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Class III-specific HDAC inhibitor 
Tenovin-6 induces apoptosis, 
suppresses migration and 
eliminates cancer stem cells in 
uveal melanoma
Wei Dai1, Jingfeng Zhou1, Bei Jin1 & Jingxuan Pan1,2

Uveal melanoma (UM) is the most common intraocular malignancy in adults. Despite improvements 
in surgical, radiation and chemotherapy treatments, the overall survival of UM and prognosis remain 
poor. In the present study, we hypothesized that Sirtuin 1 and 2 (SIRT1/2), class III histone deacetylases 
(HDACs), were critical in controlling the destiny of bulk tumor cells and cancer stem cells (CSCs) of 
UM. We testified this hypothesis in four lines of UM cells (92.1, Mel 270, Omm 1 and Omm 2.3). Our 
results showed that inhibition of SIRT1/2 by Tenovin-6 induced apoptosis in UM cells by activating 
the expression of tumor suppressor genes such as p53 and elevating reactive oxygen species (ROS). 
Tenovin-6 inhibited the growth of UM cells. Tenovin-6 and vinblastine was synergistic in inducing 
apoptosis of UM cell line 92.1 and Mel 270. Furthermore, Tenovin-6 eliminated cancer stem cells in 92.1 
and Mel 270 cells. In conclusion, our findings suggest that Tenovin-6 may be a promising agent to kill 
UM bulk tumor cells and CSCs.

Uveal melanoma (UM) is the most common primary intraocular malignancy in adults with an incidence of 5.1 
per million, accounting for about 3% of all melanomas1. The etiology and biological pathways are poorly under-
stood. The tumor biology of UM is quite distinct from that of cutaneous melanoma2. The cutaneous melanoma 
associated risk factors such as ultraviolet radiation does not correlate with UM3. Traditional treatment of primary 
lesions is enucleation of the affected eye. Other therapeutic options that may preserve vision include radiotherapy, 
phototherapy and systemic chemotherapy. Despite multiple treatment modalities, survival has not improved by 
much in the last five decades2. About 50% of patients with UM have metastasis particularly to the liver2. Once 
metastasis occurs, the prognosis of UM patients becomes poor with a median survival of about 10–18 months4.

The poor efficacy of treatment for primary lesions and metastasis is partially due to the lack of valid thera-
peutic targets. Instead of common occurence of BRAF or NRAS mutations in cutaneous melanoma, few cases 
of UM harbor BRAF and NRAS mutations5. Mutations in SF3B1 encoding subunit 1 of the splicing factor 3b 
protein which is a component of the U2 small nuclear ribonucleoprotein complex (snRNP) were observed to be 
associated with good prognosis and were rarely coexist with BAP1 mutations6. Additionally, C-Met kinase may 
be a promising therapeutic target for UM7,8.

Recent mutational profiling studies of UM have identified mutually exclusive activating mutations (e.g., Q209 
and R183) in the two G protein coupled receptor (GPCR) alpha subunits, GNAQ and GNA11, and these are 
driver mutations in more than 80% of profiled UM tumors9. However, there are no effective inhibitors available 
for GPCR signaling.

The downstream targets of GPCR pathway activation include protein kinase C (PKC) and mitogen-activated 
protein kinase (MAPK or MEK)10,11. Recently, it has been demonstrated that the activating mutations in GPCR 
can inhibit large tumor suppressor kinases LATS1/2 and promote actin polymerization, both of which can 
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eventually trigger accumulation of dephosphorylated (active) YAP in the nucleus and YAP-dependent transcrip-
tion12. However, the benefit of inhibitors of the PKC-MEK pathway and the YAP pathway in patients with UM 
remains to be determined. Therefore, there is an urgent need to evaluate novel targets and develop corresponding 
therapeutic agents for UM.

Chromatin remodeling due to the alteration of histone acetylation tightly controls cell fate by regulating gene 
expression13. The status of histone acetylation is dependent on the balance of histone acetyltransferase (HAT) 
(e.g., PCAF, CBP, p300, Tip60 and MOF) activity and histone deacetylase (HDAC) (e.g., mSin3a, NCoR/SMRT 
and Mi-2/NuRD) activity14. Pan-HDAC inhibitors (HDACis) (e.g., Valproic acid, trichostatin A, LBH589)15, and 
Class II-specific HDACis (e.g., MC1586, MC1575)16 have showed potent antitumor activity in UM.

Sirtuin 1 and 2 (SIRT1/2), class III HDACs, are involved in a wide variety of cellular processes, including 
cell cycle, DNA repair and cell survival under stress conditions17. Overexpression of SIRT1/2 has been shown to 
predict poor prognosis in a wide variety of solid tumors such as pancreatic cancer18, non-small cell lung cancer19, 
and malignant hematological diseases such as chronic myeloid leukemia20 and acute lymphoblastic leukemia21. 
SIRT1/2 can promote resistance to conventional chemotherapeutic agents19,22. However, little is known about the 
role of SIRT1/2 in UM.

In the present study, we hypothesized that SIRT1/2 was critical in controlling the destiny of bulk tumor cells 
and cancer stem cells (CSCs) of UM, and that inhibiting SIRT1/2 by Tenovin-6 might result in apoptosis in UM 
cells by releasing expression of tumor suppressor genes such as p53 and elevating reactive oxygen species (ROS). 
We examined four lines of UM cells (92.1, Mel 270, Omm 1, and Omm 2.3). Our findings imply that Tenovin-6 is 
a promising agent to kill UM bulk tumor cells and CSCs.

Results
Tenovin-6 inhibits deacetylation activity of SIRT1/2 in UM cells.  Our previous studies and oth-
er’s have shown that Tenovin-6 inhibits the deacetylation activity of SIRT1 and SIRT2 in diverse types of cancer 
cells21,23. To evaluate the effect of Tenovin-6 on SIRT1/2 in UM cells, four lines of UM cells (92.1, Mel 270, Omm 1 
and Omm 2.3) were exposed to increasing concentrations of Tenovin-6 for 48 h, respectively. The whole cell lysates 
were then analyzed by Western blotting. The results showed that the levels of acetylated p53 and total p53 protein 
were increased in a concentration-dependent manner in 92.1, Mel 270, Omm 1 and Omm 2.3 cells (Fig. 1B).

