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Abstract: Previously, we have found that cancer cells survived from 5-Aminolevulinic  

acid-mediated photodynamic therapy (ALA-PDT) have abnormal mitochondrial function 

and suppressed cellular invasiveness. Here we report that both the mRNA expression level 

and enzymatic activity of histone deacetylase (HDAC) were elevated in the PDT-derived 

variants with dysfunctional mitochondria. The activated HDAC deacetylated histone  

H3 and further resulted in the reduced migration and invasion, which correlated with the 

reduced expression of the invasion-related genes, matrix metalloproteinase 9 (MMP9), 

paternally expressed gene 1 (PEG1), and miR-355, the intronic miRNA. Using chromatin 

immunoprecipitation, we further demonstrate the reduced amount of acetylated histone H3 

on the promoter regions of MMP9 and PEG1, supporting the down-regulation of these two 

genes in PDT-derived variants. These results indicate that HDAC activation induced by 

mitochondrial dysfunction could modulate the cellular invasiveness and its related gene 

expression. This argument was further verified in the 51-10 cybrid cells with the 4977 bp 

mtDNA deletion and A375 ρ0 cells with depleted mitochondria. These results indicate  

that mitochondrial dysfunction might suppress tumor invasion through modulating  

histone acetylation. 
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1. Introduction 

5-Aminolevulinic acid-mediated photodynamic therapy (ALA-PDT) has been used to treat 

precancerous lesions and cancers [1,2]. ALA itself is not a photosensitizer, but could be converted  

into a natural photosensitizer, protoporphyrin IX (PpIX), in mitochondria. Therefore, exogenous  

ALA administration leads to the accumulation of PpIX and induces cellular damage mainly to the 

mitochondria after light irradiation [3,4]. Singlet oxygen is the major cytotoxic agent responsible for 

PDT-induced cellular damage and death [1]. It has been reported that ALA-PDT is well tolerated by 

patients and can be applied repeatedly without cumulative toxicity or serious side effects [5,6]. However, 

due to the limited light penetration, certain amounts of tumor cells might recover from PDT-induced 

damage and survive. We previously found that cancer cells survived from ALA-PDT have reduced 

mitochondrial function and metastatic potential [7]. Further studies showed that these phenotypic 

changes and reduced migration ability could be transmitted to their progeny, which retains the reduced 

function of mitochondria [7], suggesting epigenetic modifications might be involved in regulating  

these phenomena. 

In spite of the well-known role in generating ATP, mitochondria are involved in controlling cellular 

differentiation, growth and death [8,9]. The mitochondrian genome contains about 4977 base pair, which 

encodes the major components (Complex I, IV, and V) of the electron transport chain. Most of the 

mitochondrial proteins are encoded in the nuclear genome. Retrograde signaling has been proposed to 

explain how the extra-mitochondrial factors could modulate the expression of nuclear genes encoding 

mitochondrial proteins, which might influence numerous cellular processes in both normal and 

pathophysiological conditions [10]. Retrograde signaling might be mediated by the mitochondrial 

membrane potential, generation of reactive oxygen species (ROS), and changes in Ca2+ flow [11]. 

Mitochondrial damage and subsequent dysfunction have been implicated in several human diseases, 

such as metabolic disorders, cardiac dysfunction, cancers, and aging [9,12–14]. Compared to normal 

cells, mitochondria deletion is more prevalent in tumor cells [15–19], suggesting mitochondrial dysfunction 

might relate to the progression of tumorigenesis. However, it is still not clear how mitochondrial retrograde 

signaling controls gene expressions in the nucleus and further regulates the carcinogenesis. 

DNA methylation and histone modification are two important epigenetic mechanisms involved in 

regulating gene expression [20,21]. Numerous studies indicate that changes in chromatin structure by 

histone modifications play an important role in regulating gene transcription by affecting chromatin 

accessibility. Histone acetylation loosens the condensed chromatin and renders the transcriptional 

machinery easily to access the target DNA to enhance gene expression [22,23]. In contrast, deacetylation 

of histones induces more chromatin condensation and prevents the binding of DNA and transcriptional 

factors, which leads to transcriptional silencing. The acetylation level of core histone was regulated by 

histone acetyl transferases (HATs) and histone deacetylases (HDACs) [24]. It has been shown that 

epigenetic regulation plays an important role in modulating the gene expression profile of nuclear 
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genome in cancer cells with depleted mitochondria (ρ0 cells) [25,26]. However, the cellular mechanism 

involved is still not clear. 

In this study, we show that cancer cells with reduced mitochondria function have decreased level of 

histone acetylation, which are associated with the reduced migration/invasion ability and expression of 

invasion-related genes. Both the decrease of acetyl-coenzyme A (acetyl-CoA) content and the increase 

of HDAC activity are responsible for the deacetylation of core histones. Our findings suggest that  

histone deacetylation is crucial in the retrograde signaling induced by mitochondrial dysfunction, and 

responsible for the down-regulated expression of the invasion-related genes, matrix metalloproteinase 9 

(MMP9), paternally expressed gene 1 (PEG1), and miR-355, the intronic miRNA of PEG1. 

