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Abstract

This study determined the anti-neoplastic activity and nephrotoxicity of epigenetic inhibitors in 
vitro. The therapeutic efficacy of epigenetic inhibitors was determined in human prostate cancer 

cells (PC-3 and LNCaP) using the DNA methyltransferase inhibitor 5-azacytidine (5-Aza) and the 

histone deacetylase inhibitor trichostatin A (TSA). Cells were also treated with carbamazepine 

(CBZ), an anti-convulsant with histone deacetylase inhibitor-like properties. 5-Aza, TSA or CBZ 

alone did not decrease MTT staining in PC-3 or LNCaP cells after 48 hr. In contrast, docetaxel, a 

frontline chemotherapeutic induced concentration-dependent decreases in MTT staining. 

Pretreatment with 5-Aza or TSA increased docetaxel-induced cytotoxicity in LNCaP cells, but not 

PC-3 cells. TSA pretreatment also increased cisplatin-induced toxicity in LNCaP cells. 

Carfilzomib (CFZ), a protease inhibitor approved for the treatment of multiple myeloma had 

minimal effect on LNCaP cell viability, but reduced MTT staining 50% in PC-3 cells compared to 

control, and pretreatment with 5-Aza further enhanced toxicity. Treatment of normal rat kidney 

(NRK) and human embryonic kidney 293 (HEK293) cells with the same concentrations of 

epigenetic inhibitors used in prostate cancer cells significantly decreased MTT staining in all cell 

lines after 48 hr. Interestingly, we found that the toxicity of epigenetic inhibitors to kidney cells 

was dependent on both the compound and the stage of cell growth. The effect of 5-Aza and TSA 

on DNA methyltransferase and histone deacetylase activity, respectively, was confirmed by 

assessing the methylation and acetylation of the CDK inhibitor p21. Collectively, these data show 

that combinatorial treatment with epigenetic inhibitors alters the efficacy of chemotherapeutics in 

cancer cells in a compound- and cell-specific manner; however, this treatment also has the 

potential to induce nephrotoxic cell injury.
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1. Introduction

DNA methylation is an epigenetic event that affects cell function by altering gene expression 

[1]. Essentially, it is the covalent addition of a methyl group, catalyzed by DNA 

methyltransferase, to the 5-carbon of a cytosine in a CpG dinucleotide [2]. This methyl 

group impedes the binding of transcription proteins, thereby decreasing transcription and 

expression. DNA methylation plays a crucial role in carcinogenesis through methylation of 

cytosines at promoter regions of various genes, silencing their transcription [3]. A number of 

tumor suppressor genes can also be silenced via methylation [4].

Histone modifications can also affect gene expression. Histone acetylation generally induces 

gene activation through post-transcriptional acetylation of lysine residues at the N-terminal 

tail of each of four histones: H2A, H2B, H3, and H4 [5, 6]. Histone acetyltransferase 

catalyzes the transfer of an acetyl group from acetyl-coenzyme A to the histone. The 

addition of an acetyl group decreases the interaction of the histone with the negatively 

charged phosphate groups of DNA. This results in less condensed chromatin, referred to as 

euchromatin, which is more readily and easily transcribed. Histone deacetylases remove 

these acetyl groups. Alterations in promoter-specific histone modifications can result in 

improper silencing or transcription, which could lead to cellular transformation, 

carcinogenesis, or cancer progression [7, 8].

Growing evidence indicates that epigenetic abnormalities contribute to the dysregulation in 

gene expression associated with cancer formation and progression [9]. Prostate cancer is the 

second leading cause of cancer death among men in the United States. Although the 

mechanisms underlying prostate cancer formation are not well understood, irregular 

epigenetic events including alterations in DNA methylation and histone modifications 

appear to contribute to its development [10–14]. This is one reason why epigenetic inhibitors 

are being proposed as potential treatments for prostate cancer, among other cancer types, 

both alone and in combination with established chemotherapeutics [15–18].

