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Background: Histone deacetylase inhibitors are promising drugs for the future application in 

cancer therapy. Trichostatin A (TSA), a histone deacetylase inhibitor, exhibits effective antitumor 

effects in various cancers. However, the effects and underlying mechanisms of TSA on multiple 

myeloma (MM) are not fully investigated. 

Methods: In the present study, RPMI8226 and MM.1S cells treated with TSA were used for cell 

proliferation, cell cycle, and survival examinations, then the localization and post transcriptional 

modification of GLI1 protein as well as the target gene P21 were analyzed using immunofluo-

rescence, immunoprecipitation, western blots and qPCR, respectively. 

Results: TSA exerted a time and dose-dependent cytotoxicity on MM cell lines, and suppressed 

the proliferation of MM cells and induced an upregulation of p21 protein accompanied by a 

decreased expression of cyclin D1. TSA treatment led to a downregulation of GLI1, and the nuclear 

accumulation of GLI1 was also inhibited. As a result of hedgehog inhibition, the expression of MYC 

and SURVIVIN was greatly weakened after TSA treatment. Furthermore, TSA accelerated GLI1 

degradation in a proteasome-dependent manner. Additionally, p21 induction also contributed to 

GLI1 downregulation via reducing the transcription of GLI in mRNA level. Rescue experiments 

verified that exogenous expression of GLI1 alleviated MM cell apoptosis induced by TSA. 

Conclusion: These results indicated that TSA represses MM cell growth and induces cell 

apoptosis. The inhibition of hedgehog signaling is an important mechanism accounting for the 

cytotoxic effects of TSA.

Keywords: histone deacetylase, trichostatin A, multiple myeloma, hedgehog signaling 

Introduction
Histone deacetylase (HDAC) inhibitors are a class of compounds that regulate acetyla-

tion states of histone proteins and other non-histone proteins by inhibiting the activity 

of HDAC.1 HDACs are a group of enzymes capable of removing acetyl groups from 

histone and other proteins, which are divided into four major classes: HDAC1, 2, 3, and 

8 comprise class I HDACs locating in the nucleus, HDAC4, 5, 6, 7, 9, and 10 constitute 

class II HDACs including locating in both cytoplasm and nucleus, SIRT1, 2, 3, 4, and 

5 are members of class III HDACs, and HDAC11 is identified as class IV HDAC.2–4

Acetylation and deacetylation modifications of histones trigger dynamic shifts 

between transcriptionally active and suppressed states.5 Deacetylation on H3 and H4 

histones lysine leads to chromatin de-condensation and consequently influences gene 

transcription including upregulation of several anti-oncogenes and DNA repair genes.6 

Deacetylation of a non-histone protein can enhance or decrease the active status of this 

substrate, such as transport and localization, stability, and protein interactions. A wide 
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subset of HDAC substrates have been identified, including 

p53, STAT3, β-catenin, estrogen receptor, NANOG, MYC, 

hypoxia-inducible factor 1 (HIF1), and NF-kB. For instance, 

HDAC1/2 can cooperate with NANOG to establish and main-

tain the pluripotent status of stem cells, while inhibiting the 

activation of transcriptional factor SP1.7,8 Once exposed to 

HDAC inhibitors, HDAC1 protein is released from the SP1, 

thereby SP1 becomes active and increases p21 expression.7

Aberrant expression of HDACs have been widely found in 

tumors and play important roles in carcinogenesis.2 HDACs 

seem to be required for the maintenance of a set of key genes 

associated with survival and growth of cancer cells but not of 

normal ones. Thus, HDACs have emerged as novel therapeu-

tic targets for cancer chemotherapy. HDAC inhibitors have 

entered clinical trials in both solid tumors and hematologic 

malignancies.2 HDAC inhibitors can effectively induce can-

cer cell cycle arrest, differentiation or cell death, and inhibit 

angiogenesis and invasion.1 Trichostatin A (TSA), a known 

class I and II HDAC inhibitor, has been demonstrated to exert 

powerful antitumor effects. It is reported that TSA strongly 

blocks cell growth and induces cell cycle arrest, and subse-

quently induces cell apoptosis in multiple myeloma (MM) 

