, Zheng Y, Teo 
RY, Ratanasirintrawoot S, Zhang J, Onder T, Unternaehrer 
JJ, Zhu H, Asara JM, Daley GQ, Cantley LC. Influence 
of threonine metabolism on S-adenosylmethionine and 
histone methylation. Science. 2013; 339:222–26. https://
doi.org/10.1126/science.1226603.

23.	 Grewal T, Koese M, Tebar F, Enrich C. Differential 
Regulation of RasGAPs in Cancer. Genes Cancer. 2011; 
2:288–97. https://doi.org/10.1177/1947601911407330.

24.	 Ostrem JM, Peters U, Sos ML, Wells JA, Shokat KM. 
K-Ras(G12C) inhibitors allosterically control GTP affinity 
and effector interactions. Nature. 2013; 503:548–51. https://
doi.org/10.1038/nature12796.

25.	 Mc Auley MT, Mooney KM, Salcedo-Sora JE. 
Computational modelling folate metabolism and DNA 

https://doi.org/10.1016/j.cmet.2007.10.002
https://doi.org/10.1016/j.cell.2008.08.021
https://doi.org/10.1016/j.cell.2008.08.021
https://doi.org/10.1002/ijc.30091
https://doi.org/10.1002/ijc.30091
https://doi.org/10.1038/nrm3305
https://doi.org/10.1016/j.gde.2008.02.003
https://doi.org/10.1016/j.gde.2008.02.003
https://doi.org/10.1038/nrd3504
https://doi.org/10.1038/nrc.2016.82
https://doi.org/10.1073/pnas.1521548113
https://doi.org/10.1038/nchembio.2070
https://doi.org/10.1038/nchembio.2070
https://doi.org/10.1038/nrc1279
https://doi.org/10.1038/nrc1279
https://doi.org/10.1093/nar/gkq929
https://doi.org/10.1038/nature07943
https://doi.org/10.1038/nature07943
https://doi.org/10.1016/j.cell.2012.06.013
https://doi.org/10.1016/j.cell.2012.06.013
https://doi.org/10.1038/nature12752
https://doi.org/10.1038/jhg.2013.57
https://doi.org/10.1111/eci.12361
https://doi.org/10.1111/eci.12361
https://doi.org/10.1016/j.molcel.2015.12.014
https://doi.org/10.1016/j.molcel.2015.12.014
https://doi.org/10.4161/cc.10.22.18224
https://doi.org/10.1016/j.cellsig.2011.02.003
https://doi.org/10.1038/nchembio.1234
https://doi.org/10.1038/nchembio.1234
https://doi.org/10.1038/nchembio.1204
https://doi.org/10.1038/nchembio.1204
https://doi.org/10.1126/science.1226603
https://doi.org/10.1126/science.1226603
https://doi.org/10.1177/1947601911407330
https://doi.org/10.1038/nature12796
https://doi.org/10.1038/nature12796


Oncotarget22557www.oncotarget.com

methylation: implications for understanding health and 
ageing. Brief Bioinform. 2018; 19:303–317. https://doi.
org/10.1093/bib/bbw116.

26.	 Mehrmohamadi M, Mentch LK, Clark AG, Locasale 
JW. Integrative modelling of tumour DNA methylation 
quantifies the contribution of metabolism. Nat Commun. 
2016; 7:13666. https://doi.org/10.1038/ncomms13666.

27.	 Li J, Mansmann UR. A molecular signaling map and its 
application. Cell Signal. 2014; 26:2834–42. https://doi.
org/10.1016/j.cellsig.2014.08.022.

28.	 Li J, Mansmann UR. A microRNA molecular modeling 
extension for prediction of colorectal cancer treatment. 
BMC Cancer. 2015; 15:472. https://doi.org/10.1186/
s12885-015-1437-0.

29.	 Li J, Ye C, Mansmann UR. Comparing Patient-Derived 
Xenograft and Computational Response Prediction for 
Targeted Therapy in Patients of Early-Stage Large Cell 
Lung Cancer. Clin Cancer Res. 2016; 22:2167–76. https://
doi.org/10.1158/1078-0432.CCR-15-2401.

30.	 Andersen MR, Nielsen ML, Nielsen J. Metabolic model 
integration of the bibliome, genome, metabolome and 
reactome of Aspergillus niger. Mol Syst Biol. 2008; 4:178. 
https://doi.org/10.1038/msb.2008.12.