Several studies have investigated the role of epigenetic alterations on the expression of 

specific genes and how these genes contribute to prostate cancer growth [12–14]. In contrast, 

fewer studies have examined the effect of concomitant treatments of epigenetic inhibitors 

and known chemotherapeutics on prostate cancer cell growth. One such study assessed the 

effect of pretreatment of prostate cancer cells with the DNA methyltransferase inhibitor 5-

azacytidine followed by the chemotherapeutic docetaxel, and found that this co-treatment 

increased docetaxel-induced apoptosis in DU-145 cells [15]. Another study found that 

combinatorial treatment with a histone deacetylase inhibitor and androgen receptor 

antagonist synergistically reduced prostate cancer cell proliferation and increased cell death 

[19].
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A limitation of the above studies, as well as other studies, is that the anti-cancer activities of 

these treatments were not compared directly to their non-target organ toxicity. The kidney is 

often subject to adverse effects by chemotherapeutic treatments [20, 21]. Further, epigenetic 

inhibitors are known to induce cell- and compound-specific nephrotoxicity. For example, 5-

azacytidine induces renal tubular dysfunction in patients with advanced acute leukemia [20, 

22]. Dong et al. [23] found that histone deacetylase inhibitors induce apoptosis in renal 

tubular cells. DNA methyltransferase inhibitors and histone deacetylase inhibitors have also 

been shown to induce nephrotoxicity via increased oxidative stress [24]. These studies 

support the need to examine the effect of concomitant treatment schedules of epigenetic 

inhibitors with established chemotherapeutics on nephrotoxicity. This study determined the 

cytotoxicity of DNA methylation and histone deacetylation inhibition alone and in 

combination with various chemotherapeutics on prostate cancer and kidney cells.

2. Materials and Methods

2.1. Materials

Normal rat kidney (NRK) cells, human embryonic kidney (HEK-293) cells, human prostate 

cancer (PC-3, LNCaP) cells, DMEM media, F-12K media, RPMI 1640 media and fetal 

bovine serum were purchased from American Type Culture Collection (Mannasas, VA). 

Antibiotic antimycotic solution was purchased from Sigma-Aldrich (St. Louis, MO). 

Docetaxel, cisplatin, carfilzomib (CFZ), 5-azacytidine (5-Aza), carbamezapine (CBZ), 

trichostatin A (TSA) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 

(MTT) were purchased from Sigma-Aldrich (St. Louis, MO). All compounds were dissolved 

in dimethyl sulfoxide (DMSO) from Fisher Scientific (Pittsburg, PA). DNeasy blood and 

tissue kit was purchased from Qiagen (Valencia, CA), EZ DNA methylation-lightening kit 

from Zymo Research (Irvine CA), NucleoSpin gel and PCR clean-up kit from Macherey-

Nagel (Düren, Germany), PCR master mix from Promega (Madison, WI), EpiQuick Acetyl-

Histone H3 ChIP kit from Epigentek (Farmingdale, NY) and MiSeq reagent v3 kit from 

Illumina Inc (San Diego, CA)

2.2. Cell Lines and Treatments

The human PC-3 cell line was initiated from bone metastasis of a prostatic adenocarcinoma. 

These cells are p53-null, androgen insensitive and malignant. LNCaP cells are derived from 

a human lymph node metastasis of prostate carcinoma and are p53-positive, androgen 

sensitive and less aggressive. All cells were grown at 37°C in 5% CO2. Docetaxel is a 

frontline chemotherapeutic for prostate cancer and acts through tubulin disturbance [25]. 

Cisplatin is a common chemotherapeutic that acts through DNA alkylation. Carfilzomib is a 

selective proteasome inhibitor approved for the treatment of myeloma [26]. 5-Aza is a DNA 

methyltransferase (DNMT) inhibitor, TSA is a histone deacetylase (HDAC) inhibitor and 

CBZ is a clinically used anticonvulsant with HDAC inhibitor-like properties [27–29].

