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Abstract 

Alterations in DNA methylation are important epigenetic markers in bladder cancer (BC). These epigenome 
modifications may drive the mechanisms of aggressive chemo-resistant BC. Clinicopathological biomarkers that 
indicate chemotherapeutic resistance are critical for better assessing treatment strategies for individual 
patients. Thus, in this study, we aimed to determine whether DNA methylation of certain metabolic enzymes 
is significantly altered in cisplatin-resistant BC cells.  
Methods: To characterize CpG methylation and nucleosome accessibility in cisplatin-resistant BC cells, the 
Illumina Infinium HM450 DNA methylation assay was performed. Perturbed gene expression was found to be 
associated with cisplatin resistance, and the biological roles of spermidine/spermine N1-acetyltransferase 
(SAT1) and argininosuccinate synthase 1 (ASS1) were further studied using qRT-PCR analysis and various cell 
biology assays, including western blot. 
Results: ASS1 and SAT1, genes for amino acid and polyamine metabolism catalysts, respectively, were found to 
be vastly hypermethylated, resulting in greatly downregulated expression. ASS1 expression is of particular 
interest because prior studies have demonstrated its potential association with BC stage and recurrence. In 
regard to chemoresistance, we found that aberrant expression or induced stimulation of SAT1 restored 
cisplatin sensitivity in the cell culture system. We also found that the addition of exogenous arginine deiminase 
through administration of ADI-PEG 20 (pegylated arginine deiminase) increased ASS1 expression and enhanced 
cisplatin’s apoptotic effects.  
Conclusions: Our study demonstrates a novel mechanistic link between the epigenetic perturbation of SAT1 
and ASS1 and cancer metabolism in cisplatin-resistant bladder cancer cells. These findings suggest potential 
utility of SAT1 and ASS1 as predictive biomarkers in re-sensitizing bladder cancer to chemotherapy and 
personalizing therapy. 
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Introduction 
Bladder cancer (BC) is the second most common 

genitourinary malignancy worldwide and the fourth 
most common cancer in the U.S. [1-3]. Most patients 

are diagnosed with treatable cell carcinoma or 
non-muscle invasive bladder cancer (NMIBC) [4, 5]. 
However, approximately 20-30% of all NMIBC cases 
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eventually progress to become muscle-invasive 
bladder cancer (MIBC). From there, about 50% of 
these patients develop metastases within two years, 
even after radical cystectomy [6, 7]. In addition, MIBC 
patients who do not respond to adjuvant 
chemotherapy have a worse prognosis [8]. 
Unfortunately, there are currently no well-defined 
and available prognostic marker(s) that can identify 
these higher-risk patients [9-11]. Therefore, in order to 
develop new diagnostic technologies, a 
comprehensive molecular understanding of the 
patient subsets who will acquire chemoresistance is 
required. The identification of markers capable of 
predicting the response in patients treated with 
platinum-based drugs is urgently needed in order to 
improve the outcomes for those BC patients who are 
at higher risk of developing resistance.  

Epigenetic regulation has been demonstrated to 
play an important role in bladder tumorigenesis 
[12-14]. Recently, three separate subtypes of BC 
patients have been identified through analysis of 
DNA methylation profiles [14]. Epigenetic 
dysregulation occurs via cytosine methylation- 
dependent gene silencing, which is also considered a 
characteristic of therapeutic-resistance [15]. 
Cancer-specific DNA methylation mostly occurs on 
the CpG islands located in the promoter regions of 
genes and causes silencing of downstream genes [16, 
17]. Currently, two DNA methyltransferase (DNMT) 
inhibitors (5-azacytidine and its variant, 5-aza-CdR) 
have been approved by the FDA for the treatment of 
high-risk myelodysplastic syndrome [18] and are also 
in clinical trials for solid forms of human cancers [19]. 
In addition to DNA methylation, there are other 
relevant epigenetic mechanisms that affect gene 
expression levels, including histone modification and 
nucleosome positioning. These processes work 
together to create the epigenetic landscape that directs 
the process of gene expression. Chromatin structure, 
which is based on DNA methylation and nucleosome 
accessibility (occupancy), plays a critical role in the 
regulation of gene expression at the transcriptional 
start sites of genes. Recent computational modeling 
using molecular dynamics simulations revealed the 
potential effects of epigenetic DNA methylation on 
nucleosome stability [20] and demonstrated that CpG 
methylation that contributes to nucleosome 
positioning can also be DNMT1 independent [21]. 
These findings suggest that monitoring chromatin 
accessibility, DNA methylation, and histone 
modification is crucial for better understanding 
therapeutic responses in BC [22-24].  

Since first observed 90 years ago by Dr. Otto 
Warburg, metabolic reprogramming has been 
accepted as a hallmark of cancer [25-28]. Considering 

this, targeting cancer-associated amino acid 
metabolism has been tested as a potential treatment 
option [29, 30]. Amino acids, such as arginine, proline, 
and glutamine, play a variety of functional roles in the 
cell. However, most importantly, they act as essential 
precursors for the biosynthesis of proteins. Therefore, 
depletion therapies, such as arginine deiminase (ADI) 
treatment, are being extensively tested against several 
cancer types, including ovarian cancer, mesothelioma, 
and hepatocellular carcinoma [31-35].  

In this study, we sought to understand the 
epigenetic alterations underlying the metabolic 
reprogramming in cisplatin-resistant BC cells. Our 
experimental results suggest that cancer-specific 
epigenetic silencing of two genes encoding for 
metabolic enzymes, spermidine/spermine N1-acetyl-
transferase (SAT1) and argininosuccinate synthase 1 
(ASS1), is closely associated with cisplatin resistance 
and is epigenetically regulated in T24 BC cells. Both 
enzymes are related to arginine metabolism: ASS1 
catalyzes the final step in arginine biosynthesis. SAT1, 
on the other hand, catabolizes spermidine and 
spermine that are derived from arginine in sequential 
enzymatic steps that involve the conversion of 
arginine to ornithine, ornithine to putrescine, 
putrescine to spermidine, and spermidine to spermine 
[36, 37]. 