2. Results and Discussion 

2.1. PDT-Derived A375 Variants Contain Elevated HDAC (Histone Deacetylase) Activity and 

Hypoacetylated Histones 

Previously we have shown that A375/6A5 variants, derived from human melanoma A375 cells under 

consecutive photodynamic treatment, have reduced mitochondrial function and cell migration and 

invasiveness [7]. Furthermore, the impaired migration ability found in PDT-derived variants could pass 

to their progeny with reduced mitochondrial function. Epigenetic mechanisms play crucial roles at the 

interplay between mitochondrial and nuclear interaction [27]. Therefore, we examined whether DNA 

methylation and acetylation play an important role in regulating the reduced migration and invasiveness 

in PDT-derived A375/6A5 variants. To examine the role of DNA methylation in regulating the migration 

ability, PDT-derived A375/6A5 variants were treated with the methylation inhibitor, 5-azacytidine  

(5-AZAC, a known DNMT1 inhibitor). As shown in Figure 1A, treatment with 5-AZAC did not  

restore the migration ability of A375/6A5 variants, suggesting DNA methylation might not involve in 

the reduced migration ability. However, in the presence of HDAC inhibitor trichostatin A (TSA), the 

migration and invasion abilities of A375/6A5 variants were significantly reverted to that of parental 

A375 cells (Figure 1B,C). These results indicate that histone hypoacetylation involves in modulating the 

reduced invasion ability of PDT-derived variants with reduced mitochondrial function. The acetylated 

modification in the chromatin structure is catalyzed by histone deacetylases (HDACs) and histone 

acetyltransferases (HATs), which are crucial molecular events in regulating gene expression. Given the 

above findings, using reverse transcription-PCR (RT-PCR) analysis, we further examined the mRNA 

expression level of HDAC and HAT in the A375/6A5 variants and parental A375 cells. The results 

showed that there was no significant difference in the mRNA expression level of the three HATs genes, 

p300/CBP-associated factor (PCAF), p300, and general control of amino acid synthesis 5 (GCN5) 

(Figure 1D). However, the expression of HDAC1 and HDAC2 was significantly increased in A375/6A5 

variants (Figure 1E). Furthermore, the cellular HDAC enzymatic activity was increased in A375/6A5 

variants compared to the parental A375 cells (Figure 1F). The increased HDAC activity in fact correlated 

with the significant reduction in the acetylated histone H3 in A375/6A5 variant cells (Figure 1G). 

Together, these findings suggest that histone deacetylation induced by elevated HDAC activity is 

responsible for the reduced migration and invasiveness in PDT-derived variants with reduced function 

of mitochondria. 
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Figure 1. The reduced migration and invasion of PDT-derived variants resulted from the 

elevated expression and activity of histone deacetylase (HDAC). The scratch wound assay 

was used to examine the relative migration ability of PDT-derived A375/6A5 variants.  

The migration distance (µm) was measured 24 h incubated with or without 5 µM 5-AZAC 

(A) or 100 nM TSA (B); (C) The Matrigel invasion assay demonstrated the relative 

invasiveness of PDT-derived A375/6A5 cells with or without TSA treatment compared to 

that of parental A375 cells (200× magnification); reverse transcription PCR (RT-PCR)  

was used to determine the mRNA level of p300, PCAF, GCN5 (D), HDAC1, HDAC2, and 

HDAC3 (E) in the A375 and A375/6A5 cells. β-actin was used for normalization; (F) HDAC 

activity in the nuclear lysates of A375 and A375/6A5 cells was determined using a HDAC 

assay kit; and (G) Western blot analysis shows the levels of acetylated histone H3 in A375 

and A375/6A5 cells. **, p < 0.01. 
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2.2. Histone Deacetylation Results in the Down-Regulation of MMP9 and PEG1 in PDT-Derived Variants 

Using cDNA microarray analysis, two invasion-associated genes, matrix metalloproteinase 9 

(MMP9) and paternally expressed gene 1 (PEG1), were down-regulated in the PDT-derived A375 

variants. Since histone deacetylase inhibitors (HDACIs) could transcriptionally activate the expression 

of MMP9 [28], A375/6A5 cells were treated with HDAC inhibitor, TSA, to examine whether the 

expression of MMP9 and PEG1 was regulated by histone deacetylation. As shown in Figure 2A,  

the MMP9 expression of A375/6A5 cells was significantly increased in the presence of TSA with  

a dose-dependent manner. Accordingly, MMP9 gelatin zymography also revealed that the MMP9 

gelatinase activity of A375/6A5 cells recovered after TSA treatment (Figure 2B). This result is consistent 

with a previous study, which reported that the MMP9 expression could be stimulated with TSA in 

neuroblastoma cells [29]. 

 

Figure 2. Elevated HDAC activity resulted in the suppressed expression of MMP9 and 

PEG1 in the PDT-derived variants. (A) The mRNA expression of MMP9 was determined in 

the A375 and A375/6A5 cells 24 h after treated with different concentrations of TSA. Upper 

panel is a represented result of the mRNA amount; Lower panel is the average results 

obtained from three independent experiments (mean ± standard deviation, SD). β-actin 

served as loading control; (B) gelatinase activity of MMP9 was determined in the A375 and 

A375/6A5 cells 24 h after various TSA treatments. The upper panel shows a representative 

gelatin zymography result; The lower panel shows the average of three independent 

experiments (mean ± SD); (C) mRNA expression of PEG1 was analyzed in the A375 and 

A375/6A5 cells 24 h after treated with 100 nM TSA. β-actin served as loading control; and 

(D) the expression of miR-335 was evaluated in the A375 and A375/6A5 cells 24 h after the 

treatment with 100 nM TSA. Samples were normalized to the small-nucleolar RNA RNU6B. 

**, p < 0.01. 
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The PEG1 imprinted gene is expressed only from the paternal allele during development [30].  

In cancer cells, the frequent loss of imprinting (LOI) in PEG1 has been reported [31,32]. In addition,  

the expression of miR-335, a miRNA in the intron 2 region of the PEG1 gene, correlates with the 

migration or invasion abilities of breast and gastric cancer cells, neuroblastomas, astrocytomas, and bone 

osteosarcomas [33–37]. It has been proposed that the coordinated expressions of miR-335 and PEG1 

might involve in the pathogenesis and progression of numerous cancers [38,39]. However, the regulatory 

mechanism involved in the expression of PEG1 and miR-335 is still not clear. In this study, PEG-1 was 

down-regulated in the PDT-derived A375/3A5 variants. Similarly, in the presence of TSA, the 

expression level of PEG1 and miR-33 cells was also reverted in the A375/6A5 variants, compared to 

those of A375 parental cells (Figure 2C,D). These results clearly indicate that the expression of PEG1 

and miR-335 was regulated by the epigenetic mechanism of histone acetylation in PDT-derived variants 

with reduced mitochondrial function. 