We next examined the response of increased p53 by assessing the transcription of genes of p21, Bax and 
Puma , important downstream target genes of p53. Quantitative reverse transcriptase-polymerase chain reaction 
(qRT-PCR) analysis showed that the levels of mRNA of downstream target genes of p53 such as p21, Bax and 
Puma were significantly increased in Tenovin 6-treated UM cells (Fig. 1C).

Taken together, Tenovin-6 treatment led to accumulation of p53 protein and increased transcriptional activity 
of p53-regulated genes.

Tenovin-6 suppresses the growth of UM cells.  The potent effect of Tenovin-6 on p53 prompted us to 
evaluate its impact on cell viability of UM cells. Toward this end, 92.1, Mel 270, Omm 1 and Omm 2.3 cells were 
treated with increasing concentrations of Tenovin-6 for 72 h, followed by determination of the cell viability by 
MTS assay. As shown in Fig. 2A, the growth of UM was inhibited by Tenovin-6 in a concentration-dependent 
manner. The drug concentrations resulting in 50% inhibition of cell growth (IC50 values) of 92.1, Mel 270, Omm 1 
and Omm 2.3 cells were 12.8 μM , 11.0 μM, 14.58 μM and 9.62 μM, respectively. Given that clonogenicity can bet-
ter reflect malignant behavior of tumor cells, we measured the effect of Tenovin-6 on the anchorage-independent 
growth of 92.1, Mel 270, Omm 1and Omm 2.3 cells in soft agar culture. The results showed that Tenovin-6 inhib-
ited the clonogenicity in a concentration-dependent fashion (Fig. 2B).

We next ascertained the effect of Tenovin-6 on cell cycle distribution in UM cells. UM cells were exposed to 
Tenovin-6 for 48 h, and analyzed by flow cytometry after staining with propodium iodide, the results revealed 
that G1 arrest was observed in Mel 270 and Omm 1 cells after Tenovin-6 treatment. However, there was not an 
obvious alteration in cell cycle distribution in Tenovin-6-treated 92.1 and Omm2.3 cells (Fig. 2C).

Tenovin-6 induces apoptosis in UM cells.  We next evaluated the capability of Tenovin-6 to induce 
apoptosis. The UM cells were treated with increasing concentrations (10 μM, 12.5 μM, 15 μM) of Tenovin-6 for 
48 h or 15 μM for different durations, the cells were analyzed by flow cytometry after Annexin V-fluorescein 
isothiocyanate (FITC)/propidium iodide (PI) dual staining. The results indicated that Tenovin-6 treatment 
induced a massive apoptotic cell death in concentration- and time-dependent fashions in all four lines of UM 
cells (Fig. 3A–C). Western blotting analysis showed that the poly(ADP-ribose) polymerase (PARP), a hallmark of 
apoptosis, were specifically cleaved in concentration- and time-dependent manners in UM cells after Tenovin-6 
treatment (Fig. 3D). A marked decline in precursor form of caspase-3 was observed in Tenovin-6-treated UM 
cells (Fig. 3D).

Tenovin-6 decreases XIAP and survivin and leads to mitochondrial damage.  To elucidate the 
mechanism of Tenovin-6-induced apoptosis, we first evaluated its impact on mitochondrial depolarization in the 
Tenovin-6-treated cells. Tenovin 6-treated cells also showed a remarkable increase in the levels of cytochrome c 
in the cytosolic extracts (Fig. 4A). The drug-treated cells were stained with CMXRos and MTGreen and under-
went flow cytometry analysis of mitochondrial transmembrane potential (ΔΨ m). Tenovin-6 induced a dramatic 
increase in the cell population with loss of ΔΨ m in all four UM cell lines (Fig. 4B,C).

We also examined the apoptosis related proteins with Western blotting analysis of whole cell lysates. The 
results showed a decrease in XIAP and survivin but no alteration in Bcl-2 and Bax in the Tenovin 6-treated cells 
(Fig. 4D).

Taken together, our findings showed that tenovin-6 triggered the intrinsic apoptosis pathway.
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Tenovin-6 sensitizes UM cells to vinblastine.  Because p53 can be activated by Tenovin-6 in UM cells 
(Fig. 1B), we evaluated the combination effect between Tenovin-6 treatment and the conventional chemothera-
peutic agent vinblastine, which was used for systemic therapy of UM patients with cisplatin and dacarbazine in 
clinical practice24. 92.1 and Mel 270 cells were exposed to Tenovin-6 and vinblastine for 72 h in a serially diluted 
mixture (at a fixed ratio 25:1), the cell viability was then determined by MTS assay. Synergism was evaluated by 
the median effect method of Chou and Talalay25. As shown in Figure S1A, the combination index < 1 indicated 
that the combination of Tenovin-6 and vinblastine synergistically inhibited the viability of UM cells, and Western 
blotting analysis of specific cleavage of PARP further showed enhanced ability of two drug combination to induce 
apoptosis in UM cells (Figure S1B).