2.3. MTT Staining

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) staining was used as 

an indicator of toxicity and was corroborated with examination of cellular morphology using 

phase contrast microscopy. All cell lines were seeded in 48-well plates at 100,000 cells/mL. 
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The prostate cancer cells were incubated 24 hr to reach log phase growth. The kidney cells 

were grown for 48 hr to obtain confluence. These conditions were selected to more 

accurately reflect the biological state of both in the body, as cancer cells are generally 

actively dividing, while, under normal circumstances, the kidney is not. After this time, 

kidney cells and prostate cancer cells were pretreated with varying concentrations of 

epigenetic inhibitors (5-Aza, CBZ, TSA) or vehicle control for 30 min, followed by addition 

of chemotherapeutics or vehicle control for a total of 48 hr. The total amount of DMSO was 

never above 0.1% of the total volume per well. After 48 hr, 0.25 mg/mL of MTT was added 

to each well and the plates were incubated for 2 hr. The media was then aspirated and 

replaced with DMSO. The plates were shaken at 100 rpm for 15 min to dissolve all 

precipitates and the absorbance of each well at 544 nm, including control and blank wells, 

was measured with a FLUOstar OPTIMA plate reader (BMG Lab Technologies, Inc., 

Durham, NC).

2.4. Confirmation of the effect of 5-Aza

The effect of 5-Aza on DNA methylation was investigated using next-generation sequencing 

(NGS) of bisulfite converted DNA and verified via decreases in methylation of a specific 

target gene (CDKN1a or p21). HEK293 cells were seeded and incubated for 24 hr, then 

treated with 5-Aza or control for 6 days. DNA was extracted from 5 x 106 cells using 

Qiagen’s DNeasy blood and tissue kit, followed by bisulfite conversion using Zymo 

Research’s EZ DNA methylation-lightening kit following manufacturer’s protocol. PCR of 

the bisulfite converted DNA was performed to amplify the p21 promoter region (sense: 5’-

TTTTTTGAGTTTTAGTTTTT TTAGTAGTG-3’ and anti-sense: 5’-

AACCAAAATAATTTTTCAATCCC-3’, designed using Methprimer [30]). The amplicons 

were further processed for NGS on the Illumina MiSeq platform using custom adapters [31] 

and 600 cycle v3 kits to obtain paired-end 300 base reads. Comparison of sequences of the 

bisulfite-treated DNA from 5-Aza-treated and control cells with a reference genome allowed 

the identification of sites with 5-methylcytosine. More than 10,000 sequence reads per 

sample were aligned and analyzed using Bismark bisulfite mapper to obtain percent DNA 

methylation data.

2.5. Confirmation of the effect of TSA

The effect of TSA on histone acetylation was investigated using Epigentek’s EpiQuick 

Acetyl-Histone H3 chromatin immunoprecipitation (ChIP) kit following the manufacturer’s 

protocol and using p21 as a reference gene. For this, NRK cells were incubated for 24 hr and 

then treated with or TSA or control for 72 hr. 3 x 106 cells were used for ChIP. PCR of the 

eluted DNA was performed to amplify the rat p21 promoter region with primers as used by 

Yuan H et al. [32], and to amplify the housekeeping gene glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH, sense: 5’-CACGGCAAGTTCAACGGCACAGTCA-3’ and anti-

sense: 5’-GTGAAGACGCCAGTAG ACTCCAGGAC-3’). The amplicons were analyzed by 

densitometry using Flourchem HD2 system (ProteinSimple, San Jose, CA).

2.6. Statistical Analysis

Cells isolated from a distinct passage represented one experiment (n = 1). Data are 

represented as the mean ± standard deviation (SD) of 6–12 separate experiments (n = 6–12). 

Scholpa et al. Page 4

Chem Biol Interact. Author manuscript; available in PMC 2017 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A one-way analysis of variance (ANOVA) was performed for each data set followed by 

Bonferonni post-hoc test using GraphPad Prism software with P < 0.05 being considered 

indicative of a statistically significant difference between mean values. NGS generates 

thousands of read sequences for each sample, unlike traditional bisulfite sequencing with 

only 10–20 sequences. The greater the read number, the higher the statistical power of 

analysis for detecting even subtle differences in methylation between samples [33]. ChIP 

data are represented as the mean ± SD of 6 different treatments (n=6) and analyzed by two-

tailed paired t-test with significance level P < 0.05 as above.