Results 
Characterization of CpG methylation and 
nucleosome accessibility in cisplatin-resistant 
BC cells 

In order to investigate the epigenetic modulation 
linked to cisplatin resistance in BC, we used two 
isogenic T24 BC cell lines—one that is cisplatin 
sensitive (T24S) and one cisplatin resistant (T24R). T24 
cells were utilized because the characteristics of these 
cells have been previously reported by our group [38]. 
The T24R cell line exhibited much less responsiveness 
to cisplatin-induced apoptosis compared to T24S cells 
(Figure 1A). In order to understand the epigenetic 
reprogramming associated with cisplatin resistance, 
three independent sets of data profiles, namely (1) 
DNA methylation, (2) nucleosome accessibility, and 
(3) gene expression, were generated in T24R and T24S 
cells (Figure 1B).  

We first performed DNA methylation analysis 
using the Illumina HumanMethylation450 BeadChip, 
in which >482,421 CpG sites are queried across the 
human genome. We identified 118,465 CpG sites as 
being differentially methylated in T24R cells 
compared to T24S cells, with a fold change of M-value 
≥ 1.0. Of these 118,465 differentially methylated CpG 
sites, we identified decreased methylation of 9,014 
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sites in 4,052 genes and increased methylation of 
109,451 sites in 93,068 genes in T24R cells compared to 
T24S. (Figure S1 and Table S1). These findings 
suggest that DNA methylation profiles are radically 
altered in T24R cells and that hypermethylation may 
be correlated to cisplatin resistance in T24 BC cells.  

Given the predominant global DNA 
hypermethylation pattern in T24R cells, we 

speculated that T24R cells also have distinctive 
chromatin modifications and accessibility alterations 
that affect gene expression. Chromatin structure, 
which is organized through DNA methylation and 
nucleosome accessibility (or occupancy), plays a 
critical role in regulating gene expression at the 
transcription start site [39]. Thus, monitoring of 
chromatin accessibility, DNA methylation, and 

 

 
Figure 1. Determination of the epigenetic rewiring in cisplatin-resistant bladder cancer. (A) Cell viability was measured at the indicated times after 10 µM cisplatin 
treatment. (B) Overall experimental workflow of the investigation of epigenetic regulation associated with cisplatin resistance in this study. (C) Bar graph showing increased and 
decreased chromatin accessibility in T24R and T24S cells. Selection of the accessible CpG sites was based on delta beta at a threshold value 0.2. The percentage indicates the 
changes in accessible chromatin upon cisplatin resistance for individual genome features. (D) Chromatin accessibility visualized by Kernel density scatter plot of 
delta-methylation versus delta-accessibility. Circle depicts the region showing a loss of chromatin accessibility accompanied by DNA hyper-methylation. (E) Venn diagram 
depicting 14,801 genes with DNA hypermethylation and 1,449 genes with decreased accessibility. (F) Venn diagram showing 2,378 genes with DNA hypomethylation and 1,123 
genes with increased accessibility. (G) Bar graph depicting enriched KEGG pathways of 1,328 hypermethylated genes with reduced chromatin accessibility. 
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histone modification is crucial for understanding 
disease progression and responses to therapy. Due to 
its importance in chromatin structuring, we 
hypothesized that nucleosome accessibility is altered 
in cisplatin-resistant BC cells, leading to altered DNA 
methylation.  

To test this hypothesis, we used the AcceSssIble 
assay [39] to determine nucleosome occupancy and 
positioning in T24R and T24S cells by probing CpGs 
using the Illumina HM450 BeadChip [39]. We 
identified a digital footprint of nucleosome occupancy 
and positioning in both the CpG-rich islands and 
CpG-poor regions of T24R and T24S cells. 
Methylation of nuclei treated with or without M.SssI, 
a CpG methyltransferase enzyme that methylates 
CpG sites on nucleosome-depleted unbound DNA, 
was compared using the Illumina HM450 BeadChip. 
We then stratified CpG sites with altered nucleosome 
accessibility (Figure 1C). Many genomic regions 
displayed decreased accessibility, except TSS 200 and 
the first exon.  

Differential DNA methylation plotted against 
differential chromatin accessibility is shown in the 
Kernel density scatter plot (Figure 1D) with the circle 
depicting genes with decreased chromatin accessi-
bility and DNA hypermethylation. Interestingly, we 
observed that nucleosome occupancy was greatly 
altered in T24R cells compared to the control T24S 
cells (Figure S1). In particular, we identified 1,328 
genes with DNA hypermethylation and decreased 
chromatin accessibility in T24R cells compared to 
T24S cells (Figure 1D-E and Table S2). We also 
identified 310 genes with DNA hypomethylation and 
increased chromatin accessibility in T24R versus T24S 
cells (Figure 1D, F and Table S3). The top 10 genes 
with hypermethylation and decreased chromatin 
accessibility and the top 10 genes with 
hypomethylation and increased accessibility are listed 
in Table S4 and Table S5. To understand the 
biological function of these genes, we performed 
functional enrichment analysis on the 1,328 
hypermethylated genes, which revealed significant 
advancement of cancer-related pathways in T24R cells 
(Figure 1G). These findings provide a finer resolution 
on the nature of epigenetic mechanisms and broaden 
our understanding of nucleosome occupancy and 
DNA methylation changes in cisplatin-resistant BC 
cells. 