31.	 Barretina J, Caponigro G, Stransky N, Venkatesan K, 
Margolin AA, Kim S, Wilson CJ, Lehár J, Kryukov GV, 
Sonkin D, Reddy A, Liu M, Murray L, et al. The Cancer 
Cell Line Encyclopedia enables predictive modelling of 
anticancer drug sensitivity. Nature. 2012; 483:603–07. 
https://doi.org/10.1038/nature11003.

32.	 Nitiss JL. Targeting DNA topoisomerase II in cancer 
chemotherapy. Nat Rev Cancer. 2009; 9:338–50. https://
doi.org/10.1038/nrc2607.

33.	 Blazejczyk A, Switalska M, Chlopicki S, Marcinek 
A, Gebicki J, Nowak M, Nasulewicz-Goldeman A, 
Wietrzyk J. 1-methylnicotinamide and its structural 
analog 1,4-dimethylpyridine for the prevention of cancer 
metastasis. J Exp Clin Cancer Res. 2016; 35:110. https://
doi.org/10.1186/s13046-016-0389-9.

34.	 Torigoe T, Izumi H, Ise T, Murakami T, Uramoto H, 
Ishiguchi H, Yoshida Y, Tanabe M, Nomoto M, Kohno K, 
Vacuolar H. Vacuolar H(+)-ATPase: functional mechanisms 
and potential as a target for cancer chemotherapy. 
Anticancer Drugs. 2002; 13:237–43. https://doi.
org/10.1097/00001813-200203000-00005.

35.	 Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima 
K. KEGG: new perspectives on genomes, pathways, 
diseases and drugs. Nucleic Acids Res. 2017; 45:D353–61. 
https://doi.org/10.1093/nar/gkw1092.

36.	 Binaschi M, Zunino F, Capranico G. Mechanism of action 
of DNA topoisomerase inhibitors. Stem Cells. 1995; 
13:369–79. https://doi.org/10.1002/stem.5530130408.

37.	 Bauerle MR, Schwalm EL, Booker SJ. Mechanistic diversity 
of radical S-adenosylmethionine (SAM)-dependent 

methylation. J Biol Chem. 2015; 290:3995–4002. https://
doi.org/10.1074/jbc.R114.607044.

38.	 Maddocks OD, Berkers CR, Mason SM, Zheng L, Blyth 
K, Gottlieb E, Vousden KH. Serine starvation induces 
stress and p53-dependent metabolic remodelling in cancer 
cells. Nature. 2013; 493:542–46. https://doi.org/10.1038/
nature11743.

39.	 Locasale JW, Cantley LC. Metabolic flux and the regulation 
of mammalian cell growth. Cell Metab. 2011; 14:443–51. 
https://doi.org/10.1016/j.cmet.2011.07.014.

40.	 Possemato R, Marks KM, Shaul YD, Pacold ME, Kim 
D, Birsoy K, Sethumadhavan S, Woo HK, Jang HG, Jha 
AK, Chen WW, Barrett FG, Stransky N, et al. Functional 
genomics reveal that the serine synthesis pathway is 
essential in breast cancer. Nature. 2011; 476:346–50. https://
doi.org/10.1038/nature10350.

41.	 Snell K. Enzymes of serine metabolism in 
normal and neoplastic rat tissues. Biochim 
Biophys Acta. 1985; 843:276–81. https://doi.
org/10.1016/0304-4165(85)90149-7.

42.	 Holliday SL. Vacuolar H+-ATPase: An Essential 
Multitasking Enzyme in Physiology and Pathophysiology. 
New J Sci. 2014; 2014:4987-4993.

43.	 Shim H, Wu C, Ramsamooj S, Bosch KN, Chen Z, 
Emerling BM, Yun J, Liu H, Choo-Wing R, Yang Z, Wulf 
GM, Kuchroo VK, Cantley LC. Deletion of the gene 
Pip4k2c, a novel phosphatidylinositol kinase, results in 
hyperactivation of the immune system. Proc Natl Acad 
Sci USA. 2016; 113:7596–601. https://doi.org/10.1073/
pnas.1600934113.