To address whether the reduction of acetylated H3 (Figure 1G) is responsible for the reduced 

transcription of MMP9 and PEG1 in the PDT-derived variants, we performed chromatin 

immunoprecipitation (ChIP) using an antibody specific to acetylated H3 followed by amplifying the 

promoter region of these two candidate genes. Decreased acetylation of histone H3 was observed in the 

promoter region of MMP9 and PEG1 in the A375/6A5 variant cells (Figure 3A,B). These results indicate 

that the reduced expression of MMP9, PEG1, and miR-335 genes relates to the decreased histone 

acetylation in A375/6A5 variants with reduced mitochondrial function. 

 

Figure 3. Level of acetylated histone H3 in the promoter of MMP9 gene and PEG1 in  

PDT-derived variants with mitochondrial dysfunction. Chromatin was harvested from the 

A375 and PDT-derived A375/6A5 cells, and was precipitated with an anti-acetyl-H3 

antibody. The relative amount of bound DNA was evaluated using RT-PCR. PCR 

amplifications of the (A) MMP9 and (B) PEG1 promoters from total DNA without prior 

immunoprecipitation were used as controls for input. A representative experiment from three 

independent experiments is shown. **, p < 0.01. 
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Previously, it has been shown that epigenetic modifications by DNA methylation involved in PEG-1 

and/or miR-335 expression. The down-regulation of PEG1 by DNA methylation is involved in 

regulating the development and maternal behavior [30,40,41]. Recently, the coordinated expression of 

miR-335 and PEG1 was reduced by DNA methylation on their promoter regions in hepatocellular 

carcinoma [39]. In addition, HDAC3 overexpression was also reported to up-regulate the miR-335 

expression in cancer cell lines resistant to microtubule-targeting anti-cancer drugs, which further 

regulates the invasion, and tumorigenic and angiogenic, responses [42]. In this study, we demonstrated 

that the increased HDAC1 and HDAC2 expression results in histone deacetylation and further suppress 

the expression of PEG1 and miR-335 in PDT-derived variants with reduced mitochondrial function. 

2.3. The Reduced Amount of Acetyl-CoA Also Involved in the Reduced Histone Acetylation and 

Cellular Migration and Invasiveness in Cells with Mitochondrial Dysfunction 

In addition to the increased HDAC activity, the decrease in histone acetylation might also attribute to 

the reduced amount of acetyl-CoA pools in mitochondria [43]. As PDT-derived variants have reduced 

mitochondrial function [7], it is possible that the availability of acetyl-CoA might be limited and 

subsequently result in the reduction of acetylated histone H3 in the PDT-derived variants. Indeed, the 

acetyl-CoA content was drastically reduced in the A375/6A5 variants compared to that of A375 parental 

cells (Figure 4A). To examine whether the reduced amount of acetyl-CoA relates to the repression in 

invasion and the expression of MMP9 and PEG1 in PDT-derived variants, A375/6A5 cells were  

treated with sodium acetate to increase the cellular content of acetyl-CoA. As shown in Figure 4B,C,  

the expression of MMP9 and PEG1 was significantly increased in the A375/6A5 cells with reduced 

mitochondrial function in the presence of sodium acetate (Figure 4B,C). Meanwhile, the suppressed 

migration and invasion abilities of PDT-derived variants could be restored (Figure 4D,E). These results 

suggest that PDT-derived variants with reduced mitochondrial function not only have increased HDAC 

activity but also have reduced amounts of acetyl-CoA, which further suppressed the expression of MMP9 

and PEG1and the following cellular invasiveness. 

The role of Ca2+ flow changes are often discussed in association with retrograde signaling induced  

by dysfunctional mitochondria [44,45]. Acetyl-CoA is produced in the mitochondria through the 

metabolism of fatty acids and the oxidation of pyruvate to acetyl-CoA. As acetyl-CoA is a substrate  

for histone acetylation, disturbances in acetyl-CoA metabolism might lead to chromatin changes and 

thus modulate gene expression [46]. Therefore, the decreased acetyl-CoA level might be a retrograde 

signal that mediates communication between the mitochondria and the nucleus to induce chromatin 

modifications and control the expression of invasion-related genes in PDT-derived variants with reduced 

mitochondrial function. 
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Figure 4. Reduction of acetyl-coenzyme A (acetyl-CoA) content is involved in the 

mitochondrial dysfunction-mediated histone hypoacetylation in PDT-derived variants.  

(A) Acetyl-CoA content of the A375 and A375/6A5 cells was determined using the 

PicoProbe™Acetyl-CoA Fluorometric Assay Kit. The mRNA expressions of MMP9 (B)  

and PEG1 (C) were determined in A375 and A375/6A5 cells treated with 20 mM sodium 

acetate. β-actin served as loading control; (D) using the scratch wound assay, migration 

distance (µm) was measured 24 h after treated with 20 mM sodium acetate; and (E) after a 

treatment with 20 mM sodium acetate, the A375 and A375/6A5 cells were allowed to invade 

through the Matrigel. Invasion of the A375/6A5 cells was normalized to that of parental 

A375 cells. **, p < 0.01. 