cells.9 TSA can sensitize TNF-related apoptosis-inducing 

factor (TRAIL)-resistant cells by decreasing the antiapoptotic 

BCL2 proteins.10 A study showed the genome-wide transcrip-

tional response to TSA treatment includes downregulation of 

several MM proliferation-associated factors.11

However, the effect of TSA on hedgehog signaling in 

MM has not been well characterized. In this study, we found 

that TSA caused cell cycle arrest in MM cells. TSA treat-

ment decreased the expression of GLI1, a critical executor 

of hedgehog signaling. As a consequence, the expression of 

genes lying downstream of hedgehog pathway was down-

regulated. Meanwhile, we found that TSA treatment inhibited 

the nuclear localization and expression of GLI1 protein. TSA 

accelerated its degradation via promoting GLI acetylation. 

On the other hand, p21 induced by TSA could independently 

repress the transcription of GLI1. Given the important role 

of hedgehog signaling in carcinogenesis, our results imply 

that the HDAC inhibitor TSA can block cancer progression 

via repressing hedgehog signaling. 

Materials and methods
Cell lines and culture
Myeloma cell lines 8226 and MM.1S were purchased from 

ATCC (American Type Culture Collection, Manassas, VA, 

USA). MM cells were cultured in RPMI-1640 medium sup-

plemented with 10% of fetal bovine serum (Thermo Fisher 

Scientific, Waltham, MA, USA), 100 U/mL of penicillin, and 

100 mg/mL of streptomycin. The cells were grown at 37°C 

in a humidified incubator with 5% CO
2
. 

Compliance with ethical standards 
This study contains no experimental procedures performed 

on human participants by any of the authors.

Reagents 
TSA and cycloheximide were purchased from Sigma-Aldrich 

Co. (St. Louis, MO, USA). MG132 was purchased from 

Selleck Chemicals (Houston, TX, USA). TSA was dissolved 

in dimethyl sulfoxide (DMSO) as a 5 mM stock solution and 

stored at –20°C.

Cell counting Kit-8 (CCK-8) assay
MM cells (5×103) on 96-well plates were treated with TSA 

as indicated. About 10 mL of CCK-8 solution (Dojindo, 

Kumamoto, Japan) was added to each well, and the plates 

were incubated at 37°C for an additional 4 h. Absorbance 

was then measured at 450 nm as reference with a Microplate 

Reader 550 (Bio-Rad Laboratories, Richmond, CA, USA). 

The following equation was used: cell viability (%) = OD 

value of treatment group/OD value of control group ×100%.

Flow cytometry analysis 
MM cells were incubated in 60 mm plates and then treated 

with TSA at various concentrations. After incubation at 37°C 

for the indicated time, cells were washed twice with PBS. To 

assess cell cycle progression by flow cytometry, MM cells 

were suspended in 100 mL of PBS, and 200 mL of 95% ethanol 

was added. After incubation for 1 h, cells were resuspended in 

sodium citrate buffer together with RNase for another 30 min. 

Cellular DNA was then stained with 250 mL propidium iodide 

(PI) for 30 min at room temperature. Red fluorescence emit-

ted from the PI–DNA complex was analyzed at 488 nm/600 

nm (excitation/emission wave length) using an FACS Calibur 

instrument (BD Biosciences, San Jose, CA, USA). Apoptosis 

assay was then carried out using the Apoptosis Detection Kit 

(Keygen Biotech, Nanjing, China) according to the manufac-

turer’s instructions. A total of 1×105 cells were stained with 5 mL 

Annexin V-fluorescein isothiocyanate (FITC) and 1 mL of PI 

in dark. The cells were analyzed by FACS Calibur instrument. 