Perturbed epigenetic signatures in 
cisplatin-resistant BC cells may lead to 
changes in gene expression 

The DNA methylation data was integrated with 
our previously reported gene expression data [40]. 
According to the gene expression and DNA 

methylation pattern, we grouped the genes into 6 
clusters (Figure 2A). Among these, clusters 1 
(up-hypo) and 2 (down-hyper) showed opposite 
patterns of gene expression and DNA methylation 
between T24R and T24S cells (Figure 2A). Cluster 1 
contained genes in T24R cells whose expression was 
upregulated and DNA methylation was decreased. 
Cluster 2 consisted of genes in T24R cells whose 
expression was downregulated and DNA methylation 
was increased (Figure 2A). Follow-up gene ontology 
bioinformatic analyses of the experimental data 
further suggested that there is significant epigenetic 
silencing of genes that regulate arginine and proline 
metabolism, as well as extracellular matrix receptor 
interaction, PPAR signaling, adherens junction and 
focal adhesion, in cisplatin-resistant BC cells [40] 
(Figure 2B). In contrast, genes related to DNA 
replication were found to be epigenetically 
upregulated (hypomethylated) (Figure 2B).  

As a result of this hypomethylation, 
transcription of genes associated with DNA 
replication, repair, and pyrimidine metabolism was 
upregulated. This suggests that there may possibly be 
a metabolic relationship between amino acid 
metabolism and DNA repair mechanisms. In an 
independent effort to explore metabolic perturbation 
of cisplatin resistance, a Kyoto Encyclopedia of Genes 
and Genomes (KEGG) metabolic map was 
constructed that displayed the differential regulation 
of metabolic pathways between cisplatin-resistant BC 
cells and controls. This also supported the idea that 
transcripts for the metabolism of amino acids, such as 
arginine and proline (down-hyper), and of purine and 
pyrimidine (up-hypo), are significantly altered in 
T24R cells (Figure 2C). In particular, promoters of 
genes associated with amino acid metabolism, such as 
arginine and proline metabolism, were 
hypermethylated, leading to decreased gene 
expression levels, as shown in the dotted box in 
Figure 2C and Figure S2.  

Cisplatin-resistant T24 cells displayed epigenetic 
silencing (hypermethylation and decreased mRNA 
expression) of genes associated with arginine and 
proline metabolism, such as GLUD2 (glutamate 
dehydrogenase 2), ARG2 (arginase 2), ALDH2 
(aldehyde dehydrogenase 2), P4HA1 (prolyl 
4-hydroxylase subunit alpha 1), ALDH7A1, (aldehyde 
dehydrogenase 7 family member A1), GLUD1 
(glutamate dehydrogenase 1), PYCR1 (pyrroline-5- 
carboxylate reductase 1), ASS1 (argininosuccinate 
synthase 1), ALDH18A1 (aldehyde dehydrogenase 18 
family member A1), P4HA2 (prolyl 4-hydroxylase 
subunit alpha 2), NAGS (N-acetylglutamate synthase), 
as well as SAT1 (spermidine/spermine N1-acetyl-
transferase), and CKB (creatine kinase B) (fold 
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change≥2 and FDR<0.05; Table 1). We identified 
SAT1 and ASS1 as the two most prominently 
hypermethylated and downregulated genes in T24R 
cells. The fold change of SAT1 expression was -6.09 
(FDR<0.001), while that of ASS1 was -5.27 
(FDR=0.017). Given that SAT1 and ASS1 have not yet 
been studied in the context of cisplatin resistance in 
BC, our results suggest new gene targets.  

Expression levels of epigenetically regulated 
genes are associated with clinical outcomes in 
BC patients 

We next speculated if the differentially 
methylated genes (DMGs) identified in T24R cells 
could be clinically predictive indicators for 
recurrence, tumor grade, overall survival, and/or 

 

 
Figure 2. Metabolic pathways directed by differentially expressed and methylated genes. (A) Heatmap depicting differential gene expression and DNA methylation 
patterns of T24R cells compared to T24S cells. (B) The enriched biological processes associated with the upregulated genes with DNA hypomethylation vs. the downregulated 
genes with DNA hypermethylation. (C) Metabolic pathway map displaying the changes seen in cisplatin-resistant BC. The KEGG metabolic map was overlaid with gene 
expression data. The nodes represent metabolic compounds and edges represent genes involved in the reactions (red lines: upregulated and hypomethylated genes; green lines: 
downregulated and hypermethylated genes). The boxes with dotted lines indicate significantly altered pathways, including those for arginine and proline metabolism. 
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stage. To test this, we performed a series of analyses 
on the association of the DMGs with clinical outcomes 
using publicly available gene expression microarray 
data derived from 103 BC patients [41]. GLUD1, ASS1, 
and ALDH2 were found to be associated with 
recurrence in BC patients who had already undergone 
chemotherapy (Figure 3A). ASS1 was downregulated 
in BC patients who had recurrence (n=36) compared 
to those without (n=67) (Figure 3A). BC tumor grades 
were positively or negatively associated with gene 
expression levels of our protein panel, which included 
GLUD1, ARG2, TYMS (thymidylate synthase), and 
TK1 (thymidine kinase 1) (Figure 3B). TYMS and TK1 
are proteins associated with pyrimidine metabolism 
and their gene levels were more upregulated and 
hypomethylated in T24R cells (Figure 2B). 
Furthermore, gene expression patterns of GLUD1, 
GLS, ALDH2, SAT1, ASS1, and TYMS distinguished 
patients who had worse overall survival from those 
with recurrence-free survival (Figure 3C). Of note, 
ASS1 expression was also negatively correlated with 
BC stage: lower ASS1 expression was a feature of 
higher tumor stage (Figure 3D). Collectively, these 
results suggest that SAT1 and ASS1 are 
hypermethylated in cisplatin-resistant BC cells, 
thereby resulting in aberrant loss of expression. These 
defects may be what causes the decrease in recovery 
efficiency after DNA damage. 