2.4. Mitochondrial Dysfunction Induced by 4977 bp Deletion of Mitochondrial DNA and Ethidium 

Bromide Treatment Suppressed Cellular Migration and Gene Expression of MMP9 and PEG1 via 

Histone Deacetylation 

To verify the repressed invasion and expression of MMP9 and PEG1 by histone deacetylation is  

not PDT-derived variants specific, we analyzed other cellular types with dysfunctional mitochondria 

induced by different modes of treatment. To this end, we used another cell lines, 51-10 cybrid cells with 

approximately 85% of the 4977 bp mtDNA deletion, which were generated by fusing the mtDNA-less 

143B osteosarcoma (ρ0) cells with enucleated skin fibroblasts from a patient with clinically proven 

chronic progressive external ophthalmoplegia (CPEO) [47]. As shown in Figure 5A, the HDAC activity 

in the 51-10 cybrid cells was significantly higher, compared to the wild-type 1-3-16 cells with intact 

mtDNA (Figure 5A). In addition, the acetyl-CoA content of the 51-10 cybrid cells was significantly 

lower than that of the 1-3-16 cells (no deletion in mtDNA), and accordingly, acetylated H3 level was 

decreased in 51-10 cybrid cells with the 4977 bp mtDNA deletion (Figure 5B,C). Furthermore, the 

expression of MMP9 and PEG1 were decreased in the Δ4977 cybrid 51-10 cells compared to that of  

1-3-16 wild-type cells. In the presence of TSA or sodium acetate, the expression level of MMP9 and 
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PEG1 was significantly elevated in the mtDNA-deletion 51-10 cells (Figure 5D,E). Similar results were 

also found in the expression of miR-335 in 51-10 cells (Figure 5F). Furthermore, the migration ability 

was restored in the Δ4977 cybrid following TSA or sodium acetate treatment (Figure 5G,H). 

 

Figure 5. Histone hypoacetylation repressed the expression of MMP9, PEG1 and cellular 

migration in the cybrids harboring the 4977 bp mtDNA deletion. (A) HDAC activities in  

the nuclear lysates of 1-3-16 and 51-10 cells were determined using a HDAC assay kit;  

(B) Acetyl-CoA content of 1-3-16 and 51-10 cells were determined using the 

PicoProbe™Acetyl-CoA Fluorometric Assay Kit; (C) Western blot analysis of acetylated 

histone H3 in the 1-3-16 and 51-10 cells. mRNA expression of MMP9 and PEG1 was 

determined in the 1-3-16 and 51-10 cells 24 h after the treatment with 100 nM TSA (D)  

or 20 mM sodium acetate (E). β-actin served as loading control; (F) the expression of  

miR-335 was evaluated in the 1-3-16 and 51-10 cells 24 h after the treatment with 100 nM 

TSA. Samples were normalized to the small-nucleolar RNA RNU6B. Using the scratch 

wound assay, the migration distance (µm) was measured 24 h after the treatment with  

100 nM TSA (G) or 20 mM sodium acetate (H). *, p < 0.05; **, p < 0.01. 
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A375/6A5 variants were established as stable clones from human melanoma A375 cells after 

consecutive ALA-mediated photodynamic treatment. In contrast, 51-10 cells were generated by fusing the 

mtDNA-less 143B osteosarcoma (ρ0) cells with enucleated skin fibroblasts from a CPEO patient [47].  

In A375/6A5 variant cells, the reduced mitochondrial function relates to the accumulated damage by  

PDT-mediated oxidative stress. However, the mitochondrial dysfunction in 51-10 cells is attributed to the 

4977 bp mtDNA deletion (approximately 85%). In these two cell lines, mitochondrial dysfunction was 

induced by a different mode of treatment; however, they all have reduced histone acetylation and further 

result in the suppressed cellular migration/invasion and expression of MMP9, PEG1, and miR-335.  

In this regard, we argue that mitochondria might play an important role in modulating the expression of 

invasion-related genes through histone acetylation. To further verify this, a mitochondria-depleted cell line, 

A375 ρ0, was generated following long-term exposure to ethidium bromide (EtBr). In the established 

A375 ρ0 cells, we found a substantial decrease in the transcription level of mitochondria-encoded 

cytochrome c oxidase III (COX3) and mitochondria-encoded NADH dehydrogenase 6 (ND6) without 

changes in the transcription of nuclear housekeeping genes (Figure 6A). As shown in Figure 6B,C,  

60 days of EtBr treatment (long-term culture with >40 passages) resulted in the decreased expression  

of MMP9 and PEG1, suggesting the decreased expression of MMP9 and PEG1 might be a general 

phenomenon in cells with dysfunctional mitochondria. 

 

Figure 6. MMP9 and PEG1 were down-regulated in the A375 ρ0 cells. (A) A375 cells were 

cultured in a medium containing ethidium bromide (EtBr) for 20, 40, or 60 days, and 

transcription levels of mitochondrial genes were measured with RT-PCR using primers that 

specifically target cytochrome oxidase c III (COX3) and NADH dehydrogenase 6 (ND6). 

Similarly, expression of MMP9 (B) and PEG1 (C) was determined. β-actin served as loading 

control. *, p < 0.05; ***, p < 0.001. 
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3. Experimental Section 

3.1. Cell Culture 

The PDT-derived variant of A375 (A375/6A5) was established by treating the parental A375 cell 

lines with ALA-PDT as described previously [7]. The A375 and A375/6A5 cells were cultured in 

DMEM medium supplemented with 10% fetal bovine serum (FBS) at 37 °C in a humidified atmosphere 

of 5% CO2 and 95% air. 

The wild-type 1-3-16 cells (no deletion in mtDNA) and the mutant 51-10 cells (the 4977 bp mtDNA 

deletion) were kindly provided by Yau-Huei Wei [47]. The 51-10 and 1-3-16 cells were grown in  

DMEM supplemented with 5% FBS, 100 µg/mL pyruvate, 50 µg/mL uridine, and antibiotics composed 

of 100 U/mL penicillin G and 100 µg/mL streptomycin sulfate (Gibco®, Life Technologies Corporation, 

Carlsbad, CA, USA) at 37 °C in a humidified atmosphere of 5% CO2/95% air. 

To deplete mtDNAs in the A375 cells, long-term culture (>40 passages) was conducted using a 

medium containing 50 ng/mL ethidium bromide (Sigma, St. Louis, MO, USA). The mtDNA-depleted 

sub-line was conventionally designated as A375 ρ0 cells. 

