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Histone deacetylase inhibitors (HDACi) are novel clinical 
anticancer drugs that inhibit HDAC gene expression and 
induce cell apoptosis in human cancers. Nevertheless, the 
detailed mechanism or the downstream HDAC targets by 
which HDACi mediates apoptosis in human breast cancer 
cells remains unclear. Here, we show that HDACi reduce 
tumorigenesis and induce intrinsic apoptosis of human 
breast cancer cells through the microRNA miR-125a-5p 
in vivo and in vitro. Intrinsic apoptosis was activated by 
the caspase 9/3 signaling pathway. In addition, HDACi 
mediated the expression of miR-125a-5p by activat-
ing RUNX3/p300/HDAC5 complex. Subsequently, miR-
125a-5p silenced HDAC5 post-transcriptionally in the cells 
treated with HDACi. Thus, a regulatory loop may exist 
in human breast cancer cells involving miR-125a-5p and 
HDAC5 that is controlled by RUNX3 signaling. Silencing 
of miR-125a-5p and RUNX3 inhibited cancer progression 
and activated apoptosis, but silencing of HDAC5 had a 
converse effect. In conclusion, we demonstrate a possible 
new mechanism by which HDACi influence tumorigen-
esis and apoptosis via downregulation of miR-125a-5p 
expression. This study provides clinical implications in 
cancer chemotherapy using HDACi.
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INTRODUCTION
Histone deacetylases (HDACs), which target lysine residues, are 
epigenetic determinants that are essential for transcriptional regula-
tion because they promote chromatin condensation.1 Cytoplasmic 
HDACs (nonhistone HDACs) have been shown to play central 
roles in mediating processes related to human cancers, including 
promoting tumor progression and metastases and inhibiting apop-
tosis.2 Consequently, histone deacetylase inhibitors (HDACi) are 
promising anticancer drugs and several are currently the focus of 
clinical trials, such as Trichostatin A (TSA) and valproic acid, which 
decrease HDAC expression.3 TSA and valproic acid stimulate 

multiple pathways leading to apoptosis, induced cell death, and 
cell growth arrest in adult patients with solid tumors.4 TSA delays 
tumor growth and induces apoptosis by mediating expression of 
Ki-67, matrix metalloprotease 2 (MMP2), caspase 3, and Bcl-xL.5,6 
Furthermore, HDACi have been useful as a chemotherapy strat-
egy to restrain proliferation, dedifferentiation, and self-renewal 
of cancer stem-like cells.7 However, the specific mechanisms by 
which HDACi affect these cells are largely unknown. We previously 
showed that HDACs mediate tumorigenesis8 and the epithelial–
mesenchymal transition9 in a highly malignant human breast can-
cer stem-like cells (CSCs) line. These CSCs carry stem-cell markers 
(CD44+/CD24-, ER+, HER2/neu+) and are capable of self renewal 
or pluripotent differentiation, making them extremely malignant.10

HDACi can also rapidly alter microRNA (miRNA) levels11 to 
induce cell death in thyroid cancer cells12 and to inhibit growth via 
a p53-independent pathway in neuroblastoma SH-SY5Y cells.13 
Nevertheless, the exact mechanisms by which HDACi mediates 
CSCs apoptosis through miRNA remain unknown. MiRNAs are 
small (~21–23 nucleotides) noncoding RNAs that reduce the 
post-transcriptional stability of target mRNAs.14 MiRNA hybrid-
ization with target mRNAs induces mRNA degradation and inhib-
its translation, thereby regulating a variety of cellular processes, 
such as proliferation, apoptosis, senescence, differentiation, and 
death.15 Several specific miRNAs have been shown to act as tumor 
suppressors or as oncogenes in cancers.16

In the present work, we demonstrate that HDACi mediate 
apoptosis through miRNA in human breast cancer cells and we 
identify possible downstream target genes. This study revealed a 
novel pathway by which HDACi promotes apoptosis.

RESULTS
HDACi modulate miR-125a-5p expression in breast 
cancer stem-like cells
To determine whether miRNAs were induced by HDACi in human 
breast cancer cells, the Human 384 SeraMir miRNA profiler was 
used to assess two breast cancer cell lines treated with the HDACi 
TSA, a breast cancer stem cell line (R2N1d) and a metastasis-type 
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breast cancer cell line (MDA-MB-231) (Figure 1a). To compare 
treatment with control cells, 380 miRNAs were measured and the 
top miRNA most significantly (>10-fold) increased/decreased miR-
NAs in the TSA-treated cells relative to control cells are shown in 
Figure 1b and Supplementary Table S1. miR-125a-5p, miR-150, 
miR-362-3p, miR-503, miR-133a, let-7c, miR-548b-5p, let-7b, miR-
149, miR-512-5p, miR-29c, miR-513c, and miR-187 were induced 
by TSA, but miR-331-5p, miR-33b, miR-192, miR-195, let-7i, miR-
541, miR-200b, miR-146-3p, Hsa-miR-200a, miR-193a-5p, miR-
99b, miR-34b, and miR-373 were decreased by TSA in both R2N1d 
and MDA-MB-231 cells. MiR-125a-5p was the most highly induced 
by TSA treatment in both human breast cancer lines. We further 
confirmed that HDACi can induce miR-125a-5p expression with 
qRT-PCR of breast cancer cells treated with six different HDACi 
(TSA, valproic acid, sodium butyrate, splitomycin, apicidin, and 
M344). We found that miR-125a-5p increased in a concentration-
dependent manner with each of the HDACi (Figure 1c).