The data of flow cytometry were analyzed with CellQuest 3.0 

software (BD Biosciences). Cells that were stained negatively 

with Annexin V and PI were considered viable cells. Early 

apoptotic cells were positive for Annexin V and negative for 

PI, and late apoptotic cells were positive for Annexin V and PI.
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Transfection and luciferase assay
Plasmid encoding p21 gene is obtained from Addgene; the 

pEGFP-GLI1 and pBSU6 siRNA GLI1 expressing plasmids 

were generous gifts from Dr Fritz Aberger (Department of 

Molecular Biology, University of Salzburg). Plasmids of 

pCMV-p300 and 8×GLI-BS luciferase reporter were pre-

pared as described previously.12,13 p21 siRNA (sc-29427) 

and control siRNA were purchased from Santa Cruz Bio-

technology (Dallas, TX, USA). For transient transfection 

of MM cells, the Neon transfection system (Thermo Fisher 

Scientific) was used according to the manufacturer’s proto-

cols. For luciferase assay, MM cells were transfected with 

0.9 mg of 8×GLI-BS Luc plasmid and 0.1 mg of pRL-TK 

Renila plasmid (Promega, Madison, WI, USA). After trans-

fection, cells were treated with 5 mM TSA for 24 h, and the 

cell lysate was used to detect luciferase activity in a Dual-

Luciferase Reporter assay system (Promega) according to 

the manufacturer’s protocol.

Western blot
Cells after TSA treatment were collected, washed twice with 

cold PBS, and suspended in lysis buffer (50 mM Tris-HCl, 

pH 7.5, 150 mM NaCl, 10 mM EDTA, 0.5% sodium deoxy-

cholate, 1% NP-40, 1 mM sodium ovanadate, 10 mg/mL apro-

tinin, 1 mM phenylmethanesulfonyl fluoride, and 10 mg/mL 

leupeptin) for 20 min on ice. The lysates were centrifuged, 

and the supernatants were used as whole cell extracts. 

The protein concentration was determined using the BCA 

protein assay kit (Beyotime, Shanghai, China). Cell lysate 

(30 mg) was separated by electrophoresis on SDS-PAGE 

gel and transferred to polyvinylidene fluoride membranes. 

Membranes were blocked with 5% non-fat milk for 1 h and 

incubated with the primary antibodies at 4°C overnight, and 

then incubated with horseradish peroxidase-conjugated sec-

ondary antibodies. Bands were visualized using an enhanced 

chemiluminescence system (EMD Millipore, Billerica, MA, 

USA). The primary antibodies for GLI1, p21, cyclin D1, 

histone H3, and actin were all obtained from Santa Cruz 

Biotechnology (Dallas, TX, USA), and the antihuman PARP 

antibody was purchased from Cell Signaling Technology 

(Danvers, MA, USA).

immunoprecipitation and ubiquitination 
assay
Myeloma cells were appropriately treated with TSA and 

lysed with RIPA buffer. Clarified lysates were precleared 

with Protein G-Sepharose (Pierce, Rockford, IL, USA), 

and then immunoprecipitated with anti-GLI1 absorbed to 

protein G-Sepharose. Proteins were fractionated by SDS-

polyacrylamide gel electrophoresis and transferred to PVDF 

membranes and blotted with anti-acetyl lysine (K) antibody 

or anti-Ubiquitin antibody. 

nuclear extraction
Nuclear proteins were extracted and isolated from MM cells 

using the Nuclear and Cytoplasmic Extraction Kit protocol 

(ThermoFisher Scientific, Waltham, MA, USA). The cells 

were lysed in cytoplasm extraction reagent and spun at 14,000 

×g to extract the nuclear material. Proteins from the nuclear 

material were then extracted by adding nuclear extraction 

reagent to the nuclei and spun at 14,000 ×g. Protein concen-

trations of the nuclear extracts were measured using Bio-Rad 

Bradford protein quantification assay.