3. Results

3.1. Effect of epigenetic inhibitors on prostate cancer and kidney cytotoxicity

Both kidney and prostate cancer cells were treated with epigenetic inhibitors for 48 hr. The 

DNA methyltransferase inhibitor 5-azacytidine (5-Aza) was used at concentrations ranging 

from 0–20 μM, the HDAC inhibitor trichostatin A (TSA) was used at concentrations of 0–

100 nM and carbamezapine (CBZ) was used at 0–100 μM. These concentrations were 

chosen based on literature studies investigating DNMT and HDAC activity [29, 34, 35]. 5-

Aza had minimal effects on MTT staining in PC-3 or LNCaP cells as compared to controls. 

In contrast, 5-Aza treatment decreased MTT staining in NRK and HEK293 cells at 

concentrations as low as 2 μM (Figure 1A). TSA treatment decreased MTT staining in 

kidney cells at concentrations of 10 nM and higher, and decreased MTT staining in LNCaP 

cells at a concentration of 100 nM. Similar to 5-Aza, TSA had no effect on MTT staining in 

PC-3 cells at any concentration (Figure 1B). On the other hand, CBZ treatment only altered 

MTT staining at concentrations above 100 μM, where it significantly decreased MTT 

staining in LNCaP, HEK293 and NRK cells compared to control (data not shown).

3.2. Effect of chemotherapeutics on prostate cancer and kidney cytotoxicity

Docetaxel is a frontline chemotherapeutic for the treatment of prostate cancer and acts via 

tubulin disruption [25]. Unlike 5-Aza and TSA, docetaxel decreased MTT staining in all cell 

lines tested, with initial decreases being detected at concentrations as low as 1 nM (Figure 

1C). As anticipated, docetaxel had a greater effect in prostate cancer cells than in kidney 

cells.

We also examined the effects of carfilzomib (CFZ), a selective proteasome inhibitor 

approved for the treatment of myeloma, on kidney and prostate cancer cytotoxicity at 

concentrations from 0–20 nM. Interestingly, treatment of cells with only 10 nM, the lowest 

concentration used for this study, caused an approximate 50% decrease in MTT staining in 

PC–3 cells, but had minimal effects on MTT staining in LNCaP cells. CFZ also had a 

minimal effect on MTT staining in kidney cells (Figure 1D). Cisplatin, another prominent 

chemotherapeutic and well-known nephrotoxicant, was also studied at concentrations 

ranging from 0–10 μM, and induced approximately a 25% decrease in MTT staining in each 

cell line at the highest concentration used (Supplemental Figure 1 ).
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3.3. Effect of epigenetic inhibitors on chemotherapeutic-induced cytotoxicity in prostate 
cancer cells

Prostate cancer cells were treated with epigenetic inhibitors for 30 min prior to 48 hr 

exposure to chemotherapeutics. Pretreatment with 5-Aza, TSA or CBZ had no effect on 

docetaxel-induced cytotoxicity in PC-3 cells (data not shown). 5-Aza and TSA treatment 

alone had little to no effect on MTT staining or cell number and morphology in LNCaP 

cells, while docetaxel induced a concentration-dependent decrease. Pretreatment with any 

concentration of 5-Aza tested further decreased MTT staining by approximately 20% 

compared to 10 nM docetaxel alone (Figure 2A). Similar effects were observed with TSA, 

as combinatorial treatments with docetaxel and TSA at 1 nM and 10 nM, respectively, 

decreased MTT staining to levels comparable to 10 nM docetaxel (Figure 2B ). These data 

were confirmed using phase contrast microscopy (Figure 2B–F).

We further explored the ability of epigenetic inhibitors to augment chemotherapeutic 

efficacy in prostate cancer cells by studying the effect of TSA and 5-Aza on cisplatin- and 

CFZ- induced toxicity. Similar to the results reported above, pretreatment of LNCaP cells 

with TSA decreased MTT staining compared to cells treated with cisplatin alone (Figure 

3A). However, these same results were not seen with 5-Aza or CBZ (data not shown). While 

CFZ induced a concentration-dependent decrease in MTT staining in PC-3 cells, neither 

TSA nor CBZ altered these decreases (data not shown). In contrast, pretreatment of PC-3 

cells with 5-Aza resulted in modest, but significant, decreases in MTT staining, compared to 

cells exposed to only CFZ (Figure 3B). The results of these combinatorial treatments are 

summarized in Table 1.