miR-125a-5p positively regulates cell apoptosis 
through caspase 9/3 in vitro
Previous studies have reported that HDACi induce apoptosis 
through the intrinsic pathway in cancer cells. Therefore, we exam-
ined whether miR-125a-5p regulates apoptosis in the two breast 
cancer cell lines. First, we examined miR-125a-5p expression with 
a dose-dependent manner of miR-125a-5p plasmid by q-PCR. We 

found that miR-125a-5p expression was positively correlated with 
indicated doses in both R2N1d (Figure 2a) and MDA-MB-231 
(Supplementary Figure S1a) cells. In addition, we investigated cell 
cycle progression by flow cytometry and found that overexpression 
of miR-125a-5p caused a significant increase in cell cycle arrest at the 
sub-G1 phase and a decrease in the proportion of cells in G1 phase 
in both R2N1d (Figure 2b) and MDA-MB-231 (Supplementary 
Figure S1b) cells. Cell cycle arrest at the sub-G1 phase frequently 
leads to cell death through apoptosis.17 Consistent with this, TUNEL 
assays showed that miR-125a-5p overexpression significantly 
enhanced apoptosis in both R2N1d (Figure 2c) and MDA-MB-231 
(Supplementary Figure S1c) cells compared with the control cells.

Next, a caspase activity assay showed that miR-125a-5p over-
expression activated caspase 3 and 9 activity in both R2N1d 
(Figure 2d) and MDA-MB-231 (Supplementary Figure S2a) 
cells. We used specific inhibitors of caspases 2, 3, 8, and 9 to 
further analyze the apoptosis signaling pathway. The caspase 9 
inhibitor blocked the miR-125a-5p–mediated increase in cas-
pase 3 activation (Supplementary Figure S2c), but the caspase 
3 inhibitor did not affect caspase 9 activation (Supplementary 
Figure S2e). Furthermore, caspase 2 and 8 were not activated 
by overexpression of miR-125a-5p in the breast cancer cell lines 
(Supplementary Figure S2b,d). To further confirm that miR-
125a-5p promotes apoptosis, we examined the levels of caspase 
3, and Bcl-xL by immunoblotting. We found that active caspase 

Figure 1  miR-125a-5p is induced by histone deacetylase inhibitors (HDACi). (a) MiRNA profiles were examined in Trichostatin A-treated R2N1d 
and MDA-MB-231 cells. (b) Differentially expressed miRNAs (>10-fold) in the Trichostatin A (TSA)-treated cells relative to the control cells (n = 3). 
(c) R2N1d cells were treated with different concentrations of the HDACi Trichostatin A (0, 0.5, 1, and 2 µmol/l), valproic acid (0, 3.5, 7, and 14 
µmol/l), sodium butyrate (0, 1.5, 3, and 6 µmol/l), splitomycin (0, 0.5, 1, and 2 µmol/l), apicidin (0, 0.75, 1.5, and 3 µmol/l), or M344 (0, 0.5, 1, 
and 2 µmol/l), and miR-125a-5p expression was detected with qRT-PCR 48 hours post-treatment. Values are the mean ± standard deviation (SD) of 
three experiments.
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3 was induced, but Bcl-xL decreased in R2N1d (Figure 2e,f) and 
MDA-MB-231 (Supplementary Figure S2f,g) cells overexpress-
ing miR-125a-5p. These findings suggested that miR-125a-5p 
overexpression functions in the same way as HDACi to induce the 
intrinsic apoptosis pathway through caspases 9 and 3.

HDAC5 is the direct target of miR-125a-5p and 
mediates its cellular function
We next used RepTar and RNAhybrid,18,19 a computational motif 
prediction method, to identify miR-125a-5p target genes in the 
human genome (Supplementary Table S2). RNAhybrid calculates 