Rna extraction and real-time PCR
Total RNA was isolated using Trizol (Life Technolo-

gies, South San Francisco, CA, USA) according to the 

manufacturer’s instructions. Total RNA (2 μg) was reverse 

transcribed using the Super Script II reverse transcriptase 

(Life Technologies). Quantitative real-time PCR was car-

ried out in a 7500 real-time PCR system (Thermo Fisher 

Scientific). Gene-specific oligonucleotide primers included 

the following: GAPDH, forward 5′-AATCCCATCAC-

CATCTTCCA-3′ and reverse 5′-TGGACTCCACGACG-

TACTCA-3′; c-MYC, forward 5′-ctaccctctcaacgacagca-3′ 
and reverse 5′-tcttgttcctcctcagagtcg-3′; and SURVIVIN, 

forward 5′-AAGAACTGGCCCTTCTTGGA-3′ and reverse 

5′-CAACCGGACGAATGCTTTT-3′. The expression of each 

gene was normalized to GAPDH and calculated using the 

2-DDCt method. 

Immunofluorescence staining
MM cells were fixed in 4% formaldehyde for 10 min. For 

fluorescence staining, the samples were treated in 0.5% (V/V) 

Triton X-100 for 15 min and blocked with 10% BSA for 30 

min at 37°C. Then, cells were incubated overnight at 4°C with 

anti-GLI1 antibody, followed by incubation with tetramethyl-

rhodamine (TRITC) -conjugated goat anti-mouse IgG (1:200) 

for 30 min at room temperature and nucleus counterstaining 

with DAPI. Imaging was performed using a fluorescence 

microscope (model IX71; Olympus, Tokyo, Japan).

statistics
Data are presented as mean ± SD. Statistical analysis was 

performed using SPSS 11.5 software (SPSS Inc., Chicago, 

IL, USA). Statistical significance was determined using a 
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two-tailed Student’s t-test. In all experiments, P < 0.05 was 

considered statistically significant.

Results
Tsa induces growth arrest and apoptosis 
in MM cells
In order to assess the effects of TSA on MM cell, cell viability 

was tested in RPMI8226 and MM.1S cell lines by CCK-8 

assay. As shown in Figure 1A, TSA showed a dose-dependent 

cytotoxic effect on MM cells. The viability of MM cells was 

significantly repressed by TSA at concentrations over 1 mM. 

After TSA treatment at the dose of 5 uM for 48 h, the relative 

cell viability declined to 53.15% and 38.44% in RPMI8226 

cells and MM.1S cell, respectively. Similar effects could be 

observed in MM.1S cells. Furthermore, we observed that 

TSA treatment downregulated the expression of Cyclin D1, 

one of the cyclins driving the G1/S phase transition of cell 

mitosis, while enhanced the amount of p21, an important 

cyclin-dependent kinase inhibitor (Figure 1B). The decline of 

cyclin D1 together with an increase in p21 protein undoubtedly 

triggered cell growth arrest. TSA treatment alone arrested 

RPMI8226 and MM.1S cells at the G0/1 phase and decreased 

the cell proportion in S phase of the cell cycle ( Figure 1C). 

Subsequently, double-staining of Annexin V-FITC and PI fol-

lowed by flow cytometry were used to determine the effect of 

TSA on cell apoptosis. As depicted in Figure 1D, the treatment 

with 5 mM TSA for 48 h initiated cell apoptosis moderately. 

Taken together, these data indicated that TSA can exert inhibi-

tory effects on the proliferation and survival of MM cells in 

a concentration-dependent manner.

Tsa inhibits gli1 and its downstream 
genes
Subsequently, we investigated the mechanisms underlying 