3.2. RNA Extraction, mRNA and miRNA Detection 

After various treatments, total RNA was extracted from the cells with the TRIzol® Reagent 

(Invitrogen™, Life Technologies Corporation, Carlsbad, CA, USA). For each sample, the amount of 

total RNA was measured, and 1 µg RNA was reverse transcribed into cDNA using random hexamers. 

The resulting cDNA was amplified with PCR (reaction mixture: 2.5 U Taq DNA polymerase, 3 mM 

MgCl2, 1× PCR buffer, 0.4 mM dNTP, and the respective specific primers listed in Table 1). β-actin was 

used as internal control. PCR products were loaded on a 1.5% agarose gel in Tris-acetate-EDTA (TAE) 

buffer, and DNA was visualized with EtBr. To analyze the expression of miR-335, total RNA was 

isolated from the cultured cells using the mirVana miRNA Isolation Kit (Ambion®, Life Technologies 

Corporation, Carlsbad, CA, USA). Mature form of the miRNA was detected using the mirVana  

qRT-PCR miRNA Detection Kit and the qRT-PCR Primer Sets specific for miR-335, according to the 

manufacturer’s instructions (Ambion®, Life Technologies Corporation). U6 small nuclear RNA was 

used as internal control. 

3.3. Western Blot 

Protein samples were prepared from cells under different treatments. Proteins were separated  

using 12% SDS-PAGE, which were further blotted onto nitrocellulose membranes. Membranes were 

incubated with antibodies against acetyl-histone H3 (Millipore, Temecula, CA, USA) and histone H3 

(GeneTex, Irvine, CA, USA). Then, the secondary antibody conjugated with horseradish peroxidase was 

added, and immunoreactivity was detected using chemiluminescence. 

3.4. Migration and Invasion Assays 

For transwell migration assays, 2 × 104 cells were plated in the top chamber with a non-coated 

membrane (24-well insert; pore size: 8 µm; BD Biosciences, San Jose, CA, USA). For invasion assays, 
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2 × 104 cells in serum free medium were seeded onto the top chamber with a Matrigel-coated membrane 

(24-well insert; pore size: 8 µm; BD Biosciences). In the lower chamber, the medium contains 10% FBS 

was used as a chemo-attractant. After 24 h incubation, a cotton swab was used to remove the cells that 

did not invade through the membrane pores. Cells on the lower surface of the membrane were counted 

after staining with 0.1% crystal violet (Sigma). 

Table 1. List of primers used for amplification using RT-PCR. 

Gene Name Primer 

PCAF (forward) 5′-TCCTGTCGGAGTTGTAGCCA-3′ 
PCAF (reverse) 5′-GTTCTGGAAGAGGCTGAGAG-3′ 

p300 (forward) 5′-AGCCCTGGCAGTATGTCGAT-3′ 
p300 (reverse) 5′-GAATCCAGCAGGCCAGATGA-3′ 

GCN5 (forward) 5′-GTCAGGCTTCACCATGCCAC-3′ 
GCN5 (reverse) 5′-TGCCGATGACATGGAACTCG-3′ 

HDAC1 (forward) 5′-AACCTGCCTATGCTGATGCT-3′ 
HDAC1 (reverse) 5′-CAGGCAATTCGTTTGTCAGA-3′ 

HDAC2 (forward) 5′-GGGAATACTTTCCTGGCACA-3′ 
HDAC2 (reverse) 5′-ACGGATTGTGTAGCCACCTC-3′ 

HDAC3 (forward) 5′-TGGCTTCTGCTATGTCAACG-3′ 
HDAC3 (reverse) 5′-GCACGTGGGTTGGTAGAAGT-3′ 

MMP9 (forward) 5′-CGGAGCACGGAGACGGGTAT-3′ 
MMP9 (reverse) 5′-TGAAGGGGAAGACGCACAGC-3′ 

PEG1 (forward) 5′-CAAAGATGGAGGTGTGC-3′ 
PEG1 (reverse) 5′-TTCCCGTCATTGTTGCG-3′ 

β-actin (forward) 5′-TGGACTTCGAGCAAGAGATGG-3′ 
β-actin (reverse) 5′-ATCTCCTTCTGCATCCTGTCG-3′ 

ND6 (forward) 5′-CCCGAGCAATCTCAATTACA-3′ 
ND6 (reverse) 5′-CCGTGCGAGAATAATGATGT-3′ 

COX3 (forward) 5′-AGCCATGTGATTTCACTTCC-3′ 
COX3 (reverse) 5′-GTTGAGCCAATAATGACGTG-3′ 

3.5. Chromatin Immunoprecipitation (ChIP) Assay 

Confluent cells on 10 cm plates were treated with 1% formaldehyde in phosphate buffered saline for 

10 min at 37 °C. Chromatin was immunoprecipitated using a polyclonal antibody against acetyl-histone 

H3 (Millipore, Temecula, CA, USA). Briefly, sonication of the crosslinked nuclei yielded DNA 

fragments in the range of 200–1000 bps. Anti-histone H3 antibodies were incubated overnight with  

the precleared nuclear lysates. Immune complexes were then collected with protein A magnetic beads 

(Millipore). The recovered DNA was amplified with PCR. PCR products were visualized by gel 

electrophoresis to check the amount and correct size of the DNA products (see Table 2 for the list of 

primers used for the ChIP assay). Each ChIP experiment was repeated at least three times. 
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Table 2. List of primers used for chromatin immunoprecipitation (ChIP). 