Figure 2 miR-125a-5p mediates the apoptosis signaling pathway. The control miRNA (5 μg/ml), miR-125a-5p (5 μg/ml), anti-miR-125a-5p (150 
nmol/l), or anti-miR-125a-5p (150 nmol/l) + miR-125a-5p (5 μg/ml) were transfected into R2N1d cells and the cells assessed at 48 hours post-
transfection. (a) MiR-125a-5p expression was analyzed by q-PCR with a dose-dependent manner of miR-125a-5p plasmid. (b) The cell cycle stage of 
the transfected cells was evaluated with propidium iodide staining and flow cytometry. (c) Apoptosis was evaluated with the TUNEL assay. (d) The 
apoptosis pathway was evaluated with a caspase activity assay, and (e,f) the apoptosis markers caspase 3 and Bcl-xL were evaluated by western blot-
ting with β-actin as a loading control. Values are the mean ± SD of three experiments. *P < 0.05 versus untreated control; two-tailed Student’s t-test.
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the binding thermodynamic between miRNA sequences and the 3′-
UTRs of putative target genes. RepTar and RNAhybrid identified 
HDAC5 as a possible target, with two free energy value for bind-
ing in the 3′-UTR of −22.3 (Supplementary Figure S3a) and −32.9 
kcal/mol (Figure 3a). RepTar prediction software found that 3′UTR 
of HDAC5 has two miR-125a-5p targeting site located at ~425 
and 710 bp downstream of the HDAC5 3′ start (Supplementary 
Figure S3a). Therefore, the full length, 427~449 bp and 708~734 bp 
fragment of 3′-UTR was cloned into a luciferase reporter vec-
tor and transfecting into HEK-293T cells. The results found 
that full length and 708~734 bp fragment of HDAC5 3′-UTR 
was decreased by miR-125a-5p, but 427~449 bp signal was not 
(Supplementary Figure S3b). We next examined whether miR-
125a-5p could directly silence the biological function of HDAC5 
through binding the 3′-UTR (708~734 bp fragment) by cloning 
the wild-type (WT) and mutated (MT) 3′-UTR into a luciferase 
reporter vector and transfecting these plasmids, along with dif-
ferent concentrations of the miR-125a-5p expression plasmid 
into HEK-293T cells. We found that the HDAC5 WT luciferase 
signal was decreased by miR-125a-5p in a concentration-depen-
dent manner, but the HDAC5 MT signal was not (Figure 3b). 
To verify these results, we investigated whether miR-125a-5p 
affected HDAC5 protein levels. The levels of HDAC5 were lower 
in miR-125a-5p–overexpressing cells compared with control cells, 
whereas the levels of other HDACs (HDAC7, HDAC10) were not 
affected by miR-125a-5p (Figure 3c).

We also analyzed the biological functions of HDAC5 in 
R2N1d and MDA-MB-231 cells. Silencing of HDAC5 with 
siRNA-1/2 resulted in decreased cell growth, wound healing and 
invasion (Figure 3e,g,h and Supplemetary Figure S4a,c,d), but 
increased apoptosis (Figure 3f and Supplementary Figure S4b). 
Immunoblotting also showed that Ki-67, active MMP2, and 
Bcl-xL levels decreased, but active caspase 3 levels increased when 
HDAC5 was silenced in human breast cancer cells (Figure 3d). 
Hence, these data indicate that HDAC5 levels are controlled by 
miR-125a-5p and that silencing of HDAC5 has the same biologi-
cal effect as increasing miR-125a-5p in human breast cancer cells.

HDACi induce miR-125a-5p expression via the 
RUNX3/p300/HDAC5 complex
To further analyze the underlying mechanism by which HDACi 
affect miR-125a-5p, the sequence of the miR-125a-5p promoter 
region was examined with the TFSEARCH program for potential 
transcription factor binding sites. We identified a potential p300 
binding motif (TGACTCCCTCTTATT) in the proximal region 
of the promoter (Figure 4a). Pre-miR-125a was located at chr19: 
51693254-339 and has two clustered miRNAs in the upstream 
sequence including pre-mir-99b (chr19: 51692612-81) and pre-
let-7e (chr19: 51692786-864). We found that pre-miR-125a and 
pre-mir-99b-let-7e may have independent promoters and only 
one P300 putative binding site located at ~160 bp upstream of the 
pre-miR-125a 5′ end (Supplementary Figure S5). Interestingly, 
a previous study demonstrated that HDACi increase acetylated 
RUNX3 through inhibition of HDAC5, which in turn enhances 
binding of the RUNX3-p300 complex to target promoters.20 
Therefore, we hypothesized that HDACi induce miR-125a-5p 
expression by decreasing HDAC5 expression and acetylating 

RUNX3, leading to enhanced binding of the RUNX3/p300 com-
plex to the miR-125a-5p promoter in human breast cancer. To 
test this hypothesis, RUNX3, p300, and HDAC5 were silenced 
with siRNA in the presence and absence of TSA, and the asso-
ciation of the RUNX3/p300/HDAC5 complex with miR-125a-5p 
was examined. MiR-125a-5p expression was essentially blocked 
by different concentrations of RUNX3 siRNA (Supplementary 
Figure S6a) and p300 siRNA (Supplementary Figure S6b). On 
the other hand, HDAC5 siRNA (Supplementary Figure S6c) 
promoted miR-125a-5p expression when cells were treated with 
TSA (Figure 4b). Immunoprecipitation assays showed that acet-
ylated RUNX3 increased in the presence of TSA and HDAC5 
siRNA (Figure 4c). Additionally, ChIP showed that RUNX3, but 
not HDAC5, was required for p300 to bind the miR-125a-5p pro-
moter (Figure 4d). These results suggested that RUNX3 may play 
an important role in tumor suppression through miR-125a-5p. 
Indeed, upon RUNX3 silencing, levels of Ki-67, active MMP2, 
and Bcl-xL increased, whereas active caspase 3 decreased in both 
R2N1d and MDA-MB-231 cells (Figure 4e), and this was accom-
panied by increased cell growth, wound healing, and invasion 
(Figure 4f–h).