the cytotoxic effect of TSA. As Cyclin D1 is a well-known 

downstream gene of hedgehog signaling, its expression 

Figure 1 Tsa reduces cell viability of MM cells.
Notes: (A) Relative cell viability of RPMi8226 and MM.1s cells treated with Tsa at indicated concentrations for 48 h using CCK-8 assay. Results shown are the mean ± sD of 
three independent experiments. Control cells were treated with DMsO in parallel in each experiment. (B) The protein expression of cyclin D1 and p21 after treatment with 
5 μM Tsa for 48 h was assessed by Western blot. actin was used as loading control. Representative images are from at least three independent experiments. (C) RPMi8226 
and MM.1S cells were cultured in the presence of 5 μM TSA for 24 h. Cells were stained with PI and subjected to cell cycle analysis by flow cytometry. The statistical analysis 
of cell percentage of cell cycle distribution is presented. (D) shown are cell apoptosis rates of RPMi8226 and MM.1s cells treated with 5 μM Tsa for 48 h measured by 
FaCs-based annexin V-FiTC/Pi double staining. Data are statistical analysis of three similar experiments. #, p<0.001, Tsa treatment vs. Vehicle.
Abbreviations: Tsa, trichostatin A; CCK-8, Cell Counting Kit-8; DMSO, dimethyl sulfoxide; PI, propidium iodide; FACS, fluorescence-activated cell sorter; FITC, fluorescein 
isothiocyanate; MM, multiple myeloma; Veh, vehicle.
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was greatly repressed by TSA. We speculated that hedge-

hog signaling might be a target affected by TSA. Thus, we 

further examined the effect of TSA on hedgehog signal-

ing. As shown in Figure 2A, TSA exhibited a time- and 

dose-dependent inhibition on GLI1 protein level, denot-

ing a repression on hedgehog signaling. Additionally, the 

transcripts of GLI1 were significantly decreased upon the 

treatment with high dosages of TSA (Figure 2B). In parallel, 

the luciferase activity of a reporter under the control of eight 

tandem copies of GLI-binding site declined after exposure 

to TSA (Figure 2C). 

Furthermore, we investigated the nuclear expression of 

GLI1 in the presence or absence of TSA, which more reli-

ably reflects hedgehog activation. As shown in Figure 2D, 

GLI1 protein was mainly localized in the nucleus in the 

absence of TSA, suggesting a spontaneous activation of 

hedgehog signaling in MM cells. However, the appearance 

of TSA altered the cellular distribution of GLI1. Moreover, 

a significantly increasing proportion of GLI1 protein was 

shuttled into the cytoplasm after TSA treatment (Figure 2D 

and E). Western blot analysis also showed that TSA reduced 

the nuclear accumulation of GLI1 (Figure 2F). These results 

further validated that TSA treatment caused hedgehog 

inhibition, as marked by decreased expression and nuclear 

accumulation of GLI1.

As a consequence of GLI inhibition, two downstream 

genes of hedgehog signaling, c-MYC and SURVIVIN, were 

significantly downregulated by TSA treatment (Figure 2G). 

Figure 2 Tsa reduces gli1 and downstream genes of hedgehog signaling.
Notes: (A) The time- and dose-dependent downregulation of gli1 after Tsa treatment. Representative images from at least three independent experiments are shown. (B) 
The effect of Tsa treatment for 48 h on gli1 expression in mRna level. (C) luciferase assay showed the activity of the 8×gli luciferase reporter responsive to increasing 
dosages of Tsa. (D) Immunofluorescence showed the subcellular localization of GLI1 with or without TSA treatment. Magnification: 200×. Representative images are taken 
over 10–50 fields of view. Arrows, cells with GLI1 trans-localized into the cytoplasm. (E) statistical analysis of gli1 localization in the nucleus of RPMi8226 and MM.1s cells 
treated with Tsa for 24 h. (F) Representative images of Western blot analysis are shown to detect the subcellular distribution of gli1. histone h3 was used as an internal 
control for nuclear, and actin was used as an internal control for cytoplasm. (G) mRna levels of c-MYC and SURVIVIN were detected by real-time PCR in MM cells treated 
with 5 μM Tsa for 48 h. The median expression value of control group is normalized to 1. Data represent mean ± sD from three independent experiments (#P<0.01, *P<0.05).
Abbreviations: Tsa, trichostatin a; Cont, control; Veh, vehicle; n, nuclear; C, cytoplasm.
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These results strongly supported the fact that TSA treatment 

leads to the inhibition of hedgehog signaling pathway.