Epigenetic landscapes of SAT1 and ASS1 in 
cisplatin-resistant BC cells 

We next sought to determine the DNA 
methylation landscape of ASS1, which is located on 
chromosome 9 and has several CpG islands. The 
difference in DNA methylation of ASS1 between T24R 
and T24S cells was 4.35-fold (log2) and the gene 
expression difference was -5.27-fold (log2) (Figure 
4A). SAT1 and TYMS are localized on chromosomes X 
and 18, respectively. SAT1 showed 1.33-fold (log2) 
increased DNA methylation and 6.09-fold (log2) 
decreased gene expression in T24R cells. Individual 
DNA methylation levels at specific CpG sites in ASS1, 
SAT1, and TYMS are shown in Figure 4B.  

To further assess the causative relationship of 
ASS1 and SAT1 to cisplatin resistance, protein 
expression levels were compared between T24R and 
T24S cells (Figure 4C). We also found that in vitro 
addition of decitabin, a DNMT inhibitor, increased 
protein expression of both SAT1 and ASS1 in T24R 
cells (Figure 4D). Furthermore, two additional 
cisplatin-resistant BC cells lines, J82R and RT4R, were 
used to test whether decitabine treatment increases 
SAT1 and ASS1 expression. Experimental results 
showed that protein expression of both SAT1 and 
ASS1 were significantly enhanced in the presence of 

decitabine, which was consistent with data from T24R 
cells (Figure 5E). Collectively, these findings indicate 
that downregulation of SAT1 and ASS1 may most 
likely be due to changes in epigenetic regulation 
(DNA hypermethylation of CpG promoter regions).  

 

Table 1. Comparison of genes in cisplatin-resistant 
(T24R) and cisplatin-sensitive (T24S) cells. The genes are 
listed in two categories, DNA replication (pink) or arginine, 
proline, and polyamine metabolism (blue). The most 
downregulated (and hypermethylated) genes in cisplatin-resistant 
cells are those regulating arginine and proline metabolism, which 
include ASS1 and SAT1.  

Pathways Symbol Full name mRNA 
Fold 
change 

Accessibility 

DNA 
replication 

MCM7 minichromosome maintenance 
complex component 7 

2.35 No change 

POLD1 polymerase (DNA directed), 
delta 1, catalytic subunit 

1.54 No change 

POLE4 polymerase (DNA-directed), 
epsilon 4, accessory subunit 

1.52 No change 

POLE polymerase (DNA directed), 
epsilon, catalytic subunit 

1.48 No change 

RFC3 replication factor C (activator 1) 
3, 38kDa 

1.36 No change 

RNASEH2C Ribonuclease H2, subunit C 1.28 No change 
Arginine 
and proline 
metabolism 

GLUD2 glutamate dehydrogenase 2 -1.12 No change 
ARG2 arginase 2 -3.15 No change 
ALDH2 aldehyde dehydrogenase 2 

family (mitochondrial) 
-5.09 Decreased 

P4HA1 prolyl 4-hydroxylase, alpha 
polypeptide I 

-1.67 No change 

ALDH7A1 aldehyde dehydrogenase 7 
family, member A1 

-1.27 Decreased 

GLUD1 glutamate dehydrogenase 1 -1.09 No change 
GLS glutaminase -1.88 No change 
PYCR1 pyrroline-5-carboxylate 

reductase 1 
-1.14 No change 

ASS1 argininosuccinate synthase 1 -5.27 Decreased 
ALDH18A1 aldehyde dehydrogenase 18 

family, member A1 
-1.21 No change 

SAT1 spermidine/spermine 
N1-acetyltransferase 1 

-6.09 Increased 

P4HA2 prolyl 4-hydroxylase, alpha 
polypeptide II 

-1.31 Decreased 

NAGS N-acetylglutamate synthase -1.91 No change 
CKB creatine kinase, brain -1.22 No change 

 

SAT1 and ASS1 play critical roles in cisplatin 
resistance 

Western blot analysis data demonstrated that 
cisplatin-resistant BC cells express little SAT1, while 
cisplatin-sensitive cells exhibit clearly detectable 
expression. Based on this, we hypothesized that 
activation or induced expression of SAT1 could 
re-sensitize T24R cells. T24R cells were transfected 
with a FLAG-SAT1 vector (Figure 5A). We found that 
induced SAT1 expression in T24R cells enhanced 
apoptosis in both the absence and presence of 
cisplatin (Figure 5B). Upon cisplatin treatment, 
SAT1-overexpressing T24R cells displayed a 
significant increase in apoptosis, an approximate 
3.5-fold of untreated basal levels (Figure 5B). SAT1 
overexpression also led to an estimated 2.3-fold 
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increase in the production of reactive oxygen species 
(ROS), which may contribute to the re-sensitization of 
T24R cells to cisplatin (Figure 5C).  

Next, to evaluate the potential interdependence 
of SAT1 activation and drug sensitivity, we treated 
T24R cells with a combination of cisplatin and 
BENSpm (a SAT1 inducing reagent) (Figure 5D). This 

resulted in a significant synergistic reduction of cell 
survival that was greater than treatment with cisplatin 
or BENSpm alone. Consistent with the findings in 
T24R cells, additional experiments conducted on J82R 
(Figure 5E) and RT4R (Figure 5F) cells showed that 
BENSpm sensitized cisplatin-resistant BC cells.  