HDAC5 participates in a positive feedback mechanism 
through miR-125a-5p
HDAC5 appears to act upstream of miR-125a-5p in the apoptosis-
induction pathway and may mediate miR-125a-5p expression in 
human breast cancer. We hypothesized that HDAC5 may partici-
pate in a positive feedback loop mediated through miR-125a-5p. 
To test this hypothesis, we analyzed miR-125a-5p expression fol-
lowing overexpression of HDAC5 in R2N1d cells by qRT-PCR. 
We found that miR-125a-5p expression decreased in a HDAC5 
concentration-dependent manner (Figure 5a,b). Converse, miR-
125a-5p expression was induced by silencing of HDAC5 in a 
dose-dependent manner (Figure 5c,d). Additionally, cell growth 
increased with overexpression of HDAC5 in both cell lines 
(Figure 5e). We also found that overexpression of HDAC5 abol-
ished miR-125a-5p-induced apoptosis (Figure 5f) and increased 
migration (Figure 5g) in R2N1d. Thus, knocking down HDAC5 
will mimic the effect of TSA on miR-125a expression. HDAC5 
and miR-125a-5p appear to operate through a positive feedback 
mechanism via the RUNX3/p300 complex to affect tumor growth, 
metastasis and apoptosis in human breast cancer.

HDACi inhibit cancer stem-like cell tumorigenesis 
through miR-125a-5p
We next examined whether HDACi inhibit cancer stem-like cell 
tumorigenesis via miR-125a-5p targeting of HDAC5 in vivo. 
R2N1d-YFP and R2N1d-GFP-mir-125a-5p cells were implanted 
into immunodeficient nude mice and tumor growth was moni-
tored, respectively. After 1 week, the mice were intratumorally 
injected with TSA (500 μg/kg) or normal saline once every 2 days 
for 30 days. Mir-125a-5p and TSA inhibited R2N1d cell tumori-
genesis as indicated by a decrease in the fluorescence signal by in 
vivo imaging (Figure 6a) and tumor photon flux (Figure 6b).

In addition, fluorescence microscopy, TUNEL assay, in situ 
miR-125a-5p hybridization, and HDAC5 immunochemistry of 
the tumor tissues, showed similar results (Figure 6c) to those 
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observed in vitro. Specifically, the R2N1d-YFP fluorescence signal 
in xenograft tumor sections remained constant, whereas the apop-
tosis-inducing ability or the expression of miR-125a-5p increased, 
but expression of HDAC5 decreased with TSA treatment.

DISCUSSION
In this study, we used a commercial human miRNA profiler, to 
identify miRNAs associated with HDACi treatment in human 

breast cancer stem-like cells. We identified and validated the 
induction of miR-125a-5p by HDACi, which activated the 
RUNX3/p300/HDAC5 complex and mediated cell apoptosis 
through a feedback loop with the target gene HDAC5 (Figure 6d). 
We further showed that miR-125a-5p and HDAC5 modulate the 
tumorigenesis of cancer stem-like cells in vivo/vitro and may be 
appropriate clinical indicators to monitor the success of TSA 
treatment in breast cancer patients.

Figure 3 HDAC5 is the direct target for miR-125a-5p. (a) RNAhybrid predicted miR-125a-5p binding sites and free energy values (−32.9 kcal/mol) 
in the 3′-UTR of HDAC5. The wild-type (WT, black letters) and mutated (MT, red letters) 3′-UTR of the HDAC5 sequence were cloned into a luciferase 
reporter plasmid. (b) HEK-293T cells were cotransfected with different ratios of miR-125a-5p and the plasmids containing the wild-type (WT) or 
mutant (MT) 3′-UTR of HDAC5. Luciferase activity was analyzed with the dual luciferase system. Activity of the WT and MT constructs was normal-
ized to firefly/Renilla luciferase activity. (c) Cells were transfected as in Figure 2 and HDAC5, 7, and 10 protein expression was examined by western 
blotting 72 hours later. β-actin served as a loading control. (d) Cells were transfected with control-siRNA or HDAC5-siRNA-1/2 (5 μg/ml) and HDAC5, 
Ki-67, MMP2, caspase 3 and Bcl-xL levels were examined by western blotting 72 hours later. R2N1d cells were transfected as in (d) and 48 hours after 
transfection, the cell growth (e), apoptosis rates (f), wound healing (HDAC5-siRNA-1) (g), and invasion (HDAC5-siRNA-1) (h) were evaluated. Values 
are the mean ± SD of three experiments. *P < 0.05 versus untreated control; two-tailed Student’s t-test.
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Among the differentially expressed miRNAs identified by 
the profiler, miR-125a-5p, miR-150,21 miR-362-3p,22 miR-503,23 
miR-133a,24 let-7c,25 miR-548b-5p, let-7b,25 miR-149,26 miR-
512-5p, miR-29c,27 miR-513c, and miR-187 emerged as the most 