44.	 Maes K, Menu E, Van Valckenborgh E, Van Riet I, 
Vanderkerken K, De Bruyne E. Epigenetic modulating 
agents as a new therapeutic approach in multiple myeloma. 
Cancers (Basel). 2013; 5:430–61. https://doi.org/10.3390/
cancers5020430.

45.	 Mogielnicki A, Kramkowski K, Pietrzak L, Buczko W. 
N-methylnicotinamide inhibits arterial thrombosis in 
hypertensive rats. J Physiol Pharmacol. 2007; 58:515–27.

46.	 Bryniarski K, Biedron R, Jakubowski A, Chlopicki 
S, Marcinkiewicz J. Anti-inflammatory effect of 
1-methylnicotinamide in contact hypersensitivity to 
oxazolone in mice; involvement of prostacyclin. Eur J 
Pharmacol. 2008; 578:332–38. https://doi.org/10.1016/j.
ejphar.2007.09.011.

47.	 Brzozowski T, Konturek PC, Chlopicki S, Sliwowski Z, 
Pawlik M, Ptak-Belowska A, Kwiecien S, Drozdowicz 
D, Pajdo R, Slonimska E, Konturek SJ, Pawlik WW. 
Therapeutic potential of 1-methylnicotinamide against 
acute gastric lesions induced by stress: role of endogenous 
prostacyclin and sensory nerves. J Pharmacol Exp Ther. 
2008; 326:105–16. https://doi.org/10.1124/jpet.108.136457.

48.	 Biedroń R, Ciszek M, Tokarczyk M, Bobek M, Kurnyta 
M, Słominska EM, Smoleński RT, Marcinkiewicz J. 
1-Methylnicotinamide and nicotinamide: two related 

https://doi.org/10.1093/bib/bbw116
https://doi.org/10.1093/bib/bbw116
https://doi.org/10.1038/ncomms13666
https://doi.org/10.1016/j.cellsig.2014.08.022
https://doi.org/10.1016/j.cellsig.2014.08.022
https://doi.org/10.1186/s12885-015-1437-0
https://doi.org/10.1186/s12885-015-1437-0
https://doi.org/10.1158/1078-0432.CCR-15-2401
https://doi.org/10.1158/1078-0432.CCR-15-2401
https://doi.org/10.1038/msb.2008.12
https://doi.org/10.1038/nature11003
https://doi.org/10.1038/nrc2607
https://doi.org/10.1038/nrc2607
https://doi.org/10.1186/s13046-016-0389-9
https://doi.org/10.1186/s13046-016-0389-9
https://doi.org/10.1097/00001813-200203000-00005
https://doi.org/10.1097/00001813-200203000-00005
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1002/stem.5530130408
https://doi.org/10.1074/jbc.R114.607044
https://doi.org/10.1074/jbc.R114.607044
https://doi.org/10.1038/nature11743
https://doi.org/10.1038/nature11743
https://doi.org/10.1016/j.cmet.2011.07.014
https://doi.org/10.1038/nature10350
https://doi.org/10.1038/nature10350
https://doi.org/10.1016/0304-4165
https://doi.org/10.1016/0304-4165
https://doi.org/10.1073/pnas.1600934113
https://doi.org/10.1073/pnas.1600934113
https://doi.org/10.3390/cancers5020430
https://doi.org/10.3390/cancers5020430
https://doi.org/10.1016/j.ejphar.2007.09.011
https://doi.org/10.1016/j.ejphar.2007.09.011
https://doi.org/10.1124/jpet.108.136457


Oncotarget22558www.oncotarget.com

anti-inflammatory agents that differentially affect the functions 
of activated macrophages. Arch Immunol Ther Exp (Warsz). 
2008; 56:127–34. https://doi.org/10.1007/s00005-008-0009-2.

49.	 Chen J, Chen Y, Chen Z. MiR-125a/b regulates the 
activation of cancer stem cells in paclitaxel-resistant colon 
cancer. Cancer Invest. 2013; 31:17–23. https://doi.org/10.3
109/07357907.2012.743557.

50.	 Golubovskaya V, O’Brien S, Ho B, Heffler M, Conroy J, 
Hu Q, Wang D, Liu S, Cance WG. Down-regulation of 
ALDH1A3, CD44 or MDR1 sensitizes resistant cancer cells 
to FAK autophosphorylation inhibitor Y15. J Cancer Res 
Clin Oncol. 2015; 141:1613–31. https://doi.org/10.1007/
s00432-015-1924-3.