3.4. Effect of epigenetic inhibitors on chemotherapeutic-induced cytotoxicity in kidney 
cells

While epigenetic inhibitors may increase cancer cell death on their own, or even augment 

the effect of other chemotherapeutics, these beneficial clinical results may be for naught if 

they also induce nephrotoxicity. To address this possibility, we exposed both rat and human 

renal cell lines to the same treatment protocols used for prostate cancer cells. As reported 

above, the epigenetic inhibitors alone did prove to be more toxic to kidney cells than to the 

prostate cancer cells (Figure 1). Further, treatment of HEK293 cells with either 5-Aza or 

TSA prior to exposure to docetaxel or CFZ did not further decrease MTT staining, compared 

to cells treated with either chemotherapeutic alone (Figure 4). Similar results were seen in 

NRK cells exposed to TSA and 5-Aza in combination with docetaxel and CFZ 

(Supplemental Figure 2) and in kidney cells treated with CBZ and either chemotherapeutic 

(Supplemental Figure 3). In contrast, treatment of HEK293 and NRK cells with 5-Aza prior 

to exposure to cisplatin significantly decreased MTT staining, compared to cells treated with 

cisplatin alone (Figure 5). Treatment with TSA or CBZ prior to cisplatin had no effect on 

MTT staining in HEK293 or NRK cells (Supplemental Figure 4).

3.5. Effect of stage of cell growth on chemotherapeutic- and epigenetic inhibitor-induced 
toxicity in kidney cells

For the experiments discussed above, kidney cells were exposed to treatment at confluence 

to more closely mimic the biological state of the kidney. We also exposed kidney cells to 
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epigenetic inhibitors and chemotherapeutics during log phase growth to maintain 

consistency with the experiments performed on prostate cancer cells. As shown in Figure 

6A–C, decreases in MTT staining in HEK293 cells were similar at almost all concentrations 

of epigenetic inhibitors, with slight differences being seen at the highest concentrations 

tested. As expected, the toxicity of the chemotherapeutics was dependent on the stage of cell 

growth (data not shown). In contrast to HEK293 cells, the stage of cell growth had a more 

significant effect on epigenetic inhibitor-induced decreases in MTT staining in NRK cells. 

Of even greater interest was the fact that decreases in MTT staining were greatest in 

confluent cells. For example, 5-Aza exposure resulted in a 20% greater decrease in MTT 

staining in confluent NRK cell cultures, as compared to cells exposed during log phase 

growth (Figure 6D). This same trend was seen with TSA, but not with CBZ (Figure 6E and 

F).

3.6. Validation of the activity of epigenetic inhibitors

As mentioned above, the concentrations chosen for the epigenetic inhibitors used in this 

study were based on previous studies demonstrating DNMT and HDAC inhibitory activity 

[34, 35]. In addition, there have been numerous studies performed and published with these 

compounds at similar concentrations using prostate cancer cell lines [36–39]. While not 

wanting to repeat the above studies, we still wished to validate the activity of these inhibitors 

in these cell lines. Thus, we assessed changes in a specific gene whose expression we 

recently demonstrated to be mediated by both methylation and histone acetylation, namely 

p21 [40, 41]. Further, we, along with others, have also shown p21 to be an important 

mediator of renal toxicity [42–44]. To verify the effect of 5-Aza on p21 methylation, DNA 

was isolated from HEK293 cells treated with 5-Aza or control and the methylation of p21 
was determined using NGS. The data showed that 5-Aza decreased DNA methylation by 

35% compared to control (Figure 7A). These data represent the methylation status in over 

10,000 sequence reads, extensively minimizing any error, and verifying the activity of 5-

Aza.

To confirm the effect of TSA on histone acetylation, cells were treated with TSA or control 

and the acetylation of p21 was determined using ChIP. TSA treatment induced a 2-fold 

increase in acH3K9/14 of the rat p21 promoter region as compared to control (Figure 7B). 