Figure 1.  Tenovin-6 activates p53 in uveal melanoma cells. (A) Chemical structure of SIRT1/2 inhibitor 
Tenovin-6. (B) Uveal melanoma cells were treated with increasing concentrations of Tenovin-6 for 48 h. 
Western blotting analysis of acetylated p53, total p53 protein, SIRT1 and SIRT2 was performed after probing 
with the specific antibodies as labeled. (C) Uveal melanoma cells were exposed to escalating concentrations of 
Tenovin-6 for 48 h, and mRNA levels of p53 and its target genes (p21, Bax, and Puma) were examined by real-
time PCR. GAPDH was used as an internal standard.
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Figure 2.  Tenovin-6 suppresses the growth of uveal melanoma cells. (A) UM cells were treated with 
escalating concentrations of Tenovin-6 for 72 h, cell viability was determined by MTS assay. (B) Tenovin-6 
inhibited the clonogenicity of uveal melanoma cells. After treated with Tenovin-6 at the labeled concentrations 
for 48 h, the uveal melanoma cells were seeded in drug-free soft agar culture for 14 days, followed by counting 
colonies. (C) Effect of Tenovin-6 on cell cycle distribution in uveal melanoma cells. Cells were exposed to 
Tenovin-6 for 48 h, then fixed and analyzed by flow cytometry after staining with propidium iodide.
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Figure 3.  Tenovin-6 induces apoptosis in uveal melanoma cells. (A–D) Uveal melanoma cells were treated 
with increasing concentrations of Tenovin-6 for 48 h, or 15 μM Tenovin-6 for the different times, flow cytometry 
analysis was done after dual staining with Annexin V-FITC and PI. (A) Representative histograms are shown. 
(B–C) Results from 3 independent experiments are shown. The Y-axis is the sum of the top left, top right, and 
bottom right quadrants. (D) Western blotting analysis of PARP and caspase-3 in the whole-cell lysates of four 
UM cells are shown. The drug concentrations or incubation durations are as labeled above the gel lanes.
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Tenovin-6 increases introcellular ROS level and contributes to apoptosis in UM cells.  HDACis 
were reported to increase reactive oxygen species (ROS) to kill tumor cells26,27, we therefore assessed whether 
Tenovin-6 affected intracellular ROS levels. The results revealed that the intracellular ROS levels were increased 
in the UM cells exposed to 10 μM and 15 μM of Tevonin-6 for 24 hours (Fig. 5A).

Figure 4.  Tenovin-6 elicits cytochrome c release, mitochondrial damage. (A) Tenovin-6 led to release 
of cytochrome c from mitochondria into cytosol in UM cells. Western blotting analysis of cytochrome c in 
the cytosolic extracts prepared with digitonin buffer with indicated antibodies. (B) UM cells were treated 
with 15 μM Tenovin-6 for the different times as indicated then stained with CMXRos and MTGreen, and 
mitochondrial potential was analyzed by flow cytometry. Representative fluorescence histograms from three 
independent experiments are shown; (C) Results for 3 independent experiments are shown. (D) Western 
blotting analysis of XIAP, Survivin, Bcl-2 and Bax in the whole-cell lysates of four UM cells are shown. The drug 
concentrations or incubation durations are as labeled above the gel lanes.
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Figure 5.  Tenovin-6 increases ROS level in UM cells. (A) UM cell line 92.1 and Mel 270 were treated with 
10 μM and 15 μM for 24 hours, incubated with 2.5 μM CM-H2DCF-DA for 60 min. The results were analyzed 
by flow cytometry for 3 independent experiments. (B–C) Left, top. 92.1 and Mel 270 cells were incubated with 
Tenovin-6(15 μM) ±  NAC for 24 hours, and then subjected to flow cytometry. Left, bottom. The cells were 
detected by flow cytometry after stained with Annexin V-FITC and PI. Right. The percentage of Annexin V+ 
cells were results for 3 independent experiments. +  indicates the presence and − indicates the absence of the 
respective drugs.
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We next determined the role of Tenovin-6-induced ROS elevation in its cytotoxicity. Pre-treatment with 
20 mM N-Acetylcysteine (NAC) completely abrogated the Tenovin-6-mediated ROS elevation (Fig. 5B,C, 
left, top), however, only led to attenuation of apoptotic cell death in Tenovin-6-treated 92.1 and Mel 270 cells 
(Fig. 5B–C, left, bottom and right). Collectively, ROS elevation may partially contribute to the Tenovin-6-induced 
apoptosis.

Tenovin-6 attenuates migration of UM cells.  Despite effective therapeutic approaches for treating pri-
mary tumors in the eye, the mortality rate for UM has not changed, perhaps due to severely limited therapeutic 
options to prevent metastases28. To investigate the effect of Tenovin-6 on migration of UM cells, 92.1 and Mel 270 
cells were subjected to wound-healing scratch assay. The cells were cultured in a medium with 10% FBS for 24 h, 
confluent monolayer of these cells was scratched and then cultured in a medium with different concentrations of 
Tenovin-6 for ∼ 36 h. After scratching at time 0 h, the wounded area was monitored by inverted phase-contrast 
microscopy microscopy at 12, 24, 36 h post-scratch. The scratch healing in 92.1 and Mel 270 cells were signif-
icantly inhibited by Tenovin-6 (Fig. 6A). Further quantitative analysis with transwell (Boyden chamber) assay 
showed that Tenovin-6 reduced the migration ability of 92.1 and Mel 270 cells (Fig. 6B). Moreover, Western 

Figure 6.  Tenovin-6 blocks the migration in UM cells . (A) Wound-healing scratch assay in Mel 270 and 
92.1 after exposed to control medium or Tenovin-6 (10 μM). (B) Mel 270 and 92.1 cells were exposed to 
Tenovin-6 (10 μM) for 48 h, then seeded in transwells for 2 days. Migrated cells were counted after fixation with 
formaldehyde and staining with crystal violet. (C) Results from 3 random fields are shown. (D) Mel 270 and 
92.1 were exposed to increasing concentrations of Tenovin-6 for 48 h, Western blotting analysis was conducted 
with indicated antibodies.
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blotting analysis showed that matrix metalloproteinase (MMP) 2 and MMP9, which play a critical role in invasion 
and metastasis29,30, were decreased in Tenovin-6-treated 92.1 and Mel 270 cells (Fig. 6C). Taken together, these 
data suggested that Tenovin-6 could inhibit cell migration.

Tenovin-6 decreases cancer stem cells in UM cells.  In recent years, a growing body of evidence sup-
ports the hypothesis that tumor initiation as well as therapy resistance may be caused by the presence of cancer 
stem cells (CSCs)31,32. Aldehyde dehydrogenase (ALDH) has been a functional marker for identification of cells 
with stem cell properties in several cancers33,34. We assessed the effect of Tenovin-6 on ALDH+ cells with flow 
cytometry. The results showed that percentage of ALDH+ cells in Mel 270 were significantly decreased after 10 μM 
Tenovin-6 treatment (Fig. 7A, p< 0.01, Student’s t test). We next investigated the effects of Tenovin-6 on tumor 
sphere formation. After exposed to 10 μM Tenovin-6 for 48 h, 92.1 and Mel 270 cells were harvested, washed and 
seeded into 24-well ultra-low attachment plates with drug-free DMEM/F-12 medium for 10–14 days. The sizes 
and numbers of the tumor spheres were decreased in Tenovin 6-treated cells (Fig. 7B). Three rounds of replating 
experiments revealed that the serial replating ability was also significantly decreased in Tenovin 6-treated cells 
(Fig. 7B). These data suggested that Tenovin-6 may be active against CSCs in UM cells.