Tsa promotes the degradation of gli1 
via acetylation
GLI1 protein localized in the cytoplasm is more susceptible to 

degradation than that in the nucleus. Next, we measured the 

half-life of GLI1 protein after TSA addition. In the presence 

of cycloheximide (to block de novo protein synthesis), cells 

were subjected for immunublot assay to detect the degrada-

tion rate of GLI1. As shown in Figure 3A, TSA treatment sig-

nificantly accelerated the degradation of GLI1 in RPMI8226 

and MM.1S cell lines. Meanwhile, MG132, a proteasome 

inhibitor, was capable of rescuing the degradation of GLI1 

(Figure 3B). Thus, these results indicated that TSA treatment 

caused an enhanced degradation of GLI1 in a proteasome-

dependent manner, thereby inhibiting hedgehog signaling. 

Furthermore, immunoprecipitated GLI1 in TSA treatment 

group exhibited a hyperacetylated status ( Figure 3C). 

Obviously, TSA can increase the acetylation of GLI1 via 

inhibiting HDACs. Hyperacetylated GLI1 is perhaps more 

sensitive to degradation via a proteasome-dependent manner. 

Further experiments corroborated that TSA treatment greatly 

enhanced GLI1 ubiquitination compared with vehicle control 

(Figure 3D). Taken together, TSA can remarkably affect GLI1 

stabilization via acetylation. 

Tsa inhibits gli1 transcription via p21 
induction
TSA can trigger GLI1 degradation via blocking HDAC 

activity. However, the mechanisms underlying TSA-induced 

GLI1 downregulation in mRNA level remained obscure, as 

TSA treatment also induced p21 upregulation, leading to cell 

cycle arrest. We speculated that TSA-mediated acetylation 

and/or p21 induction might account for repressed GLI1 tran-

scription. We further investigated the effects of transfection 

Figure 3 Tsa enhances the degradation of gli1.
Notes: (A) gli1 protein degradation in RPMi8226 and MM.1s cells treated with 5 μM Tsa for 24 h and then 20 μM cycloheximide for up to 4 h. (B) accumulation of gli1 
protein in RPMi8226 and MM.1s cells treated with 5 μM Tsa and 10 μM Mg132 for 48 h. (C) immunoprecipitation assay showed the acetylation status of gli1 in Tsa-
treated RPMi8226 and MM.1s cells. (D) Ubiquitination status of gli1 in Tsa-treated RPMi8226 and MM.1s cells were detected with immunoprecipitation. Representative 
images are from at least three independent experiments.
Abbreviations: Tsa, trichostatin a; ChX, cycloheximide; Con, control; Veh, vehicle; iB, immunoblot; iP: immunoprecipitation.
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with an acetylase p300 and p21. As shown in Figure 4A, 

p21 overexpression greatly decreased GLI1 transcription. 

By comparison, p300 displayed a weak inhibition on GLI1 

expression. Transfection with an increasing amount of p21 

plasmid caused a gradual downregulation of GLI1 protein 

(Figure 4B). In contrast, p21 overexpression seemed to unaf-

fect GLI1 stabilization (Figure 4C). To further validate the 

effects of p21 on GLI1 expression, we performed siRNA-

mediated knockdown and overexpression experiments of 

p21 gene in RPMI8226 and MM.1S cell lines. As shown in 

Figure 4D, p21 knockdown attenuated TSA-induced GLI1 

inhibition to a certain extent. On the contrary, p21 overex-

pression directly enhanced TSA-mediated repression on 

GLI1 expression (Figure 4E). Therefore, we concluded that 

p21 induction can also reduce the transcription of GLI at 

mRNA level. Collectively, TSA treatment can promote GLI1 

degradation via acetylation and repress GLI transcription via 

p21 induction. 

gli1 overexpression alleviates Tsa-
induced apoptosis in MM cells 
Subsequently, we estimated the susceptibility of GLI1-

overexpressing MM cells to TSA treatment. As shown in 

Figure 5A, GLI1 expression was successfully elevated in 

RPMI8226 and MM.1S cells transfected with GLI1-express-

ing plasmid. When these MM cells were exposed to 5 mM 

TSA for 48 h, the amount of cleaved PARP-1, a marker of cell 

apoptosis, was significantly decreased in GLI1-overexpress-

ing cells compared with their parental cells transfected with 

vector control (Figure 5B). In parallel, GLI1 overexpression 

greatly reduced the apoptotic rate in both the RPMI8226 and 

MM.1S cells treated with TSA compared with vector con-

trols, when analyzed using flow cytometry assay (Figure 5C 

and D). These results indicated that GLI1-overexpresssing 

MM cells were more resistant to the cytotoxic effects of TSA, 

and validated that TSA-mediated GLI1 downregulation is 

indispensable for the cytotoxicity of TSA.