These data indicate that, similar to 5-Aza, TSA is functioning as expected at the doses used.

4. Discussion

Multiple studies have shown that epigenetic inhibitors, including DNA methyltransferase 

and histone deacetylase inhibitors, induce nephrotoxicity [22, 24]. Even so, these 

compounds are continuously being investigated as potential chemotherapeutics. In support 

of this research, data in this study showed that pretreatment of prostate cancer cells with 

these inhibitors enhanced the toxicity of several diverse chemotherapeutics. Unfortunately, 

data in this study also showed that epigenetic inhibitors alone were more toxic to kidney 

cells than to prostate cancer cells. Further, combinatorial treatment of kidney cells with 

certain epigenetic inhibitors increased the toxicity of select chemotherapeutics. Fortunately, 

these increases were only seen for the combination of 5-Aza and cisplatin.
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While data in this study showed that epigenetic inhibitors in general did not increase 

chemotherapeutic-induced nephrotoxicity, they also demonstrated that these inhibitors did 

not protect against this toxicity. This is in contrast to data from Tikoo et al. [45] who 

reported that 5-Aza decreased the nephrotoxicity of cisplatin in vivo while enhancing its 

anti-neoplastic activity against colon and breast cancer. It should be noted, however, that the 

concentrations of 5-Aza used in the aforementioned study did not induce nephrotoxicity 

alone, unlike those used for our study. Thus, these differences could be due in part to the 

different concentrations used. In support of this hypothesis, Dong et al. [46] observed that 

TSA also lessened cisplatin-induced nephrotoxicity; however, again, concentrations of TSA 

shown to be nontoxic alone were used for this study. Additionally, TSA undergoes extensive 

hepatic metabolism [47], so while we observe toxicity in vitro, this effect may be limited in 
vivo. Conversely, it is also possible that differences between in vitro and in vivo studies may 

be related to differences in kinetics. For example, renal excretion is the primary route of 5-

Aza clearance [48], which, in combination with the data presented here, suggests the need 

for a DNA methyltransferase inhibitor with alternate pharmacokinetic properties for use as a 

therapeutic treatment.

The finding that kidney cells were more susceptible to epigenetic inhibitor-induced toxicity 

when exposed at confluence compared to during log phase growth was initially surprising. 

In general, chemotherapeutics target dividing cells, more of which are present during log 

phase growth. The mechanism of action of these epigenetic inhibitors, however, is different 

from that of chemotherapeutics, and these differences may explain our findings. The 

hypomethylating activity of 5-Aza has been studied and proven in various systems, both in 
vivo and in vitro, using various methods of analyses [49–51]. 5-Aza is one of the prominent 

epigenetic drugs approved by the FDA for the treatment of acute myeloid leukemia and 

MDS [52, 53]. 5-Aza incorporates into DNA where it irreversibly binds to DNMTs 

rendering them inactive resulting in depletion of cellular DNMT levels [27, 54]. Increased 

DNMT expression and activity, such as that present in actively dividing cells, could decrease 

the effectiveness of 5-Aza. In support of this hypothesis, DNMT activity has been shown to 

be downregulated during the G0 phase of the cell cycle [55, 56]. Therefore, less 5-Aza could 

be necessary to saturate DNMT activity in confluent cells than in cells at log phase growth, 

shifting the dose response. Similarly, TSA binds directly to HDACs, so the same principal 

could be behind the toxicity pattern observed with this compound. The histone deacetylase 

inhibitory activity of TSA has also been extensively studied and proven [32, 57, 58].

Although NRK cells are not of human origin like the other cell lines used for this study, the 

use of this cell line for nephrotoxicity studies is not uncommon. Our laboratory has 

published multiple studies using NRK cells as a model for renal toxicity induced by the 

environmental oxidant bromate, and the data obtained have aligned well with in vivo results 

[44, 59–61]. Furthermore, similar bromate-induced nephrotoxicity studies have been 

performed in HEK293 cells, with the results being comparable to that observed in NRK cells 