 

 
Figure 3. Clinical association of DMGs with differential expression in T24R and T24S cells. (A) Box plot showing recurrence predictability of GLUD1, ASS1, and 
ALDH2. (B) Box plot showing grade predictability of GLUD1, ARG2, TYMS, and TK1. (C) Overall survival rate graph showing survival predictability of GLID1, GLS, and ALDH2. 
(D) Box plot showing tumor stage predictability of ASS1.  
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Figure 4. Alteration of DNA methylation landscapes in cisplatin-resistant BC cells. (A) Table showing promoter CpG methylation sites identified by HM450 array, 
and fold changes in DNA methylation and gene expression of ASS1, SAT1, and TYMS. Fold changes of DNA methylation (orange bars) and gene expression (green bars) of ASS1, 
SAT1, and TYMS in T24R compared to T24S, are shown. (B) Methylation sites on ASS1, SAT1, and TYMS (red circle, hypermethylated sites; green circle, hypomethylated sites; 
white circle, no changes). (C) Downregulation of SAT1 and ASS1 protein expression levels in T24R cells compared to T24S. (D) Increased protein expression of SAT1 and ASS1 
in T24R cells upon treatment with decitabine, an inhibitor of DNA methylation. (E) Increased protein expression of SAT1 and ASS1 in J82R or RT4R cells upon treatment with 
decitabine.  

 

Our experimental data provided evidence that 
DNA methylation of ASS1 is increased and gene 
expression is decreased in T24R cells (Figure 4A). In 
addition, arginine metabolism is also shown to be 
defective in T24R cells. This opens the possibility that 
this may also hold true for other cisplatin-resistant 
cancers. During analysis of publicly available human 
BC data collections, we found that ASS1 expression is 
negatively correlated with BC recurrence and grade. 
Currently, pegylated arginine deiminase (ADI-PEG 
20), an arginine-depleting therapy, is under 
evaluation in clinical trials for many types of cancers, 
including BC. We found that similar treatment with 
ADI-PEG 20 increased ASS1 expression in T24S cells 
(Figure 5G). In T24R cells, ASS1 was not expressed up 
to 72 h following treatment with ADI-PEG 20 (Figure 
5G). We also found that ASS1 was not re-expressed 

when T24R cells were treated for 96 h. Given that T24S 
cells exhibit ASS1 expression, ASS1 deficiency will 
likely be a key factor in selecting patients for clinical 
trials involving ADI-PEG 20 therapy, which is 
consistent with previous observations in other cancer 
types [42].  

Next, we determined whether arginine depletion 
via ADI-PEG 20 could induce apoptosis in T24R cells 
that do not express ASS1. T24R cells were treated 
under various conditions: (1) cisplatin alone, or (2) 
combination of cisplatin and ADI-PEG 20 in a 
dose-dependent manner (1, 10, 100, and 750 ng/mL). 
Cell survival rates were measured using two 
independent assays, the MTS (Figure 5H) and crystal 
violet assay (Figure 5I). The following 
time-dependent experiments showed consistent 
results (Figures 5J (crystal violet assay) and Figure 5K 
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(MTS assay)). In addition, J82R and RT4R cells were 
tested with ADI-PEG 20 treatment as well. The results 
suggested that a combination of cisplatin and 
ADI-PEG 20 greatly enhances responsiveness to 
cisplatin in resistant BC cell lines and resulted in 
approximately 50% and 40% reduction in cell survival 
rates in J82R and RT4R cells, respectively (Figures 
5L-M).  

To further supplement evidence for the 
association of ASS1 and SAT1 with BC, 
immunohistochemistry (IHC) analysis was performed 

using commercial BC tumor microarrays (TMAs). We 
found that 80% of the tumors (32/40 cores) were 
negative for SAT1 and ASS1 protein expression (data 
not shown). These results imply that SAT1 and/or 
ASS1 silencing are potential indicators of disease. In 
this regard, patients with little to no expression of 
SAT1 and ASS1 may be good candidates for 
combination treatments with ADI-PEG 20 and 
cisplatin. This is because SAT1 and ASS1 expression 
may be indicators of clinical benefit from cisplatin 
chemotherapy and/or arginine deprivation therapy.  

 

 
Figure 5. Sensitization of T24R cells to cisplatin-induced apoptosis by overexpression of SAT1 or BENSpm treatment. (A) Overexpression of SAT1 protein in 
T24R cells transfected with pCMV7.1 3XFLAG-hSAT1 was confirmed by western blot analysis using an anti-flag antibody. (B) Sensitization of T24R cells to cisplatin-induced cell 
apoptosis upon overexpression of SAT1. (C) Increase in ROS production through overexpression of SAT1 in T24R cells and reduction of ROS by N-acetylcysteine (NAC). The 
levels of ROS produced in control cells are set at 100%. Each bar represents the mean ± SD of three independent experiments (*, P<0.05). (D) Suppression of survival of 
cisplatin-treated T24R cells by BENSpm treatment. (E-F) Treatment with BENSpm sensitized cisplatin-resistant BC cells, J82R (E) and RT4R (F). (G) Restoration of ASS1 
expression in T24S cells by API-PEG 20 in a dose-dependent manner. Cells were harvested 72 h after treatment. (H-J) Enhancement of apoptosis through the combination of 
cisplatin and ADI-PEG 20 in cisplatin-resistant T24R, but not T24S, cells. Cell survival was determined used (H) MTS assay and (I) crystal violet assay 72 h after treatment with 
cisplatin with or without ADI-PEG 20. (J) T24R cells were treated with cisplatin alone, ADI-PEG 20 alone, or with cisplatin plus ADI-PEG 20 for 0, 24, or 72 h. Crystal violet assay 
was performed. (K) T24R cells were treated with cisplatin alone, ADI-PEG 20 alone, or with cisplatin plus ADI-PEG 20 for 0, 8, 24, 30, 48, or 72 h. (Blue circle: ADI-PEG 20 plus 
cisplatin; white circle: cisplatin alone; gray circle: ADI-PEG 20 alone). Cell survival rates were measured using MTS assay. (L-M) Cell survival rates increased in J82R or RT4R cells 
upon treatment with cisplatin and ADI-PEG 20. 
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Discussion  
In this study, we sought to determine if 