Gene Name Primer 

MMP9 promoter (forward) 5′-CTGAGTCAAAGAAGGCTGT-3′ 
MMP9 promoter (reverse) 5′-GTGATGGAAGACTCCCTGAGA-3′ 

PEG1 promoter (forward) 5′-TACAGACTAGAGAAGGAAGCG-3′ 
PEG1 promoter (reverse) 5′-CGTGCTCTCGATCCTTATATT-3′ 

EGFR promoter (forward) 5′-ACCCTGGCACAGATTTGG-3′ 
EGFR promoter (reverse) 5′-TGAGGAGTTAATTTCCGAGAGG-3′ 

3.6. MMP9 Activity 

MMP9 gelatinase activity was assessed by gelatin zymography. Cells treated with TSA or sodium 

acetate were incubated in DMEM medium without serum for 24 h. The conditioned medium was 

collected from each treatment group and was then centrifuged (1000 rpm, 5 min) to remove cells and 

cell debris. The clear supernatants were subjected to SDS-PAGE without boiling or reduction. The gels 

contained 10% polyacrylamide copolymerized with 0.1% gelatin. After electrophoresis, gels were 

washed twice for 30 min in 2.5% Triton X-100, and then were incubated at 37 °C for 18 h in the 

incubation buffer (50 mM Tris, 10 mM CaCl2, 0.2 M MgCl, and 0.02% Brij-35; pH 8). After incubation, 

gels were stained in 0.5% Coomassie Brilliant Blue R-250 (Sigma) for 60 min, and then washed in the 

destaining solution (25% ethanol and 8% acetic acid). Gelatinolytic activity was represented by a clear 

band against the blue background of the gel. Digestive activity of MMP9 was confirmed by the presence 

of a 94-kDa band on the zymogram using a prestained protein marker as reference. 

3.7. HDAC Activity 

HDAC activity was analyzed with an HDAC activity colorimetric assay kit (BioVision, Mountain 

View, CA, USA) according to the manufacturer’s instructions. Briefly, each nuclear extract was mixed 

with the HDAC colorimetric substrate in the HDAC assay buffer for 2 h at 37 °C. The reaction was 

terminated by adding the Lysine Developer and incubating the plate at 37 °C for 30 min. Absorbance 

was measured at 405 nm using an ELISA plate reader. 

3.8. Acetyl-CoA Content 

Acetyl-CoA content was analyzed with the PicoProbe™Acetyl-CoA Fluorometric Assay Kit 

(BioVision, Mountain View, CA, USA) according to the manufacturer’s instructions. Before performing 

the assay, samples were deproteinized using the Deproteinizing Sample Preparation Kit (BioVision)  

to avoid enzymatic interference. Then, samples were mixed with 50 µL reaction mixture (Acetyl  

CoA Assay Buffer, Acetyl CoA Substrate Mix, Conversion Enzyme, Acetyl CoA Enzyme Mix, and 

PicoProbe), and the plate was incubated at 37 °C for 10 min. Fluorescence was measured using a 

fluorescence spectrometer (excitation/emission: 535/589 nm). 
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3.9. Statistical Analysis 

Statistical analysis was conducted using one-way analysis of variance followed by Dunnett’s post hoc 

test using the GraphPad InStat software, version 3.00 for Windows (GraphPad Software, San Diego, 

CA, USA). 

4. Conclusions 

Compared to parental cells, the elevated HDAC activity and reduced amount of acetyl-CoA result in 

the suppressed invasiveness, which correlate with the down-regulation of MMP9, PEG1, and miR-335 

in A375/6A5 variants with reduced function of mitochondria. The effect of mitochondrial dysfunction 

on invasiveness and gene expression are further confirmed in cells with the 4977 bp deletion of 

mitochondrial DNA or mitochondria depletion, indicating histone acetylation might play an important 

role in regulating migration and invasiveness in cells containing dysfunctional mitochondria. 

Acknowledgments 

The authors would like to thanks Yau-Huei Wei at Mackay Medical College for kindly providing the 

wild-type 1-3-16 cells and the mutant 51-10 cells. Financial supports in the authors’ laboratories  

were provided by the Ministry of Science and Technology (NSC 101-2320-B-002-047-MY3,  

103-2321-B-002-037- and MOST 103-2811-B-002-043). 

Author Contributions 

Pei-Tzu Li participated in the design of the experiment and carried out the work. Yi-Jane Tsai 

participated in performing the experimental works. Ming-Jen Lee participated in the design of the study and 

coordinated the draft of the manuscript. Chin-Tin Chen conceived the study, participated in its design and 

coordination and finalized the draft of the manuscript. All the authors read and approved the final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Dolmans, D.E.; Fukumura, D.; Jain, R.K. Photodynamic therapy for cancer. Nat. Rev. Cancer 2003, 

3, 380–387. 

2. Lu, Y.G.; Wang, Y.Y.; Yang, Y.D.; Zhang, X.C.; Gao, Y.; Yang, Y.; Zhang, J.B.; Li, G.L.  

Efficacy of topical ALA-PDT combined with excision in the treatment of skin malignant tumor. 

Photodiagn. Photodyn. Ther. 2014, 11, 122–126. 

3. Morgan, J.; Oseroff, A.R. Mitochondria-based photodynamic anti-cancer therapy. Adv. Drug  

Deliv. Rev. 2001, 49, 71–86. 

4. Gibson, S.L.; Nguyen, M.L.; Havens, J.J.; Barbarin, A.; Hilf, R. Relationship of δ-aminolevulinic 

acid-induced protoporphyrin IX levels to mitochondrial content in neoplastic cells in vitro. 

Biochem. Biophys. Res. Commun. 1999, 265, 315–321. 



Int. J. Mol. Sci. 2015, 16 24008 

 

 

5. Peng, Q.; Warloe, T.; Berg, K.; Moan, J.; Kongshaug, M.; Giercksky, K.E.; Nesland, J.M.  

5-aminolevulinic acid-based photodynamic therapy. Cancer 1997, 79, 2282–2308. 

6. Hua, Z.; Gibson, S.L.; Foster, T.H.; Hilf, R. Effectiveness of δ-aminolevulinic acid-induced 

protoporphyrin as a photosensitizer for photodynamic therapy in vivo. Cancer Res. 1995, 55,  

1723–1731. 