[40, 44]. Nevertheless, there are known limitations with these cell lines and future 

experiments using other cell lines or primary cultures may be needed to solidify and confirm 

the results obtained from this study.
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In general, epigenetic inhibitors had little to no effect on chemotherapeutic-induced toxicity 

in the kidney cells tested; however, pretreatment with epigenetic inhibitors did enhance 

chemotherapeutic-induced toxicity in prostate cancer cells in a cell- and compound-specific 

manner, as outlined in Table 1. This is an exciting and potentially clinically beneficial 

finding, but the mechanisms behind these enhancements remain unknown. Furthermore, it 

should be mentioned that while epigenetic events are integral to cancer formation and 

progression, studies suggest that these combinatorial effects may actually be independent of 

epigenetic alterations. For example, studies by Abbruzzese and Frost [62] indicate that DNA 

methyltransferase inhibitor incorporation into DNA, not the resulting hypomethylation, may 

increase cisplatin binding, resulting in synergistic cytotoxicity. Therefore, further studies are 

needed to discern the mechanisms mediating alteration in toxicity induced by combinatorial 

treatment of epigenetic inhibitors and chemotherapeutics. Specifically, studies determining if 

cell death is mediated by apoptosis or necrosis are needed.

The differences in chemotherapeutic-induced toxicity observed between LNCaP and PC-3 

cells, while interesting, were not fully unexpected. In fact, these two prostate cancer cell 

lines were largely chosen because of their different phenotypes. Cang et al. [63] observed 

elevated HDAC activity in both prostate cancer cell lines when compared to non-malignant 

prostate cells; however, the HDAC activity in PC-3 cells was 20–30% higher than that in 

LNCaP cells. In the same study, LNCaP and PC-3 cells were found to have distinctly 

different patterns of histone acetylation [63]. Another potentially relevant dissimilarity is the 

lack of p53 in the PC-3 cell line. Fortson et al. [64] found that TSA induces acetylation of 

p53, which has been shown to increase DNA binding and transcriptional activation of p21, a 

well-known tumor suppressor gene [65, 66]. Therefore, the presence of p53 in the LNCaP 

cells could enhance oncogenic potential of the HDAC inhibitor; an effect which is not 

observed in the p53-null PC-3 cells. Any combination of the aforementioned variations 

could account for the differences in chemotherapeutic-induced toxicity observed between 

the two cell lines in the presence of TSA. Additionally, Yegnasubramanian et al. observed 

that DNA hypomethylation, although the most prominent in late metastatic stages of prostate 

cancer, was heterogeneous across different metastatic sites, even within a single individual 

[67]. This heterogeneity could contribute to the differences observed between PC-3 and 

LNCaP cells following combinatorial treatment with 5-Aza, as PC-3 cells are obtained from 

bone metastases and LNCaP from the lymph node. Heterogeneity remains a significant 

challenge for cancer treatment, as different cell types are known to respond to therapeutics 

differently; the data presented here further corroborate this fact. Moreover, studies have 

shown that the population of cells which initiate prostate cancer have distinct phenotypes 

from those which drive cancer progression [68]. Such findings indicate the importance of 

investigating chemotherapeutic efficacy in multiple, if not varied, cell types for a given 

disease.

The innovative design of this study investigated the anti-cancer activity of combinatorial 

treatments with various epigenetic inhibitors and chemotherapeutics in tandem with non-

target organ toxicity. The data presented here corroborate the potential therapeutic use of 

epigenetic inhibitors, as indicated by increased chemotherapeutic-induced toxicity in 

prostate cancer cells with select co-treatments. However, the DNA methyltransferase and 

histone deacetylase inhibitors used proved more toxic to kidney cells than prostate cancer 
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cells. Further, we report the novel finding that epigenetic-inhibitor induced toxicity in kidney 

cells is dependent on the stage of cell growth at the time of exposure, with confluent cells 

being more susceptible than those in log phase growth. Taken together, these data further 

validate the need to thoroughly examine non-target toxicity when developing potential 

chemotherapeutic treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• The anti-cancer activity and nephrotoxicity of epigenetic inhibitors was 

determined

• Combinatorial therapy altered the efficacy of select chemotherapeutics

• This treatment also has the potential to induce nephrotoxic cell injury

• Epigenetic inhibitor nephrotoxicity was dependent on the stage of cell 

growth
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Figure 1. 
Effect of epigenetic inhibitors and chemotherapeutics on prostate cancer and kidney 