epigenetically regulated metabolic reprogramming is 
associated with cisplatin resistance in BC, and if SAT1 
and ASS1 are potential predictive biomarkers for 
cisplatin resistance. Generally, treatment for recurrent 
BC involves systemic cisplatin chemotherapy [43]. 
Although this current standard has decreased 
morbidity and mortality, failure of treatment 
frequently occurs due to acquired chemoresistance. 
This has resulted in a 5-year survival rate of only 
5-15% following recurrence [44-46]. Therefore, 
concerted efforts are necessary to identify markers 
associated with cisplatin resistance in BC patients. 
Moreover, identification of markers is key to 
comprehending the mechanisms of cisplatin 
resistance that is critically needed in order to develop 
novel treatment strategies.  

In our study, decitabine reestablished cisplatin 
susceptibility in resistant BC cells by increasing ASS1 
expression. Our experimental results demonstrate the 
epigenetic regulatory mechanisms of ASS1 and SAT1 
and their potential contributions to metabolic 
perturbations that are apparent in the context of drug 
resistance. This study also provides evidence that 
therapeutic targeting of metabolic pathways through 
the use of BENSpm or ADI-PEG 20 may help 
overcome cisplatin resistance. Furthermore, analysis 
of tumor tissue samples from BC patients showed that 
approximately 80% had little to no expression of ASS1 
and SAT1, an indication that these genes have 
profound roles in BC tumorigenesis and 
development. Although this is out of the scope of this 
current study, it would be of great interest to evaluate 
if ASS1 and/or SAT1 are predictive indicators of 
response to adjuvant chemotherapy among 
assembled BC patient populations.  

Global reprogramming of DNA methylation has 
been linked to the onset and progression of cancer [23, 
47]. DNA hypermethylation at promoter regions of 
tumor suppressor genes often leads to silencing of 
expression. In contrast, DNA hypomethylation has 
been reported to induce genome instability and can 
activate proto-oncogenes [48, 49]. DNA-demethyl-
ating agents, such as 2′-deoxy-5-azacitidine/ 
decitabine (DAC) and 5-azacitidine/azacitine (AZA), 
can induce global DNA demethylation in tumor cells 
when they are transiently given at low doses [50, 51]. 
DAC and AZA can also reverse epigenetic silencing 
and reactivate tumor suppressor gene expression, 
which might contribute to antitumor effects. In 
non-cancer diseases, such as myelodysplastic 
syndrome (MDS), the FDA has approved AZA and 
DAC as treatment options. Next-generation DNMT 
inhibitors and oral formulations are also currently 

under development. However, epigenetic therapies 
alone may not be effective in treating human cancers. 
They are likely best when combined with other 
modalities, such as chemotherapies or immuno-
therapies. Thus, there are a series of ongoing clinical 
trials using DNMT inhibitors in combination with 
conventional regimens for many cancer types [52].  

Our current study further investigated the 
epigenetic landscape of cisplatin-resistant BC and 
found that resistance may be associated with 
modifications in the arginine metabolome via ASS1, 
the rate-limiting enzyme in arginine synthesis. Loss of 
ASS1 drives cancer cells to become dependent on 
extracellular arginine, effectively converting these 
cells into arginine auxotrophs. ASS1 deficiency has 
been observed in various other cancer types, 
including hepatocellular carcinoma, melanoma, 
myxofibrosarcoma, mesothelioma, prostate cancer, 
and renal cancer [53-57]. In terms of BC, ASS1 
deficiency is particularly common in urothelial 
carcinoma, small cell, and squamous cell carcinoma 
subtypes [57, 58]. Based on this, ADI-PEG 20 is 
currently being tested in clinical trials for many cancer 
types (https://clinicaltrials.gov, identifiers 
NCT01497925, NCT02029690, and NCT02101593, etc.). 
Given previous findings demonstrating that ASS1 
expression is negatively correlated with the 
anti-cancer effects of ADI-PEG 20 treatment, loss off 
or reduced ASS1 may be a predictive factor that can 
determine which patients will benefit from treatment.  

Our results also showed that SAT1 
overexpression promotes the sensitivity of T24R cells 
to cisplatin-induced apoptosis. This is consistent with 
a previous report showing that SAT1 overexpression 
can lead to the depletion of spermidine and spermine, 
while simultaneously increasing polyamine oxidation 
[59]. This depletion of spermidine and spermine 
causes apoptosis through a mitochondria-mediated 
pathway [59]. Since mitochondrial dysfunction and 
redox imbalance are known to contribute to cancer, it 
would be interesting to investigate the connection 
between polyamine metabolism and cisplatin 
resistance in the context of mitochondrial function, 
metabolic pathways, and cell signaling. Although we 
did not delve into this area in our study, we believe 
that a better understanding of the potential link 
between nitrogen metabolism and cisplatin resistance 
in BC may provide supplemental information on 
epigenetic regulation of metabolism. 