consistently increased, suggesting that these miRNA may poten-
tially act as tumor suppressors.

HDACi have been evaluated in clinical trials as potential anti-
cancer drugs,28 and TSA has shown great promise as a clinical 

Figure 4 Histone deacetylase inhibitors (HDACi) induce synthesis of miR-125a-5p via the RUNX3/p300/HDAC5 complex. (a) Schematic dia-
gram of the miR-125a-5p promoter showing the one predicted p300 binding site (red). (b) R2N1d cells were treated with Trichostatin A (TSA) or 
transfected with HDAC5 siRNA-1 at the indicated doses, and HDAC5 expression was analyzed by immunoblotting (IB) with β-actin as a loading 
control. Protein–protein interactions with RUNX3 and acetyl-lysine were analyzed with immunoprecipitation. (c) R2N1d cells were transfected with 
RUNX3 siRNA-1 (5 μg/ml), p300 siRNA (5 μg/ml), or HDAC5 siRNA-1 (5 μg/ml) then treated with TSA, and miR-125a-5p expression was analyzed 
with qRT-PCR 48 hours after treatment. (d) Binding of the transcription factor p300 to miR-125a-5p was analyzed with anti-p300 ChIP. (e–h) R2N1d 
and MDA-MB-231 cells were transfected with control siRNA (5 μg/ml) or RUNX3 siRNA-1/2 (5 μg/ml). At 48 hours post-transfection, RUNX3, Ki-67, 
MMP2, caspase 3, and Bcl-xL proteins expression was analyzed by western blotting (e) with β-actin as a loading control, and the cell growth (f), 
invasion (RUNX3-siRNA-1) (g), and wound healing (RUNX3-siRNA-1) (h) rates were evaluated. Values are the mean ± SD of three experiments. *P < 
0.05 versus untreated control; two-tailed Student’s t-test.
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therapy for human breast cancer.29,30 HDACi decrease tumori-
genesis and induce apoptosis through the intrinsic apoptosis 
pathway in different cancer types.31 Interestingly, we found that 
miR-125a-5p mediated the intrinsic apoptosis pathway through 
caspases 9 and 3, providing a potential mechanism for the 

induction of the intrinsic apoptosis pathway by HDACi and iden-
tifying miR-125a-5p as a potential therapeutic target for HDACi. 
Previous studies also have showed that class I HDAC inhibitor, 
entinostat induced apoptosis through miR-125a, miR-125b, and 
miR-205 in erbB2-overexpressing breast cancer cells.32 Therefore, 

Figure 5 miR-125a-5p is repressed by HDAC5. R2N1d cells were transfected with the indicated amounts of an HDAC5 expression or silencing 
plasmid (μg/ml). At 24 hours post-transfection, miR-125a-5p expression was detected using western blot and qRT-PCR (a–d), and the cell growth 
rate was evaluated by determining XTT assay (e). The control miRNA (5 μg/ml), miR-125a-5p (5 μg/ml), HDAC5 (5 μg/ml), or miR-125a-5p (5 μg/
ml) + HDAC5 (5 μg/ml) were transfected into R2N1d cells and the cells assessed at 48 hours post-transfection. (f) Apoptosis was evaluated with the 
TUNEL assay and the wound healing rates were evaluated (g). Values are the mean ± SD of three experiments. *P < 0.05 versus untreated control; 
Two-tailed Student’s t-test.
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HDACi positively have the ability to induce miR-125a-5p expres-
sion and mediate apoptosis. MiR-125a-5p has been reported to 
be downregulated in non-small cell lung cancer tissues, and to 
decrease migration and invasion of human lung cancer cell lines.33 
MiR-125a-5p interacts with hepatitis B virus surface antigen 
and directly suppresses its activity.34 In addition, miR-125a-5p 
decreases cell growth more potently when combined with 

trastuzumab in the treatment of gastric cancer,35 and mediates 
apoptosis of human lung cancer cells through a p53-dependent 
pathway.36 These previous findings are similar to our observation 
that miR-125a-5p promotes apoptosis in human breast cancer 
stem cells. Therefore, miR-125a-5p appears to play an important 
role in promoting cell apoptosis by targeting apoptosis-related 
genes in multiple cancer types. Furthermore, an early report 