Discussion 
TSA, a HDAC inhibitor, is a prospective candidate chemo-

therapeutic agent and is valid to antagonize the progression 

of numerous cancers, such as breast cancer, ovarian cancer, 

lung cancer, colorectal cancer, hepatocellular carcinoma, 

and other cancers. In this study, we evaluated the effects 

of HDAC inhibitor TSA on cell proliferation and apoptosis 

in myeloma cell lines RPMI8226 and MM.1S. Our results 

Figure 4 p21 induced by Tsa represses the transcription of GLI1.
Notes: (A) The mRna expression of GLI1 was detected by real-time PCR in MM cells transfected with p300 or p21 expressing (Oe) plasmids compared with the vector 
control (vector). (B) gli1 protein level in MM cells transfected with an increasing amount of p21 plasmid. (C) half-life of gli1 protein in RPMi8226 and MM.1s cells 
transfected with p21 or control plasmids was detected by Western blot. (D) RPMI8226 and MM.1S cells were transiently transfected with p21-specific or control siRNAs. 
Twenty-four hours post-transfection, cells were subjected for Tsa treatment for another 24 h, and then, gli1 protein was evaluated by Western blot. (E) Overexpression 
of p21 in RPMi8226 and MM.1s cells enhanced Tsa-induced gli1 repression.
Abbreviations: Tsa, trichostatin a; Veh, vehicle; MM, multiple myeloma.
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revealed that TSA dramatically inhibited hedgehog signaling 

via downregulating GLI1 expression. 

Acetylation of histone and other essential cellular proteins 

is an important modification to regulate cellular function. 

Aberrant acetylation of histone and other proteins along with 

overexpressed HDACs are often observed in the develop-

ment of disparate types of cancer. Thus, HDAC inhibitors 

are emerging as promising anticancer agents, particularly in 

the combination with other chemotherapeutic drugs and/or 

radiotherapy. The resultant inhibition of HDACs causes pleio-

tropic effects. HDAC inhibitors loosen chromatin structure 

to make transcription factor binding sites more accessible, 

thereby altering gene expression profile. Generally, HDAC 

inhibitors allow expression of suppressed genes and also 

downregulate oncogenes. HDAC inhibitors upregulate cell 

cycle gene p21 and block the cyclin D1/CDK4 complex 

with ensuing cell cycle arrest and differentiation. HDAC 

inhibition also promotes apoptosis via inducing elements 

of the apoptotic pathway such as Fas, TNF-a, as well as the 

TRAIL receptor; it is also well known that HDAC inhibi-

tors affect the activity of some signaling pathways such as 

Wnt, ERK, PI3K/Akt, and PKC.14 HDAC inhibitors can also 

affect cancer angiogenesis and interfere with the metastatic 

process. The antiangiogenic effects of HDAC inhibitors 

attribute to downregulation of pro-angiogenic genes such as 

vascular endothelial growth factor (VEGF).2–4 In this study, 

our results revealed that hedgehog signaling is also a target 

for HDAC inhibitors.

Another mechanism of HDAC inhibition affecting cel-

lular function is modulation of proteasomal degradation. 