In summary, our present study suggests that the 
epigenetic regulation of certain amino acids and 
polyamine metabolic enzymes is significantly altered 
in BC and that this change may play a critical role in 
BC chemoresistance. The main results from our study 
are expected to lead to a novel molecular signature 
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that could potentially be applied in clinical tests for 
guiding treatment decisions. Thereby, these results 
could pave a path towards identification of novel 
drugs that can decrease chemoresistance. Our data 
also suggests the involvement of polyamine and 
arginine pathways in BC chemoresistance. The 
experimental results from this study contribute to a 
better understanding of the dependence of BC on 
exogenous polyamine or arginine, which may 
potentially lead to the capability of accurately 
distinguishing MIBC patients who will not develop 
cisplatin resistance. The status of SAT1 or ASS1 
expression may be a reliable method of identifying 
which MIBC patients will or will not develop cisplatin 
resistance after chemotherapy. Furthermore, this 
study has significant clinical relevance to public 
health; it provides pre-clinical evidence that 
enhancing polyamine catabolism or arginine 
biosynthesis may overcome cisplatin resistance in 
aggressive BC.  

Methods 
Reagents 

ADI-PEG 20 was generously provided by Polaris 
Pharmaceuticals (San Diego, CA). A vector construct 
encoding FLAG-tagged human SAT1 (pCMV7.1 
3XFLAG-hSAT1) was provided by Dr. MH Park [60]. 
BENSpm, a SAT1 agonist, was a gift from Dr. David 
Oupicky at the University of Nebraska Medical 
Center. Decitabine, a DNMT inhibitor, was obtained 
from Selleckchem (Cat. No. S1200). The following 
antibodies were purchased, as indicated: β-actin 
(Sigma, USA), SAT1 (Thermo Fisher Scientific, USA), 
ASS1 (Cell Signaling Technology, USA), PARP, and 
cleaved-PARP (Cell Signaling Technology, USA). 

Tissue culture 
Three human BC cell lines (T24, J82, and RT4) 

were procured from the American Type Culture 
Collection (Manassas, VA). Cisplatin-sensitive (T24S, 
J82S, and RT4S) or resistant (T24R, J82R, and RT4R) 
cells were constructed and characterized in our 
laboratory [38]. Experiments were carried out in 
accordance with approved protocols and all methods 
adhered to institutional guidelines.  

Accessibility assay 
The principle of this assay has been described 

and published prior [39, 61]. Cell pellets were washed 
twice with ice-cold PBS buffer then resuspended in 1 
mL PBS. Lysis buffer (10 mM Tris (pH 7.4), 10 mM 
NaCl, 3 mM MgCl2, 0.1 mM EDTA, 0.5% NP-40) was 
then added and the lysates were centrifuged at 1006 
rcf for 5 min at 4 °C. The supernatant was removed 
and the pellets were suspended in 2 mL of wash 

buffer (10 mM Tris (pH 7.4), 10 mM NaCl, 3 mM 
MgCl2, 0.1 mM EDTA). This suspension was then 
divided into two microcentrifuge tubes (no enzyme 
and M.Sssl reactions) and centrifuged again at 1006 rcf 
for 5 min at 4 °C. The supernatant was removed and 
the following was added to each tube: 84.25 µL 1X 
NEBuffer 2, 7.5 µL 10X NEBuffer 2, 45 µL 1 M sucrose, 
1.5 µL 32 mM S-adenosylmethionine (SAM), and 12.5 
µL 4 U/µL M.Sssl (or H2O for the no enzyme tube). 
The reaction mixtures were incubated at 37 °C for 15 
min. Pre-warmed (37 °C) 300 µL stop solution (10 mM 
Tris-HCl (pH 7.9), 600 mM NaCl, 1% SDS, 0.1 mM 
EDTA) and 6 µL of Proteinase K were added to each 
tube, and the reaction mixtures were incubated at 55 
°C for 16 h. DNA was then purified via 
phenol/chloroform extraction and ethanol 
precipitation, and then redissolved in 20 µL of ddH2O 
for subsequent analyses. 

Quality control M.SssI treatment 
In total, 1 µg of no enzyme or M.Sssl-treated 

DNA was subjected to bisulfite conversion using the 
Zymo EZ DNA Methylation Kit (using the Illumina 
Infinium® Methylation Assay alternative incubation 
conditions). Bisulfite (BS)-converted DNA was then 
analyzed by the high-resolution melt (HRM) method 
using the Bio-Rad Precision Melt Supermix (Catalog 
#172-5110) (reaction mix: 10 µL Precision Melt 
Supermix, 0.8 µL of 5 µM primer mix, 1 µL 
BS-converted DNA, 8.2 µL ddH2O) (PCR protocol: 95 
°C for 00:02:00, [95 °C for 00:00:10, 58 °C for 00:00:30, 
plate read, 72 °C for 00:00:30] × 60 cycles, 95 °C for 
00:00:30, 60 °C for 00:01:00, melt curve 65 °C to 90 °C 
[00:00:10 and plate read at each degree]). Primer 
sequences: ACTB: 5'-AGAGGGGGTAAAAAAATGT 
TGTAT-3', 5'-TCGAACCATAAAAAACAACTTTC 
-3’; GADPH: 5'-TTTTAAGATTTTGGGTTGGGT-3', 
5'-CTATCGAACAAAAAAAACAAAAAAC-3'; C1D: 
5'-TTTTTGGAGAAGAGTTAAGGAGTAGG-3'; 5'-AC 
TCCAATCTCCCGAAAAAC-3'; RPLP0: 5'-AGGTGG 
TAGTAGTTTAGAGTAAGTTTT-3’, 5'-CGAATACA 
AACAACCATTAAATA-3'. Proper M.SssI treatment 
was verified by a shift in melting curves upon 
methylation. For HM450 analysis, >0.5 µg of 
BS-treated DNA samples with verified M.Sssl 
treatment were submitted. 