Tenovin-6 lowers the intracellular active-β-catenin and blocks Wnt/β-catenin signaling in UM 
cells.  Wnt/β -catenin cascade is one of the important intrinsic pathways to regulate self-renewal of cancer 
stem cells35. Previous studies showed that p53 can down-regulate β -catenin protein level36, and SIRT1 regulates 
Wnt/β -catenin pathway by binding to β -catenin and Dishevelled (Dvl) proteins37. We therefore investigated 
whether Tenovin-6 inhibited the Wnt/β -catenin pathway in UM cells. 92.1 and Mel 270 cells were exposed to 
10 μM Tenovin-6 for 24 h and stained with active-β -catenin antibody and corresponding FITC-conjugated sec-
ondary antibody, then subjected to flow cytometry analysis of the percentage of active-β -catenin-positive cells. 
The results revealed that Tenovin-6 reduced active-β -catenin-positive cells compared with the control (Fig. 7C). 
We next determined the effect of Tenovin-6 on Wnt/β -catenin signaling in UM cells. 92.1 and Mel 270 cells 
were treated with different concentrations of Tenovin-6 for 48 hours and then showed a concentration-dependent 
decrease in β -catenin protein when the whole cell lysates were analyzed by Western blotting (Fig. 7D). 
Consistently, the expression of c-Myc and cyclin D1, two key downstream targets of β -catenin were also lowered 
in the Tenovin-6-treated cells (Fig. 7D).

Western blotting analysis of upstream components of Wnt/β -catenin cascade showed that the phosphoryla-
tion at S9 in GSK3β  (inactive GSK3β ) was attenuated with no change of phosphorylation at Y216 (active GSK3β ) 
and total GSK3β  protein in Tenovin 6-treated cells (Fig. 7D). Moreover, the protein levels of DVL1, DVL2, DVL3 
protein (Fig. 7D) were strikingly lower in 92.1and Mel 270 cells treated with Tenovin-6 compared with those in 
the untreated control cells. Together, these results suggest that Tenovin-6 inhibits Wnt/β -catenin signaling per-
haps through repressing GSK3β  (S9) and DVL protein.

Discussion
Little is known about effective therapeutic targets in UM. In the present study, we discovered that targeting class 
III HDACs SIRT1/2 by Tenovin-6 induced massive apoptosis in UM cells by enhancing the expression of tumor 
suppressor genes p53 and elevating intracellular ROS. Our data revealed that Tenovin-6 might be a promising 
agent for the treatment of UM.

We documented here that Tenovin-6 effectively inhibited cellular proliferation and induced apoptosis in four 
UM cell lines as a single agent through inhibiting the deacetylation activity of SIRT1/2. These results were con-
sistent with the effects of HDACis on other types of cancer cells38,39. Vinblastine is one of the standard chemo-
therapy agents for UM, and the combination of Tenovin-6 and vinblastine was synergistic. Furthermore, we 
found that Tenovin-6 notably reduced the migration ability of UM cells (92.1 and Mel 270) along with inhibition 
of expression of MMP9 and MMP2. The antitumor activity of Tenovin-6 in UM is consistent with the previous 
observations in acute myeloid leukemia40, acute lymphoblastic leukemia21, breast cancer41, prostate tumors42,43 
and colorectal cancer44.

In contrast to other tumor types, mutation of tumor suppress gene p53 is not common in UM. p53 gene rarely 
has mutation in patients with UM and UM cell lines including 92.1, Mel 270, Omm 1 and Omm 2.3 45–47. Given 
that the elevated wild type p53 has potent activity to induce apoptosis and cell cycle arrest, and suppress metas-
tasis of tumor cells, our observed effect of Tenovin-6 on UM cells can be explained at least in part by induction 
of p53. The decrease in XIAP and survivin (Fig. 4D) and the ROS generation (Fig. 5) may contribute to Tenovin-
6-induced apoptosis.

CSCs are considered to be responsible for the resistance to conventional therapies, metastatic abilities, and the 
source of relapse of tumor. Although the biomarkers of CSCs in UM have not been well established, CSCs can 
be analyzed by evaluating the ALDH+ cells and tumor sphere formation. In the present study, we showed that 
Tenovin-6 treatment significantly decreased the population of ALDH+ cells and tumor sphere formation ability. 
Therefore, we conclude that Tenovin-6 eliminates CSCs in UM. The anti-CSCs effect is consistent with that in 
leukemias20,21.

Multiple alterations caused by Tenovin-6 treatment may contribute to elimination of CSCs in UM. First, 
Wnt/β -catenin pathway is a key intrinsic regulator of self-renewal of CSCs35. Our results revealed that Tenovin-6 
suppressed the expression of β -catenin. Dvl proteins are located at upstream of β -catenin positively regulating 
at least two layers: recruiting destructive box components to degrade β -catenin and increasing TEF/LEF tran-
scriptional activity by physical binding with β -catenin. It is plausible that the lowered Dvl protein by Tenovin-6 
treatment might facilitate elimination of UM CSCs. In addition, the elevated p53 and decreased c-Myc rendered 
by HDAC inhibitors may constitute negative forces against self-renewal of CSCs48.
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Figure 7.  Tenovin-6 inhibits properties of cancer stem cells through lowering β-catenin in UM cells.  
(A) Mel 270 cells were was exposed to 0 μM (control) or 10 μM (treated) Tenovin-6 for 48 h, the ALDH activity 
was detected by flow cytometry. left, representative flow cytometry results from 3 independent experiments 
are shown. right, quantitive analysis (Right) of ALDH+ cells are shown. (B) Tenovin-6 inhibited the formation 
of tumor spheres. Mel 270 and 92.1 cells were treated with 0 μM (control) or 10 μM (treated) Tenovin-6 for 
48 hours and then cultured with the DMEM/F-12 medium for 14 days, tumor sphere units were counted. 
(C) Left. Tenovin-6 reduced the active-β -catenin in UM cells. 92.1 cells and Mel 270 cells were incubated 
with 10 μM Tenovin-6 for 24 hours and then stained with the antibody of active-beta-catenin and analyzed by 
flow cytometry. Right. Results from 3 random fields are shown. (D) The effect of Tenovin-6 on Wnt/β -catenin 
signaling pathway. Mel 270 and 92.1 cells were treated with increasing concentrations of Tenovin-6 for 48 hours. 
Cell lysates were harvested and detected by Western blotting with the indicating antibodies.
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In summary, the novel SIRT1/2 inhibitor Tenovin-6 is effective to induce apoptosis in UM cells and eliminate 
CSCs. Tenovin-6 may represent an important potential therapeutic agent alone or in combination with standard 
chemotherapy against UM, and is therefore worthy of further clinical investigation for UM treatment.