Figure 6 Histone deacetylase inhibitors (HDACi) induce miR-125a-5p to inhibit tumorigenesis. R2N1d-YFP and R2N1d-GFP-mir-125a-5p cells 
were injected into the right flank of immunodeficient mice (n = 6 per group), and 1 week later, Trichostatin A (TSA) (500 μg/kg body weight) or 
normal saline was injected into the tumor once every 2 days for 30 days. (a) Tumor images were captured by in vivo imaging and (b) photon flux 
was measured with the AxioVision Software. (c) Tumor thin sections were analyzed with fluorescence microscopy, hematoxylin and eosin (H&E) stain-
ing, TUNEL, in situ hybridization with miR-125a-5p and immunohistochemistry with anti-HDAC5. (d) A model is reported in which TSA determine 
RUNX3/p300 complex to the miR-125a-5p promoter through acetylating of RUNX3 and accordingly miR-125a-5p upregulation, gives rise to HDAC5 
downregulation and subsequent apoptosis activation.
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found that miR-125a-5p targets proapoptotic protein, BAK1 to 
suppress apoptosis in immature hematopoietic stem cells37 and 
thus revealing that miR-125a-5p biology can assume varied roles.

HDAC5 is a member of the class II HDAC family (HDAC4, 
5, 6, 9, and 11) and localizes in both the nucleus and cytoplasm. 
HDAC4 and HDAC5 are highly similar enzymes, with an over-
all sequence identity of ~70%.38 Early studies indicated that 
miR-2861 represses HDAC5 expression to enhance bone mor-
phogenetic protein 2-induced osteoblastogenesis.39 Interesting, 
we found that in addition to directly targeting HDAC5, miR-
125a-5p can also directly target HDAC4 and inhibit its protein 
expression (data not shown). This result reveals that, not only 
do HDACs regulate miRNA expression, but miRNAs can also 
reciprocally control HDAC activity. In addition, high levels of 
HDAC5 are significantly associated with poor survival in human 
brain cancer patients and knockdown of HDAC5 enhances apop-
tosis through caspase 3 (ref. 40). Consistent with these results, 
we found that silencing of HDAC5 inhibits cell growth, migra-
tion, and invasion and increases apoptosis in human breast can-
cer stem-like cells.

RUNX3 is a tumor suppressor41 that controls gene expression 
by interacting with p300 and HDAC5 (ref. 20). RUNX3 promotes 
apoptosis in K-Ras-activated lung cancer cells42 and transcription-
ally activates the proapoptotic gene Bim in transforming growth 
factor-β-induced apoptosis.43 Similarly, we found that RUNX3 
inhibits cell invasion and migration, and induces apoptosis in 
human breast cancer stem cells. Acetylating of RUNX3 enhanced 
binding of the RUNX3/p300 complex to the miR-125a-5p pro-
moter and silencing of RUNX3 has the same biological effect as 
decreasing miR-125a-5p in human breast cancer cells. Therefore, 
we believe that RUNX3 is an important role for transcription reg-
ulations and biological effect of miR-125a-5p. Our data further 
indicated that HDAC5 silencing in breast cancer cells is due to 
increased miR-125a-5p and its inhibitory effect on HDAC5. Thus, 
RUNX3 may mediate apoptosis through a regulatory loop involv-
ing miR-125a-5p and HDAC5.

In summary, our study identified a critical regulatory RUNX3/
p300/HDAC5/miR-125a-5p loop network that modulates 
HDAC5 levels when HDACi are used to treat breast cancer cells. 
Furthermore, miR-125a-5p and RUNX3 appear to play similar bio-
logical roles in mediating apoptosis and tumorigenesis in human 
breast cancer stem cells. Thus, the present study provides valuable 
insight that will be of great use in clinical applications of HDACi.

MATERIALS AND METHODS
Cell lines and drug treatment. The MDA-MB-231 human breast can-
cer cell line was purchased from the American Type Culture Collection 
(Manassas, VA) and maintained in Dulbecco’s modified Eagle’s medium/
F12 (Life Technologies, Grand Island, NY) supplemented with 10% 
fetal bovine serum, and 5% penicillin, streptomycin, and amphotericin 
B (equal parts). The R2N1d human breast cancer stem cells (a kind gift 
from Professor Chang, Michigan State University) were grown in MSU-1 
medium and cultured as described.9 All cells were grown at 37 °C in 5% 
CO2. For drug treatment, the cells were seeded at a concentration of 1 × 105 
cells per six-well plate 24 hours before treatment with HDACi (TSA, val-
proic acid, sodium butyrate, splitomycin, apicidin, and M344, BioVision, 
Mountain View, CA) for 1 day.