cytotoxicity. Cells were treated with 5-Aza (A), TSA (B), docetaxel (C) or CFZ (D) for 48 hr 

and cytotoxicity was assessed using MTT staining. Data are indicative of results from at 

least 6 separate passages per cell line (n ≥ 6) and are expressed as mean ± SD. (* p < 0.05 
compared to respective control by One-way ANOVA followed by Bonferonni post-hoc test)
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FIGURE 2. 
Effect of epigenetic inhibitors on docetaxel-induced cytotoxicity in LNCaP cells. Cells were 

pretreated with 5-Aza or TSA for 30 min prior to 48 hr exposure to docetaxel and 

cytotoxicity was measured via changes in MTT staining (A, B) and phase contrast 

microscopy (C-F). Data in A and B are indicative of results from at least 6 separate passages 

per cell line (n ≥ 6) and are expressed as mean ± SD. (* p < 0.05 compared to control, # p < 
0.05 compared to respective docetaxel treatment alone by One-way ANOVA followed by 
Bonferonni post-hoc test)
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Figure 3. 
Effect of epigenetic inhibitors on cisplatin- and CFZ-induced cytotoxicity in prostate cancer 

cells. LNCaP (A) cells were combinatorial treated with TSA and cisplatin and PC-3 (B) cells 

with 5-Aza and CFZ. The effect on cytotoxicity was measured using MTT staining and data 

are indicative of results from 6 separate passages per cell line (n ≥ 6) and are expressed as 

mean ± SD. (* p < 0.05 compared to control, # p < 0.05 compared to respective 
chemotherapeutic treatment alone by One-way ANOVA followed by Bonferonni post-hoc 
test)
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Figure 4. 
Effect of epigenetic inhibitors on docetaxel and CFZ-induced toxicity in HEK293 cells. 

Cells were exposed to the same treatments as prostate cancer cells and the effects of 

epigenetic inhibitors on docetaxel- (A, C) and CFZ-induced (B, D) toxicity were examined 

using MTT staining. Data are indicative of results from 6 separate passages per cell line (n≥ 
6) and are expressed as mean ± SD.
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Figure 5. 
Effect of 5-Aza pretreatment on cisplatin-induced toxicity in kidney cells. HEK293 (A) and 

NRK (B) cells were pretreated with 5-Aza prior to 48 hr exposure to cisplatin and analysis 

via MTT staining. Data are indicative of results from 6 separate passages per cell line (n ≥ 6) 

and are expressed as mean ± SD. (* p < 0.05 compared to control, # p < 0.05 compared to 
respective chemotherapeutic treatment alone by One-way ANOVA followed by Bonferonni 
post-hoc test)
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Figure 6. 
Effect of the stage of cell growth on epigenetic inhibitor-induced toxicity in kidney cells. 

HEK293 (A–C) and NRK cells (D–F) were treated with epigenetic inhibitors after 24 hr 

(Log Phase; open squares) or 48 hr of growth (Confluent; closed circles) and the difference 

observed using MTT staining. Data are indicative of results from 6 separate passages per cell 

line (n ≥ 6) and are expressed as mean ± SD. (* p < 0.05 compared to Confluent by One-way 
ANOVA followed by Bonferonni post-hoc test)

Scholpa et al. Page 21

Chem Biol Interact. Author manuscript; available in PMC 2017 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Effect of 5-Aza and TSA on the methylation and histone acetylation of p21. The effect of 5-

Aza on the methylation of p21 in HEK293 cells was determined using next-generation 

sequencing (A) and p21 H3 acetylation in NRK cells following TSA was determined by 

ChIP and is represented as the relative histone-H3-lysine9/14-acetylation (acH3K9/14) 

levels normalized to GAPDH (B). Data in A represent the overall percent methylation of the 

p21 promoter region obtained from 10,000 reads. Data in B represent the relative acetylation 

indicative of 6 different treatments. Data are expressed as mean ± SD. (*p < 0.05 compared 
with control)
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