Materials and Methods
Chemicals and antibodies.  Tenovin-6 (chemical structure, Fig. 1A) was purchased from Cayman Chemical 
(Ann Arbor, MI). Annexin V–FITC and N-acetylcysteine (NAC) were from Sigma-Aldrich (Shanghai, China). 
CM-H2DCF-DA and antibody against cytochrome c oxidase subunit II (COXII) were purchased from Invitrogen 
(Shanghai, China). Antibodies against SIRT1 (H-300), p53 (DO-7), Bax, DVL1, DVL3, β -catenin, cyclin D1 
(C-20), survivin and c-Myc were from Santa Cruz Biotech. (Santa Cruz, CA). Antibody against active-β -catenin 
was from Millipore and the fluorescent secondary antibody was purchased from life technologies (Eugene. OR). 
Antibodies against PARP (clone 4C10-5), caspase-3, cytochrome c (clone 6H2.B4), XIAP, Bcl-2, phospho-GSK3β  
(Y216) were purchased from BD Biosciences (San Jose, CA). Antibodies against K382-acetyl-p53, DVL2, phos-
pho-GSK3β  (S9), MMP2 and MMP9 were from Cell Signaling Tech. (Beverly, MA). Anti-SIRT2 was purchased 
from Atlas Antibodies. Anti-mouse immunoglobulin G and anti-rabbit immunoglobulin G fluorescent-conju-
gated secondary antibodies were from LI-COR Biotechnology (Nebraska, USA).

Cell culture.  The UM cell lines 92.1, Mel 270, Omm 1 and Omm 2.3 cells were generously provided by Dr. 
M. J Jager, Leiden University Medical Center, Leiden, The Netherlands. The cells were cultured in RPMI 1640 
supplemented with 10% FBS in a 37 °C humidified incubator containing 5% CO2

49.

Cell viability assay.  The MTS assay (CellTiter 96Aqueous One Solution reagent; Promega) was used to eval-
uate cell viability. UM cells were seeded into each well of 96-well plates (5,000 cells/well) and treated the next day 
with control or Tenovin-6 in an increasing concentrations from 0 to 20 μM for 68 h, and then MTS was added 
at  20 μl/well50,51 to be read at a wave length of 490 nm, the IC50 was determined by curve fitting of the sigmoidal 
dose-response curve.

Colony-formation assays.  UM cells were treated with increasing concentrations of Tenovin-6 at 0 ∼  10 μM 
or diluent (DMSO, control) for 48 h, harvested and washed, and then 5000 cells were incubated in a modified 
drug-free double layer soft agar system52. After incubation for 10 to 14 days at 37 °C, colonies composed of > 50 
cells were counted using an inverted phase-contrast microscope.

Real-time quantitative RT-PCR.  Total mRNA was extracted with Trizol reagent (Invitrogen), then 
reverse-transcribed into first-strand complementary DNA (cDNA) with maxima first strand cDNA synthesis kit 
(Thermo Fisher). Expression levels of GAPDH were used as an endogenous reference.

PCR primers were as follows: p21, forward 5′  -GACTCTCAGGGTCGAAAACGG-3′ , reverse 
5′ -GCGGATTAGGGCTTCCTCTT-3′ ; Bax, forward 5′ -GAACCATCATGGGCTGGACA′ , reverse 
5′ -GCGTCCCAAAGTAGGAGAGG′ ; Puma, forward 5′ -ACCTCAACGCACAGTACGAG-3′ , reverse 
5′ -CGGGTGCAGGCACCTAATTG′ ; GAPDH, forward 5′ -GATCGAATTAAACCTTATCGTCGT-3′ , reverse 
5′ -AGCAGCAGAACTTCCACTCGGT-3′ 

The reaction was performed in SYBR Premix Ex Taq (Perfect Real-time; Takara Bio) with BIO-RAD CFX96 
Real-Time Thermocycler (CFX96, Bio-Rad Laboratories, Hercules, CA) according to the manufacturer’s 
instructions.

Western blotting analysis.  Whole cell lysates were prepared in RIPA buffer (1× PBS, 1% NP-40, 0.5% 
sodium deoxycholate, 0.1% SDS). For detection of cytochrome c, cytosolic fraction was prepared in digitonin 
extraction buffer (10 mM PIPES, 0.015% digitonin, 300 mM sucrose, 100 mM NaCl, 3 mM MgCl2, 5 mM EDTA, 
and 1 mM phenylmethylsulfonyl fluroride). 1× protease inhibitor cocktail (Roche), 10 mM β -glycerophosphate, 
1 mM sodium orthovanadate, 10 mM sodium fluoride, and 1 mM phenylmetnylsulfonyl fluoride were added to 
the buffers mentioned above. Equal amounts of protein samples were separated by SDS–PAGE gel electropho-
resis and then transferred to nitrocellulose membranes, which were then incubated with the primary antibodies 
overnight. The β -actin was used as the internal control of protein loading. After incubation with appropriate 
secondary antibodies, the immunoblots were recorded with the Odyssey infrared imaging system (LI-COR).

Flow cytometry analysis of cell cycle.  UM cells were treated with different concentrations of Tenovin-6 
for 48 h, and then collected and fixed overnight with 66% cold ethanol at 4 °C. The cells were then washed twice 
in cold PBS and labeled with propidium iodide for 1 hour in the dark. Cell cycle distribution was determined by 
a FACS LSRFortessa flow cytometer with its software51.