miRNA profiling using multiplex quantitative reverse transcription 
(qRT)-PCR. Expression profiles of MiRNA were obtained with the Human 
384 SeraMir miRNA Profiler (System Biosciences, Mountain View, CA). 
Briefly, miRNA was converted to cDNA using a SeraMir Exosome RNA 
Amplification Kit (System Biosciences). The kit contains 380 mature 
human miRNA qRT-PCR primers that were used in the SYBRGreen 7900 
HT fast real-time PCR system (Applied Biosystems, Foster City, CA).

miRNA and mRNA quantification. Total RNA was extracted from cell 
lines using TRIzol Reagent (Invitrogen, Paisley, UK) and the miRNA 
was amplified with the TaqMan MicroRNA Reverse Transcription 
kit (Applied Biosystems). The RT primers for miR-125a-5p (mature 
miRNA Sequence: UCCCUGAGACCCUUUAACCUGUG) and 
miR-16 (refs. 44,45) (for normalization; mature miRNA Sequence: 
UAGCAGCACGUAAAUAUUGGCG) were obtained from Applied 
Biosystems. mRNA levels were quantified with the ABI Prism 7000 
Sequence Detection System (Applied Biosystems) using the comparative 
CT method (2^-ΔΔCT).

Flow cytometry. Cells were transfected with the miR-125a-5p plasmid 
with or without the miR-125a-5p inhibitor (anti-miR-125a-5b) using the 
TurboFect Transfection Reagent (Fermentas, Hanover, MD). After trans-
fection (24 hours), the cells were resuspended by 0.25% trypsin-EDTA 
(Gibco, Grand Island, NY) and stained with propidium iodide (Sigma, St 
Louis, MO) followed by cell cycle analysis with an EPICS XL-MCL cytom-
eter (Beckman Coulter, Fullerton, CA).

Caspase activity and terminal deoxynucleotidyl transferase dUTP 
nick-end labeling (TUNEL) assays. Caspase activity was analyzed with 
ApoAlert Caspase assay plates (Clontech, Palo Alto, CA). Briefly, the cells 
were transfected with the miR-125a-5p plasmid and then incubated for 24 
hours in the presence or absence of individual caspase-specific inhibitors 
(Clontech). The cells were harvested with 0.25% trypsin-EDTA (Gibco) 
and the caspase activity was detected in the ApoAlert plate with an ELISA 
fluorescent plate reader (Multiskan EX, excitation: 380 nm; emission: 
460 nm). For the TUNEL assay, apoptosis was detected using the Apo-
BrdU-red DNA Fragmentation Assay Kit by following the manufacturer’s 
instructions (BioVision). The image of nuclei was captured by fluorescence 
microscopy and the quantity was obtained by Flow cytometry.

Immunoblot analysis and immunoprecipitation. For immunoblotting, 
cells were lysed with Radio-Immunoprecipitation assay buffer on ice for 
1 h. Proteins were resolved by SDS-PAGE and transferred to Hybond nitro-
cellulose membranes (GE Healthcare Europe GmbH, Pollards Wood, UK). 
The membranes were blocked in 5% non-fat milk in PBS/Tween-20(5%) 
and hybridized with antibodies against Bcl-xL (1:1,000, Cell Signaling 
Technology, Beverly, MA), caspase 3 (1:1,000, Cell Signaling Technology), 
HDAC family members (HDAC5, 7, and 10; 1:1,000, BioVision), Ki-67 
(1:1,000, Sigma), MMP2 (1:1,000, Cell Signaling Technology), RUNX3 
(1:1,000, Epitomics, Burlingame, CA), and acetyl-lysine (1:1,000, Abcam, 
Cambridge, MA). For immunoprecipitation, the lysates were incubated 
with protein-G beads (Roche Applied Science, Indianapolis, IN), anti-IgG 
beads (Santa Cruz Biotechnology, Santa Cruz, CA), or anti-p300 beads 
(1:1,000, Epitomics) for 24 hours at 4 °C with rocking. The immunopre-
cipitated complexes were washed and used for immunoblotting.

Luciferase assay. The luciferase reporter plasmid carrying the wild-type or 
mutated HDAC5 3′-untranslated region (UTR) (pGL3-HDAC5-WT-3′-
UTR and pGL3-HDAC5-MT-3′-UTR, respectively) was transfected into 
HEK-293T cells along with the miR-125a-5p plasmid with the TurboFect 
Transfection Reagent (Fermentas, Vilnius, Lithuania). After transfection 
(24 hours), cells were lysed and luciferase activity was measured with the 
Dual-Luciferase Reporter Assay system (Promega, Madison, WI). The 
sequences of HDAC5-WT-3′-UTR and HDAC5-MT-3′-UTR are showed 
in Figure 3a.
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Cell growth, invasion, and wound-healing assays. The cell growth, inva-
sion, and wound-healing assays were performed as described.46

Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP) 
assays were performed with the EZ-ChIP kit (Millipore) using anti-P300 
(1:500, Santa Cruz Biotechnology), and the following miR-125a-5p promoter 
primers: forward: 5′-CTGTGTCTCTTTCACAGTGG-3′ and reverse: 
5′-CGGGAGGGGCAGAGACCTAG-3′. Non-immune IgG was used  
for negative control and the positive control of input chromatin was ampli-
fied before immunoprecipitation and mock immunoprecipitated chroma-
tin. The PCR products quantitative were separated by 1% agarose gels.