7. Tsai, T.; Ji, H.T.; Chiang, P.C.; Chou, R.H.; Chang, W.S.; Chen, C.T. ALA-PDT results in 

phenotypic changes and decreased cellular invasion in surviving cancer cells. Lasers Surg. Med. 

2009, 41, 305–315. 

8. McBride, H.M.; Neuspiel, M.; Wasiak, S. Mitochondria: More than just a powerhouse. Curr. Biol. 

2006, 16, R551–R560. 

9. Cadenas, E.; Davies, K.J. Mitochondrial free radical generation, oxidative stress, and aging.  

Free Radic. Biol. Med. 2000, 29, 222–230. 

10. Butow, R.A.; Avadhani, N.G. Mitochondrial signaling: The retrograde response. Mol. Cell 2004, 

14, 1–15. 

11. Jahnke, V.E.; Sabido, O.; Freyssenet, D. Control of mitochondrial biogenesis, ROS level, and 

cytosolic Ca2+ concentration during the cell cycle and the onset of differentiation in L6E9 

myoblasts. Am. J. Physiol. Cell Physiol. 2009, 296, C1185–C1194. 

12. Scaglia, F. The role of mitochondrial dysfunction in psychiatric disease. Dev. Disabil. Res. Rev. 

2010, 16, 136–143. 

13. Lesnefsky, E.J.; Moghaddas, S.; Tandler, B.; Kerner, J.; Hoppel, C.L. Mitochondrial dysfunction in 

cardiac disease: Ischemia-reperfusion, aging, and heart failure. J. Mol. Cell. Cardiol. 2001, 33, 

1065–1089. 

14. Boland, M.L.; Chourasia, A.H.; Macleod, K.F. Mitochondrial dysfunction in cancer. Front. Oncol. 

2013, 3, doi:10.3389/fonc.2013.00292. 

15. Tseng, L.M.; Yin, P.H.; Chi, C.W.; Hsu, C.Y.; Wu, C.W.; Lee, L.M.; Wei, Y.H.; Lee, H.C. 

Mitochondrial DNA mutations and mitochondrial DNA depletion in breast cancer.  

Genes Chromosomes Cancer 2006, 45, 629–638. 

16. Wu, C.W.; Yin, P.H.; Hung, W.Y.; Li, A.F.; Li, S.H.; Chi, C.W.; Wei, Y.H.; Lee, H.C. 

Mitochondrial DNA mutations and mitochondrial DNA depletion in gastric cancer.  

Genes Chromosomes Cancer 2005, 44, 19–28. 

17. Lee, H.C.; Yin, P.H.; Yu, T.N.; Chang, Y.D.; Hsu, W.C.; Kao, S.Y.; Chi, C.W.; Liu, T.Y.;  

Wei, Y.H. Accumulation of mitochondrial DNA deletions in human oral tissues—effects of betel 

quid chewing and oral cancer. Mutat. Res. 2001, 493, 67–74. 

18. Yin, P.H.; Lee, H.C.; Chau, G.Y.; Wu, Y.T.; Li, S.H.; Lui, W.Y.; Wei, Y.H.; Liu, T.Y.; Chi, C.W. 

Alteration of the copy number and deletion of mitochondrial DNA in human hepatocellular 

carcinoma. Br. J. Cancer 2004, 90, 2390–2396. 

19. Yang, J.H.; Lee, H.C.; Chung, J.G.; Wei, Y.H. Mitochondrial DNA mutations in light-associated 

skin tumors. Anticancer Res. 2004, 24, 1753–1758. 

20. Suzuki, M.M.; Bird, A. DNA methylation landscapes: Provocative insights from epigenomics.  

Nat. Rev. Genet. 2008, 9, 465–476. 

21. Kuo, M.H.; Allis, C.D. Roles of histone acetyltransferases and deacetylases in gene regulation. 

Bioessays 1998, 20, 615–626. 



Int. J. Mol. Sci. 2015, 16 24009 

 

 

22. Gregory, P.D.; Wagner, K.; Horz, W. Histone acetylation and chromatin remodeling. Exp. Cell Res. 

2001, 265, 195–202. 

23. Roth, S.Y.; Denu, J.M.; Allis, C.D. Histone acetyltransferases. Annu. Rev. Biochem. 2001, 70, 81–120. 

24. Peserico, A.; Simone, C. Physical and functional HAT/HDAC interplay regulates protein 

acetylation balance. J. Biomed. Biotechnol. 2011, 2011, doi:10.1155/2011/371832. 

25. Minocherhomji, S.; Tollefsbol, T.O.; Singh, K.K. Mitochondrial regulation of epigenetics and its 

role in human diseases. Epigenetics 2012, 7, 326–334. 

26. Shaughnessy, D.T.; McAllister, K.; Worth, L.; Haugen, A.C.; Meyer, J.N.; Domann, F.E.;  

Van Houten, B.; Mostoslavsky, R.; Bultman, S.J.; Baccarelli, A.A.; et al. Mitochondria, energetics, 

epigenetics, and cellular responses to stress. Environ. Health Perspect. 2014, 122, 1271–1278. 

27. Wallace, D.C.; Fan, W. Energetics, epigenetics, mitochondrial genetics. Mitochondrion 2010, 10, 

12–31. 

28. Mayo, M.W.; Denlinger, C.E.; Broad, R.M.; Yeung, F.; Reilly, E.T.; Shi, Y.; Jones, D.R. 

Ineffectiveness of histone deacetylase inhibitors to induce apoptosis involves the transcriptional 

activation of NF-κB through the Akt pathway. J. Biol. Chem. 2003, 278, 18980–18989. 

29. Kuljaca, S.; Liu, T.; Tee, A.E.; Haber, M.; Norris, M.D.; Dwarte, T.; Marshall, G.M. Enhancing the 

anti-angiogenic action of histone deacetylase inhibitors. Mol. Cancer 2007, 6, doi:10.1186/1476-

4598-6-68. 