Apoptosis assay by flow cytometry.  Apoptosis was measured by Annexin V-fluoresceinisothiocyanate 
(FITC) and propidium iodide apoptosis detection kit (Sigma-Aldrich, Shanghai) according to the instructions of 
the manufacturer and analyzed with a FACS C6 flow cytometer53.

Measurement of mitochondrial transmembrane potential.  UM cells were exposed to 15 μM 
Tenovin-6 for different durations, then the cells were subjected to flow cytometry to examine the changes in 
inner mitochondrial transmembrane potential (ΔΨ m) after incubation with submicromolar concentrations of 
MitoTracker probes (CMXRos and MTGreen, Eugene, OR, USA) as described previously54.

Assessment of intracellular reactive oxygen species.  The intracellular reactive oxygen species (ROS) 
contents were detected after staining with CM-H2DCF-DA by flow cytometry analysis using a FACS LSRFortessa 
as described previously55.
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Wound-healing scratch assay.  After cultured in a RPMI160 medium with 10% FBS for 24 h, the confluent 
UM cell monolayer of each plate was scratched at the same size and then cultured in a medium with 0 μM (con-
trol) or 10 μM (treated) Tenovin-6 for 36 h. The same wounded area was measured by inverted phase-contrast 
microscope at 0, 12, 24, 36 h post-scratching56.

Aldehyde dehydrogenase (ALDH) assay.  The Aldefluor kit (Stem Cell Technologies, Vancouver, BC, 
Canada) was used to identify the effect of Tenovin-6 on cell populations with ALDH enzymatic activity. Briefly, 
Mel270 cells were treated with 0 μM (control) or 10 μM (treated) Tenovin-6 for 48 h, 106 cells were harvested from 
cell cultures, and then operated according to the instructions of the manufacturer and analyzed with use of a 
FACS LRSFortessa flow cytometer57.

Tumor sphere culture.  92.1 and Mel270 cells were treated with 0 μM (control) or 10 μM (treated) Tenovin-6 
for 48 h, harvested, washed, then 5000 cells were seeded in the DMEM/F-12 medium (HyClone, containing B27 
1 ml, bFGF 10 ng/ml, EGF 20 ng/ml) to each well of 24-well CorningTM Ultra-Low Attachment Plates (Thermo 
Fisher Scientific Inc., Waltham, MA) for 10–14 days without disturbing the plates and without replenishing the 
medium. The secondary and tertiary rounds of tumor sphere culture were similary conducted after harvesting 
the first round of tumor sphere culture cells. At the end of each round of culture, the number and size of tumor 
spheres were determined58.

Measurement of active-β-catenin by flow cytometry.  After cultured in complete medium containing 
10 μM Tenovin-6 for 24 h, the cells were harvested, and fixed, and then incubated with the primary antibody of 
active-β -catenin and corresponding FITC-conjugated secondary antibody, respectively. The cells were analyzed 
by FACS LRSFortessa flow cytometer at 488 nm.

Statistics.  Data from all the experiments were expressed as mean ±  standard error of the mean (SEM). 
GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA) was used for statistical analysis. Difference 
between two groups was tested by 2-sided Student’s t test; the analyses of experiments with multiple groups were 
performed by one-way analysis of variance (ANOVA) with post-hoc intergroup comparisons with the Tukey test. 
P <  0.05 was considered to be a statistically significant difference. The experimental data were from at least three 
independent experiments.

References
1.	 Singh, A. D., Turell, M. E. & Topham, A. K. Uveal melanoma: trends in incidence, treatment, and survival. Ophthalmology 118, 

1881–1885 (2011).
2.	 Schoenfield, L. Uveal melanoma: A pathologist’s perspective and review of translational developments. Adv Anat Pathol 21, 138–143 

(2014).
3.	 Patel, S. P. Latest developments in the biology and management of uveal melanoma. Curr Oncol Rep 15, 509–516 (2013).
4.	 Augsburger, J. J., Correa, Z. M. & Shaikh, A. H. Effectiveness of treatments for metastatic uveal melanoma. Am J Ophthalmol 148, 

119–127 (2009).
5.	 Cruz, F. 3rd et al. Absence of BRAF and NRAS mutations in uveal melanoma. Cancer Res 63, 5761–5766 (2003).
6.	 Furney, S. J. et al. SF3B1 mutations are associated with alternative splicing in uveal melanoma. Cancer Discov 3, 1122–1129 (2013).
7.	 Barisione, G. et al. Potential Role of Soluble c-Met as a New Candidate Biomarker of Metastatic Uveal Melanoma. JAMA Ophthalmol 

133, 1013–1021 (2015).
8.	 Surriga, O. et al. Crizotinib, a c-Met inhibitor, prevents metastasis in a metastatic uveal melanoma model. Mol Cancer Ther 12, 

2817–2826 (2013).
9.	 Van Raamsdonk, C. D. et al. Mutations in GNA11 in uveal melanoma. N Engl J Med 363, 2191–2199 (2010).

10.	 Field, M. G. & Harbour, J. W. GNAQ/11 mutations in uveal melanoma: is YAP the key to targeted therapy? Cancer Cell 25, 714–715 
(2014).

11.	 Gilbert, J. A. MEK1/2 inhibition delays progression of uveal melanoma. Lancet Oncol 15, e366 (2014).
12.	 Feng, X. et al. Hippo-independent activation of YAP by the GNAQ uveal melanoma oncogene through a trio-regulated rho GTPase 

signaling circuitry. Cancer Cell 25, 831–845 (2014).
13.	 Portela, A. & Esteller, M. Epigenetic modifications and human disease. Nat Biotechnol 28, 1057–1068 (2010).
14.	 Wang, Z. et al. Combinatorial patterns of histone acetylations and methylations in the human genome. Nat Genet 40, 897–903 

(2008).
15.	 Landreville, S. et al. Histone deacetylase inhibitors induce growth arrest and differentiation in uveal melanoma. Clin Cancer Res 18, 

408–416 (2012).
16.	 Venza, I. et al. Class II-specific histone deacetylase inhibitors MC1568 and MC1575 suppress IL-8 expression in human melanoma 

cells. Pigment Cell Melanoma Res 26, 193–204 (2013).
17.	 Wang, C. et al. Interactions between E2F1 and SirT1 regulate apoptotic response to DNA damage. Nat Cell Biol 8, 1025–1031 (2006).
18.	 Wauters, E. et al. Sirtuin-1 regulates acinar-to-ductal metaplasia and supports cancer cell viability in pancreatic cancer. Cancer Res 

73, 2357–2367 (2013).
19.	 Shin, D. H., Choi, Y. J. & Park, J. W. SIRT1 and AMPK mediate hypoxia-induced resistance of non-small cell lung cancers to cisplatin 

and doxorubicin. Cancer Res 74, 298–308 (2014).
20.	 Li, L. et al. Activation of p53 by SIRT1 inhibition enhances elimination of CML leukemia stem cells in combination with imatinib. 