51.	 Mao P, Joshi K, Li J, Kim SH, Li P, Santana-Santos L, Luthra 
S, Chandran UR, Benos PV, Smith L, Wang M, Hu B, Cheng 
SY, et al. Mesenchymal glioma stem cells are maintained 
by activated glycolytic metabolism involving aldehyde 
dehydrogenase 1A3. Proc Natl Acad Sci USA. 2013; 
110:8644–49. https://doi.org/10.1073/pnas.1221478110.

52.	 Shao C, Sullivan JP, Girard L, Augustyn A, Yenerall P, 
Rodriguez-Canales J, Liu H, Behrens C, Shay JW, Wistuba 
II, Minna JD. Essential role of aldehyde dehydrogenase 1A3 
for the maintenance of non-small cell lung cancer stem cells is 
associated with the STAT3 pathway. Clin Cancer Res. 2014; 
20:4154–66. https://doi.org/10.1158/1078-0432.CCR-13-3292.

53.	 Kim IG, Lee JH, Kim SY, Kim JY, Cho EW. Fibulin-3 
negatively regulates ALDH1 via c-MET suppression and 
increases γ-radiation-induced sensitivity in some pancreatic 
cancer cell lines. Biochem Biophys Res Commun. 2014; 
454:369–75. https://doi.org/10.1016/j.bbrc.2014.10.084.

54.	 Luo Y, Dallaglio K, Chen Y, Robinson WA, Robinson SE, 
McCarter MD, Wang J, Gonzalez R, Thompson DC, Norris 
DA, Roop DR, Vasiliou V, Fujita M. ALDH1A isozymes 
are markers of human melanoma stem cells and potential 
therapeutic targets. Stem Cells. 2012; 30:2100–13. https://
doi.org/10.1002/stem.1193.

55.	 Shames DS, Girard L, Gao B, Sato M, Lewis CM, 
Shivapurkar N, Jiang A, Perou CM, Kim YH, Pollack 
JR, Fong KM, Lam CL, Wong M, et al. A genome-wide 
screen for promoter methylation in lung cancer identifies 
novel methylation markers for multiple malignancies. 
PLoS Med. 2006; 3:e486. https://doi.org/10.1371/journal.
pmed.0030486.

56.	 Kim YJ, Yoon HY, Kim JS, Kang HW, Min BD, Kim SK, 
Ha YS, Kim IY, Ryu KH, Lee SC, Kim WJ. HOXA9, ISL1 
and ALDH1A3 methylation patterns as prognostic markers 
for nonmuscle invasive bladder cancer: array-based DNA 
methylation and expression profiling. Int J Cancer. 2013; 
133:1135–42. https://doi.org/10.1002/ijc.28121.

57.	 Nam H, Chung BC, Kim Y, Lee K, Lee D. Combining tissue 
transcriptomics and urine metabolomics for breast cancer 
biomarker identification. Bioinformatics. 2009; 25:3151–
57. https://doi.org/10.1093/bioinformatics/btp558.

58.	 Roessler M, Rollinger W, Palme S, Hagmann ML, Berndt 
P, Engel AM, Schneidinger B, Pfeffer M, Andres H, Karl J, 

Bodenmüller H, Rüschoff J, Henkel T, et al. Identification of 
nicotinamide N-methyltransferase as a novel serum tumor 
marker for colorectal cancer. Clin Cancer Res. 2005; 11:6550–
57. https://doi.org/10.1158/1078-0432.CCR-05-0983.

59.	 Wu Y, Siadaty MS, Berens ME, Hampton GM, Theodorescu 
D. Overlapping gene expression profiles of cell migration 
and tumor invasion in human bladder cancer identify 
metallothionein 1E and nicotinamide N-methyltransferase 
as novel regulators of cell migration. Oncogene. 2008; 
27:6679–89. https://doi.org/10.1038/onc.2008.264.

60.	 Kim J, Hong SJ, Lim EK, Yu YS, Kim SW, Roh JH, 
Do IG, Joh JW, Kim DS. Expression of nicotinamide 
N-methyltransferase in hepatocellular carcinoma is 
associated with poor prognosis. J Exp Clin Cancer Res. 
2009; 28:20. https://doi.org/10.1186/1756-9966-28-20.