30. Kobayashi, S.; Kohda, T.; Miyoshi, N.; Kuroiwa, Y.; Aisaka, K.; Tsutsumi, O.; Kaneko-Ishino, T.; 

Ishino, F. Human PEG1/MEST, an imprinted gene on chromosome 7. Hum. Mol. Genet. 1997, 6, 

781–786. 

31. Pedersen, I.S.; Dervan, P.A.; Broderick, D.; Harrison, M.; Miller, N.; Delany, E.; O’Shea, D.; 

Costello, P.; McGoldrick, A.; Keating, G.; et al. Frequent loss of imprinting of PEG1/MEST in 

invasive breast cancer. Cancer Res. 1999, 59, 5449–5451. 

32. Pedersen, I.S.; Dervan, P.; McGoldrick, A.; Harrison, M.; Ponchel, F.; Speirs, V.; Isaacs, J.D.; 

Gorey, T.; McCann, A. Promoter switch: A novel mechanism causing biallelic PEG1/MEST 

expression in invasive breast cancer. Hum. Mol. Genet. 2002, 11, 1449–1453. 

33. Shu, M.; Zheng, X.; Wu, S.; Lu, H.; Leng, T.; Zhu, W.; Zhou, Y.; Ou, Y.; Lin, X.; Lin, Y.; et al. 

Targeting oncogenic miR-335 inhibits growth and invasion of malignant astrocytoma cells.  

Mol. Cancer 2011, 10, doi:10.1186/1476-4598-10-59. 

34. Yan, Z.; Xiong, Y.; Xu, W.; Gao, J.; Cheng, Y.; Wang, Z.; Chen, F.; Zheng, G. Identification of 

hsa-miR-335 as a prognostic signature in gastric cancer. PLoS ONE 2012, 7, e40037. 

35. Lynch, J.; Fay, J.; Meehan, M.; Bryan, K.; Watters, K.M.; Murphy, D.M.; Stallings, R.L.  

MiRNA-335 suppresses neuroblastoma cell invasiveness by direct targeting of multiple genes from 

the non-canonical TGF-β signalling pathway. Carcinogenesis 2012, 33, 976–985. 

36. Tavazoie, S.F.; Alarcon, C.; Oskarsson, T.; Padua, D.; Wang, Q.; Bos, P.D.; Gerald, W.L.; 

Massague, J. Endogenous human micrornas that suppress breast cancer metastasis. Nature 2008, 

451, 147–152. 

37. Scarola, M.; Schoeftner, S.; Schneider, C.; Benetti, R. MiR-335 directly targets Rb1 (pRb/p105) in 

a proximal connection to p53-dependent stress response. Cancer Res. 2010, 70, 6925–6933. 

  



Int. J. Mol. Sci. 2015, 16 24010 

 

 

38. Ronchetti, D.; Lionetti, M.; Mosca, L.; Agnelli, L.; Andronache, A.; Fabris, S.; Deliliers, G.L.; Neri, A. 

An integrative genomic approach reveals coordinated expression of intronic miR-335, miR-342,  

and miR-561 with deregulated host genes in multiple myeloma. BMC Med. Genom. 2008, 1, 

doi:10.1158/0008-5472.CAN-10-0141. 

39. Dohi, O.; Yasui, K.; Gen, Y.; Takada, H.; Endo, M.; Tsuji, K.; Konishi, C.; Yamada, N.;  

Mitsuyoshi, H.; Yagi, N.; et al. Epigenetic silencing of MiR-335 and its host gene mest in 

hepatocellular carcinoma. Int. J. Oncol. 2013, 42, 411–418. 

40. Kaneko-Ishino, T.; Kuroiwa, Y.; Miyoshi, N.; Kohda, T.; Suzuki, R.; Yokoyama, M.; Viville, S.; 

Barton, S.C.; Ishino, F.; Surani, M.A. PEG1/MEST imprinted gene on chromosome 6 identified by 

cdna subtraction hybridization. Nat. Genet. 1995, 11, 52–59. 

41. Lefebvre, L.; Viville, S.; Barton, S.C.; Ishino, F.; Keverne, E.B.; Surani, M.A. Abnormal maternal 

behaviour and growth retardation associated with loss of the imprinted gene mest. Nat. Genet. 1998, 

20, 163–169. 

42. Kim, Y.; Kim, H.; Park, H.; Park, D.; Lee, H.; Lee, Y.S.; Choe, J.; Kim, Y.M.; Jeoung, D.  

MiR-326-histone deacetylase-3 feedback loop regulates the invasion and tumorigenic and 

angiogenic response to anti-cancer drugs. J. Biol. Chem. 2014, 289, 28019–28039. 

43. Galdieri, L.; Vancura, A. Acetyl-CoA carboxylase regulates global histone acetylation.  

J. Biol. Chem. 2012, 287, 23865–23876. 

44. Giacomello, M.; Drago, I.; Pizzo, P.; Pozzan, T. Mitochondrial Ca2+ as a key regulator of cell life 

and death. Cell Death Differ. 2007, 14, 1267–1274. 

45. McCormack, J.G.; Halestrap, A.P.; Denton, R.M. Role of calcium ions in regulation of mammalian 

intramitochondrial metabolism. Physiol. Rev. 1990, 70, 391–425. 

46. Soliman, M.L.; Rosenberger, T.A. Acetate supplementation increases brain histone acetylation and 

inhibits histone deacetylase activity and expression. Mol. Cell. Biochem. 2011, 352, 173–180. 

47. Wei, Y.H.; Lee, C.F.; Lee, H.C.; Ma, Y.S.; Wang, C.W.; Lu, C.Y.; Pang, C.Y. Increases of 

mitochondrial mass and mitochondrial genome in association with enhanced oxidative stress in 

human cells harboring 4977 bp-deleted mitochondrial DNA. Ann. N. Y. Acad. Sci. 2001, 928,  

97–112. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