Cancer Cell 21, 266–281 (2012).
21.	 Jin, Y. et al. Tenovin-6-mediated inhibition of SIRT1/2 induces apoptosis in acute lymphoblastic leukemia (ALL) cells and eliminates 

ALL stem/progenitor cells. BMC Cancer 15, 226 (2015).
22.	 Chu, F., Chou, P. M., Zheng, X., Mirkin, B. L. & Rebbaa, A. Control of multidrug resistance gene mdr1 and cancer resistance to 

chemotherapy by the longevity gene sirt1. Cancer Res 65, 10183–10187 (2005).
23.	 Lain, S. et al. Discovery, in vivo activity, and mechanism of action of a small-molecule p53 activator. Cancer Cell 13, 454–463 (2008).
24.	 Melichar, B., Voboril, Z., Lojik, M. & Krajina, A. Liver metastases from uveal melanoma: clinical experience of hepatic arterial 

infusion of cisplatin, vinblastine and dacarbazine. Hepatogastroenterology 56, 1157–1162 (2009).
25.	 Chou, T. C. Drug combination studies and their synergy quantification using the Chou-Talalay method. Cancer Res 70, 440–446 

(2010).
26.	 Hedrick, E., Crose, L., Linardic, C. M. & Safe, S. Histone Deacetylase Inhibitors Inhibit Rhabdomyosarcoma by Reactive Oxygen 

Species-Dependent Targeting of Specificity Protein Transcription Factors. Mol Cancer Ther 14, 2143–2153 (2015).



www.nature.com/scientificreports/

13Scientific Reports | 6:22622 | DOI: 10.1038/srep22622

27.	 Rosato, R. R. et al. Role of histone deacetylase inhibitor-induced reactive oxygen species and DNA damage in LAQ-824/fludarabine 
antileukemic interactions. Mol Cancer Ther 7, 3285–3297 (2008).

28.	 Yonekawa, Y. & Kim, I. K. Epidemiology and management of uveal melanoma. Hematol Oncol Clin North Am 26, 1169–1184 (2012).
29.	 Arii, S. et al. Overexpression of matrix metalloproteinase 9 gene in hepatocellular carcinoma with invasive potential. Hepatology 24, 

316–322 (1996).
30.	 Che, Y. L. et al. The C3G/Rap1 pathway promotes secretion of MMP-2 and MMP-9 and is involved in serous ovarian cancer 

metastasis. Cancer Lett 359, 241–249 (2015).
31.	 Reya, T., Morrison, S. J., Clarke, M. F. & Weissman, I. L. Stem cells, cancer, and cancer stem cells. Nature 414, 105–111 (2001).
32.	 Kalirai, H., Damato, B.E. & Coupland, S.E. Uveal melanoma cell lines contain stem-like cells that self-renew, produce differentiated 

progeny, and survive chemotherapy. Invest Ophthalmol Vis Sci 52, 8458–8466 (2011).
33.	 Douville, J., Beaulieu, R. & Balicki, D. ALDH1 as a functional marker of cancer stem and progenitor cells. Stem Cells Dev 18, 17–25 

(2009).
34.	 Wu, A. et al. Aldehyde dehydrogenase 1, a functional marker for identifying cancer stem cells in human nasopharyngeal carcinoma. 

Cancer Lett 330, 181–189 (2013).
35.	 Kahn, M. Wnt Signaling in Stem Cells and Tumor Stem Cells. Semin Reprod Med 33, 317–325 (2015).
36.	 Sadot, E., Geiger, B., Oren, M. & Ben-Ze’ev, A. Down-regulation of beta-catenin by activated p53. Mol Cell Biol 21, 6768–6781 

(2001).
37.	 Holloway, K. R. et al. SIRT1 regulates Dishevelled proteins and promotes transient and constitutive Wnt signaling. Proc Natl Acad 

Sci U S A 107, 9216–9221 (2010).
38.	 Peck, B. et al. SIRT inhibitors induce cell death and p53 acetylation through targeting both SIRT1 and SIRT2. Mol Cancer Ther 9, 

844–855 (2010).
39.	 Cao, B. et al. The antiparasitic clioquinol induces apoptosis in leukemia and myeloma cells by inhibiting histone deacetylase activity. 

J Biol Chem 288, 34181–34189 (2013).
40.	 Bradbury, C. A. et al. Histone deacetylases in acute myeloid leukaemia show a distinctive pattern of expression that changes 

selectively in response to deacetylase inhibitors. Leukemia 19, 1751–1759 (2005).
41.	 Lee, H. et al. Expression of DBC1 and SIRT1 is associated with poor prognosis for breast carcinoma. Hum Pathol 42, 204–213 

(2011).
42.	 Jung-Hynes, B., Nihal, M., Zhong, W. & Ahmad, N. Role of sirtuin histone deacetylase SIRT1 in prostate cancer. A target for prostate 

cancer management via its inhibition? J Biol Chem 284, 3823–3832 (2009).
43.	 Huffman, D. M. et al. SIRT1 is significantly elevated in mouse and human prostate cancer. Cancer Res 67, 6612–6618 (2007).
44.	 Ozdag, H. et al. Differential expression of selected histone modifier genes in human solid cancers. BMC Genomics 7, 90 (2006).
45.	 Rodrigues, M. J. & Stern, M. H. Genetic landscape of uveal melanoma. J Fr Ophtalmol 38, 522–525 (2015).
46.	 Sun, Y., Tran, B. N., Worley, L. A., Delston, R.B. & Harbour, J.W. Functional analysis of the p53 pathway in response to ionizing 

radiation in uveal melanoma. Invest Ophthalmol Vis Sci 46, 1561–1564 (2005).
47.	 Brantley, M. A., Jr. & Harbour, J. W. Deregulation of the Rb and p53 pathways in uveal melanoma. Am J Pathol 157, 1795–1801 

(2000).
48.	 Li, L. et al. Activation of p53 by SIRT1 inhibition enhances elimination of CML leukemia stem cells in combination with imatinib. 