61.	 Tomida M, Mikami I, Takeuchi S, Nishimura H, Akiyama 
H. Serum levels of nicotinamide N-methyltransferase in 
patients with lung cancer. J Cancer Res Clin Oncol. 2009; 
135:1223–29. https://doi.org/10.1007/s00432-009-0563-y.

62.	 Tang SW, Yang TC, Lin WC, Chang WH, Wang CC, 
Lai MK, Lin JY. Nicotinamide N-methyltransferase 
induces cellular invasion through activating matrix 
metalloproteinase-2 expression in clear cell renal cell 
carcinoma cells. Carcinogenesis. 2011; 32:138–45. https://
doi.org/10.1093/carcin/bgq225.

63.	 Pérez-Sayáns M, Somoza-Martín JM, Barros-Angueira 
F, Rey JM, García-García A. V-ATPase inhibitors and 
implication in cancer treatment. Cancer Treat Rev. 2009; 
35:707–13. https://doi.org/10.1016/j.ctrv.2009.08.003.

64.	 Murakami T, Shibuya I, Ise T, Chen ZS, Akiyama S, 
Nakagawa M, Izumi H, Nakamura T, Matsuo K, Yamada 
Y, Kohno K. Elevated expression of vacuolar proton pump 
genes and cellular PH in cisplatin resistance. Int J Cancer. 
2001; 93:869–74. https://doi.org/10.1002/ijc.1418.

65.	 Torigoe T, Izumi H, Ishiguchi H, Uramoto H, Murakami T, Ise T, 
Yoshida Y, Tanabe M, Nomoto M, Itoh H, Kohno K. Enhanced 
expression of the human vacuolar H+-ATPase c subunit gene 
(ATP6L) in response to anticancer agents. J Biol Chem. 2002; 
277:36534–43. https://doi.org/10.1074/jbc.M202605200.

66.	 Mattaini KR, Sullivan MR, Vander Heiden MG. The 
importance of serine metabolism in cancer. J Cell Biol. 
2016; 214:249–57. https://doi.org/10.1083/jcb.201604085.

67.	 Richardson P, Alsina M, Weber D, Coutre S, Lonial S, 
Gasparetto C, Mukhopadhyay S, Ondovik MS, Khan 
M, Paley CS, Lonial S. PANORAMA 2: panobinostat 
combined with bortezomib and dexamethasone in patients 
with relapsed and bortezomib-refractory multiple myeloma. 
Blood. 2013; 122:2331-7.

68.	 San-Miguel JF, Moreau P, Yoon S, Dimopoulos MA, de 
Moraes Hungria VT, Jedrzejczak WW, el Ghandour A,  
Corradini P, Günther A, Beksac M, Yong K, Lee JH, Lonial 
S, et al. Phase III study of panobinostat with bortezomib and 
dexamethasone in patients with relapsed multiple myeloma 
(PANORAMA 1). J Clin Oncol. 2012; 30:e18572.

https://doi.org/10.1007/s00005-008-0009-2
https://doi.org/10.3109/07357907.2012.743557
https://doi.org/10.3109/07357907.2012.743557
https://doi.org/10.1007/s00432-015-1924-3
https://doi.org/10.1007/s00432-015-1924-3
https://doi.org/10.1073/pnas.1221478110
https://doi.org/10.1158/1078-0432.CCR-13-3292
https://doi.org/10.1016/j.bbrc.2014.10.084
https://doi.org/10.1002/stem.1193
https://doi.org/10.1002/stem.1193
https://doi.org/10.1371/journal.pmed.0030486
https://doi.org/10.1371/journal.pmed.0030486
https://doi.org/10.1002/ijc.28121
https://doi.org/10.1093/bioinformatics/btp558
https://doi.org/10.1158/1078-0432.CCR-05-0983
https://doi.org/10.1038/onc.2008.264
https://doi.org/10.1186/1756-9966-28-20
https://doi.org/10.1007/s00432-009-0563-y
https://doi.org/10.1093/carcin/bgq225
https://doi.org/10.1093/carcin/bgq225
https://doi.org/10.1016/j.ctrv.2009.08.003
https://doi.org/10.1002/ijc.1418
https://doi.org/10.1074/jbc.M202605200
https://doi.org/10.1083/jcb.201604085