Infinium® HumanMethylation450 BeadChip 
assay and data processing 

The amount of bisulfite-converted DNA and the 
completion of bisulfite conversion were determined 
using a panel of MethyLight-based quality control 
(QC) tests, as described previously [62]. All the 
samples that passed the QC tests were subjected to the 
HM450 assay data production [49]. 
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The HM450 probes interrogate the methylation 
statuses of ~485,000 CpG sites, which covers 99% of 
RefSeq genes, 96% of CpG islands, and spans 
promoters 5’ UTRs, first exons, gene bodies, and 3’ 
UTRs. The probe list was then filtered to remove 
probes with a detection p-value > 0.05 and those 
located within 15 base pairs of a single-nucleotide 
polymorphism, mapped to multiple locations, or are 
on sex chromosomes. The end result is a dataset of 
corrected beta-values for 385,826 probes that cover 
~19,500 genes. The intensities of methylation-specific 
probes over the signals of unmethylated-specific 
probes were computed as M values [63]. The M values 
from the arrays were normalized using the quantile 
method [64].  

Chromatin accessibility analysis 
The beta value method with methylation data 

was used to analyze bisulfite-treated DNA as 
described in a previous study [39]. Briefly, The 
accessibility scale was defined as the beta value of 
M.SssI-treated cells minus the beta value of the 
no-enzyme control (delta-beta), defined on a 0–1 scale, 
after removing the probes with delta-beta <0. 
Accessible probes were defined as delta-beta >0.2. 

Identification of differentially expressed genes 
To identify differentially expressed genes 

(DEGs) between T24S and T24R cells, we performed 
the integrated hypothesis testing method [65, 66]. 
Briefly, the T value, log2-median ratios, and Z values 
for rank-sum differences were computed for each 
gene. Empirical distributions of the null hypothesis 
were estimates for the T values, log2-median ratios, 
and Z values of the genes after permuting the 
samples. For each gene, adjusted P-values of its 
observed T-values, log2-median ratios, and rank-sum 
ratios were computed using their corresponding 
empirical distributions in a two-tailed test. The 
individual P-values from the two tests were then 
combined and the false discovery rate (FDR) was 
computed using the Stouffer’s method [65, 66]. The 
DEGs were chosen based on their FDR and fold 
change (FDR<0.05 and log2-fold-change≥1.0).  

Functional enrichment analysis 
Enrichment analysis of gene ontology biological 

processes (GOBPs) and KEGG pathways for the genes 
listed as DMGs and DEGs was performed using the 
DAVID software [67].  

Construction of a network model 
To construct a network model describing 

cisplatin resistance in BC cells, we first selected the 
subsets of genes from Clusters 1 and 2 that were 
involved in metabolic processes. We then collected 

the interaction data regarding these genes from the 
STRING database (Ver. 10.5) and used this 
information to reconstruct a network model [68]. 
Finally, the network model was visualized using 
Cytoscape [69]. The nodes in the network model 
represent the genes distributed according to the 
metabolic pathway in which they are involved.  

Quantitative RT-PCR analysis 
Total RNA was purified using the MagNA Pure 

Compact RNA Isolation Kit (Roche), according to the 
manufacturer’s instructions. The cDNA was then 
synthesized using the iScript cDNA Synthesis Kit 
(Bio-Rad), which was followed by qPCR using iTaq 
Universal SYBR Green Supermix (Bio-Rad) on an ABI 
7500 Fast Real-Time PCR System (Life Technologies). 
The annealing temperature for qPCR was set to 60 °C 
and actin-beta (ACTB) was used as an internal control 
for normalization of gene expression.  

Western blot analysis 
The collected cells were washed twice with 

ice-cold PBS and lysed with a whole-cell extract lysis 
buffer (Bio-Rad) with a protease inhibitor cocktail 
(Thermo Fisher). Protein levels were measured and 
cell lysates containing 25 µg of proteins were used for 
SDS-PAGE. Proteins were then electrophorectically 
transferred onto nitrocellulose membranes for further 
processing. After blocking for 30 min with 5% milk in 
tris-buffered saline with tween 20 (TBST), the 
membranes were incubated with a specific primary 
antibody overnight at 4 °C. Following this step, the 
membranes were washed and incubated with 
secondary, species-specific horseradish peroxidase- 
conjugated antibodies. Immunoreactive proteins were 
detected via chemiluminescence (Pierce Laboratories) 
and band intensities were quantified using ImageJ.  

Cell survival assay 
T24 cell lines were incubated with cisplatin, 

BENSpm, and/or ADI-PEG 20, as indicated. Cell 
survival after treatment was determined by 
measuring cell viability using MTS reagents (Promega 
Corporation, Madison, WI), according to the 
company’s protocols. 

Reactive oxygen species (ROS) measurement 
To determine intracellular ROS levels, cells were 

stained using dischlorofluorescein diacetate 
(DCF-DA) (Sigma-Aldrich). Cells were seeded into 
6-well plates at a density of 2×105 cells/well. At 24 h 
post seeding, DCF-DA was added to the wells under 
low-light conditions and the plates were incubated in 
the dark at room temperature for 20 min. The cells 
were then washed twice with PBS and fluorescence 
intensities were determined using the FACS Calibur 
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Flow Cytometer. Data was analyzed using FlowJo 
software.  

Statistical analysis 
Statistical analyses were conducted using 

MATLAB (Ver. 9.2). Data was expressed as mean ± 
standard deviation (SD). For most of the biochemical 
data analyses, Student’s t-test was used. Differences 
were considered statistically significant when *p < 
0.05, or **p < 0.01.  
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