Cancer Cell 21, 266–281 (2012).
49.	 van der Ent, W. et al. Modeling of human uveal melanoma in zebrafish xenograft embryos. Invest Ophthalmol Vis Sci 55, 6612–6622 

(2014).
50.	 Jin, Y. et al. Antineoplastic mechanisms of niclosamide in acute myelogenous leukemia stem cells: inactivation of the NF-kappaB 

pathway and generation of reactive oxygen species. Cancer Res 70, 2516–2527 (2010).
51.	 Wu, Y. et al. Cyclin-dependent kinase 7/9 inhibitor SNS-032 abrogates FIP1-like-1 platelet-derived growth factor receptor alpha and 

bcr-abl oncogene addiction in malignant hematologic cells. Clin Cancer Res 18, 1966–1978 (2012).
52.	 Kakuguchi, W. et al. HuR knockdown changes the oncogenic potential of oral cancer cells. Mol Cancer Res 8, 520–528 (2010).
53.	 Jin, B., Ding, K. & Pan, J. Ponatinib induces apoptosis in imatinib-resistant human mast cells by dephosphorylating mutant D816V 

KIT and silencing beta-catenin signaling. Mol Cancer Ther 13, 1217–1230 (2014).
54.	 Pan, J. et al. The novel tyrosine kinase inhibitor EXEL-0862 induces apoptosis in human FIP1L1-PDGFR-alpha-expressing cells 

through caspase-3-mediated cleavage of Mcl-1. Leukemia 21, 1395–1404 (2007).
55.	 Shi, X. et al. Triptolide inhibits Bcr-Abl transcription and induces apoptosis in STI571-resistant chronic myelogenous leukemia cells 

harboring T315I mutation. Clin Cancer Res 15, 1686–1697 (2009).
56.	 Yarrow, J. C., Perlman, Z. E., Westwood, N. J. & Mitchison, T.J. A high-throughput cell migration assay using scratch wound healing, 

a comparison of image-based readout methods. BMC Biotechnol 4, 21 (2004).
57.	 Ginestier, C. et al. ALDH1 is a marker of normal and malignant human mammary stem cells and a predictor of poor clinical 

outcome. Cell Stem Cell 1, 555–567 (2007).
58.	 Nonaka, M. et al. Elevated cell invasion in a tumor sphere culture of RSV-M mouse glioma cells. Neurol Med Chir (Tokyo) 55, 60–70 

(2015).

Acknowledgements
This study was supported by grants from National Natural Science Funds (no. 81025021, no. U1301226, no. 
81373434, and no. 91213304 to J. Pan; 21172220), the National Basic Research Program of China (973 Program 
grant no. 2009CB825506 to J. Pan), the Research Foundation of Education Bureau of Guangdong Province, China 
(Grant cxzd1103 to J. Pan), the Fundamental Research Funds for the Central Universities (to J. Pan), and the 
Fundamental Research Funds of the State Key Laboratory of Ophthalmology (Grant 2015QN07 to B. Jin).

Author Contributions
W.D. designed, performed experiments, analyzed data and drafted the manuscript; J.Z. performed experiments; 
B.J. analyzed data; J.P. designed, performed research, analyzed data, directed the whole study and wrote the 
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Dai, W. et al. Class III-specific HDAC inhibitor Tenovin-6 induces apoptosis, 
suppresses migration and eliminates cancer stem cells in uveal melanoma. Sci. Rep. 6, 22622; doi: 10.1038/
srep22622 (2016).

http://www.nature.com/srep


www.nature.com/scientificreports/

1 4Scientific Reports | 6:22622 | DOI: 10.1038/srep22622

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

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

	Class III-specific HDAC inhibitor Tenovin-6 induces apoptosis, suppresses migration and eliminates cancer stem cells in uveal melanoma
	Introduction
	Results
	Tenovin-6 inhibits deacetylation activity of SIRT1/2 in UM cells
	Tenovin-6 suppresses the growth of UM cells
	Tenovin-6 induces apoptosis in UM cells
	Tenovin-6 decreases XIAP and survivin and leads to mitochondrial damage
	Tenovin-6 sensitizes UM cells to vinblastine
	Tenovin-6 increases introcellular ROS level and contributes to apoptosis in UM cells
	Tenovin-6 attenuates migration of UM cells
	Tenovin-6 decreases cancer stem cells in UM cells
	Tenovin-6 lowers the intracellular active-β-catenin and blocks Wnt/β-catenin signaling in UM cells

	Discussion
	Materials and Methods
	Chemicals and antibodies
	Cell culture
	Cell viability assay
	Colony-formation assays
	Real-time quantitative RT-PCR
	Western blotting analysis
	Flow cytometry analysis of cell cycle
	Apoptosis assay by flow cytometry
	Measurement of mitochondrial transmembrane potential
	Assessment of intracellular reactive oxygen species
	Wound-healing scratch assay
	Aldehyde dehydrogenase (ALDH) assay
	Tumor sphere culture
	Measurement of active-β-catenin by flow cytometry
	Statistics

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Class III-specific HDAC inhibitor Tenovin-6 induces apoptosis, suppresses migration and eliminates cancer stem cells in uveal melanoma
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22622
            
         
          
             
                Wei Dai
                Jingfeng Zhou
                Bei Jin
                Jingxuan Pan
            
         
          doi:10.1038/srep22622
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep22622
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep22622
            
         
      
       
          
          
          
             
                doi:10.1038/srep22622
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22622
            
         
          
          
      
       
       
          True
      
   