Lentiviral infection. To produce yellow fluorescent protein (YFP) and 
Green fluorescent protein (GFP)-mir-125a-5p-expressing R2N1d cells, 
pLKO.1 lentiviral supernatants were produced using a standard RNAi 
Core Facility protocol (Academia Sinica, Taipei, Taiwan). R2N1d cells were 
infected for 48 hours with the lentiviral supernatants and then the stable 
clone cell lines (R2N1d-YFP and R2N1d-GFP-mir-125a-5p) were selected 
with puromycin.

Tumor cell xenograft study. The experimental procedures complied with 
the Kaohsiung Medical University animal care and use standards and the 
study was approved by the Institutional Animal Care and Use Committee 
(approval number: 101036). Female BALB/cAnN.Cg-Foxn1nu/Crl-Narl 
mice (~4–6 weeks old) from the National Laboratory Animal Center 
(Taipei, Taiwan) were used for xenograft experiments. R2N1d-YFP cells 
were suspended in 200 μl of medium (MSU-1) and injected subcutane-
ously into the flanks of 12 immunodeficient nude mice. After 1 week, half 
of the mice were injected with TSA and the other half with normal saline 
once every 2 days for 30 days. Fluorescence was measured 30 days after 
injection using an in vivo imaging system (Xenogen, Alameda, CA).

In situ hybridization and immunohistochemistry. In situ hybridization in 
cryosections of the xenografted human breast cancer tissue was performed 
using a 5′-digoxygenin–labeled miR-125a-5p miRCURY LNA detection 
probe (5′-TCACAGGTTAAAGGGTCTCAGGGA-3′; Exiqon, Vedbaek, 
Denmark) and an IsHyb In Situ Hybridization kit (BioChain, Hayward, 
CA). Briefly, the human miR-125a-5p detection probe was hybridized 
to tissues sections mounted on glass slides and images were captured 
on a DM16000 B microscope (Leica, Bannockburn, IL). For immuno-
histochemistry, the optimal cutting temperature compound–embedded 
cryopreserved tissues were cut into 5-μm-thick sections and the immunos-
taining with HDAC5 antibodies (1:1,000, BioVision) and counterstaining 
of nuclei with hematoxylin and eosin were performed with the Dako LSAB 
kit (Dako, Carpinteria, CA).

Transfection assay, oligonucleotides, and anti-miR miRNA. The 
TurboFect Transfection Reagent (Fermentas, Hanover, MD) was used to 
transfect the following overexpression plasmid (µg/ml) and small hairpin 
RNAs (shRNAs) (µg/ml) into R2N1d and MDA-MB-231 cells by follow-
ing the manufacturer’s instructions: pLKO.TRC-miR-125a-5p: 5′-UCCCU 
GAGACCCUUUAACCUGUG-3′, pLKO.1-HDAC5 shRNA-1: 5′-GCTAG 
AGAAAGTCATCGAGAT-3′, pLKO.1-HDAC5 shRNA-2: 5′-GCCGGG 
TTTGATGCTGTTGAA-3′, pLKO.1-RUNX3 shRNA-1: 5′-ACCACCTC 
TACTACGGGACAT-3′, and pLKO.1-RUNX3 shRNA-2: 5′-GTTCAAC 
GACCTTCGCTTCGT-3′. Anti-miR miRNA inhibitors (Ambion, Austin, 
TX) are chemically modified oligonucleotides which were single-stranded 
nucleic acids synthesized to inhibit specifically endogenous miRNAs. The 
cells were transfected with anti-miR inhibitors (anti-mir-125a-5p, 150 
nmol/l) based on the manufacturer’s instructions.

SUPPLEMENTARY MATERIAL
Figure  S1.  miR-125a-5p mediates the apoptosis of MDA-MB-231
Figure  S2.  miR-125a-5p Induces Apoptosis Through the Caspase9/3 
Signaling Pathway

Figure  S3.  miR-125a-5p post-transcriptionally downregulates 
HDAC5 expression by targeting its 3′-UTR.
Figure  S4.  HDAC5 Regulate Biological Function in MDA-MB-231 
Breast Cancer Cells
Figure  S5.  The separate transcriptional map of three-miRNA cluster
Figure  S6.  The RUNX3/P300/HDAC5 Complex Mediates miR-
125a-5p Expression
Table  S1.  Differentially expressed miRNA in Trichostatin A (TSA) 
vs. control R2N1d and MDA-MB-231 cells (n = 3 in each of the four 
groups)
Table  S2.  A total of 3,974 genes as candidates for miR-125a-5p indi-
rect targets
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