Acetylation of p53 induced by HDAC inhibitors decreases 

the formation of a complex p53/Mdm2 E3 ligase and low-

ers p53 degradation by the proteasome, thereby cancel-

ling p53-mediated growth arrest and apoptosis.15 On the 

other hand, HDAC inhibitors increase acetylation of the 

pro-angiogenic transcription factor HIF-1a, enhancing its 

Figure 5 gli1 overexpression rescues Tsa-induced MM cell apoptosis.
Notes: (A) Western blot assay confirmed the GLI1 protein in MM cells transfected with GLI1 expressing (OE) plasmid. (B) Tsa treatment induced cleavage of PaRP-1 as 
indicative of apoptosis in the gli1 overexpressing MM cells compared with the vector controls. (C) Representative flow cytometry analysis of MM cells apoptosis treated 
with Tsa for 48 h using annexin V-FiTC/Pi staining. (D) statistical analysis of three similar experiments for the MM cell apoptosis (#P<0.01).
Abbreviations: TSA, trichostatin A; PARP, poly(ADP-ribose) polymerase; PI, propidium iodide; FITC, fluorescein isothiocyanate; vec, vector; Con, control; MM, multiple 
myeloma.
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 degradation.16 In addition, the occurrence of HDAC inhibi-

tors can alter the expression of several proteasomal enzymes, 

including Ubc8 E2 ubiquitin conjugase and RLIM subunit 

of the SCF E3 family of the ubiquitin ligase.17 The present 

study provided evidences that HDAC inhibition can modulate 

GLI1 degradation.

Notably, mechanisms of anticancer effects of HDAC 

inhibitors have not been concluded an agreement. The effects 

of HDAC inhibitors may be different among varying cancers. 

It depends on the genotype and context of cancer, as well as 

on some other factors. For instance, HDAC inhibitors have 

not induced cell cycle inhibition in some neuroblastoma cell 

lines such as SH-SY5Y and SK-N-BE.18 With regard to MM, 

hedgehog signaling is frequently active and plays important 

roles in cancer development.10,14,15 Our results showed that 

GLI1 normally accumulates in the nucleus, implicating a 

consecutive activation of hedgehog signaling in MM cells. 

It lays a foundation for HDAC inhibitor to affect cell prolif-

eration and apoptosis via modulating hedgehog signaling. 

Meanwhile, GLI1-overexpresssing MM cells were resistant 

to TSA treatment compared with control cells. Thus, it seems 

that TSA-mediated GLI1 downregulation is indispensable for 

the cytotoxicity of TSA. 

Among three GLI transcriptional factors, GLI1 func-

tions primarily as a constitutive activator and potentiates the 

transcriptional output of hedgehog signaling, whereas GLI3 

is predominantly a transcriptional repressor; GLI2 acts as a 

principal activator to trigger the expression of GLI1.19 Acti-

vation of hedgehog signaling has profound effects to affect 

the stability of GLI transcriptional factors. In the absence of 

hedgehog ligands, the three isoforms of GLI transcriptional 

factors are readily ubiquitinated by a phosphorylation-

dependent E3 ubiquitin ligase b-TrCP. Ubiquitination of 

GLI proteins requires priming phosphorylations by PKA, 

CK1, and GSK-3β. After ubiquitination, GLI1 is largely 

degraded and removed from the cell by the proteasomal 

system, whereas GLI2 and GLI3 are partially cleaved to form 

truncated repressor forms. In contrast to the full-length GLI2 

as an activator, its truncated form migrates to the nucleus, 

binds to consensus sequences, and represses transcription of 

hedgehog target genes. The occurrence of hedgehog ligands 

ameliorates this cleavage and leads to the accumulation of 

full-length activator GLI2.14,15

Acetylation also plays an important role in regulating 

the stability of GLI proteins. As demonstrated by previ-

ous studies, GLI1 can be acetylated and HDAC-mediated 

deacetylation promotes GLI1 transcriptional activation. 

HDAC1/2 and GLI1 can form a complex and are recruited 

onto the promoters of GLI-target genes.20 In contrast, the 

acetyltransferase p300/CBP-associated factor promotes 

GLI1 ubiquitination and subsequent proteasome-dependent 

degradation.21 Additionally, β-arrestin1 (Arrb1) is found to 

repress the transcriptional activity of GLI1, by potentiating 

its p300-mediated acetylation.22 Thus, it was found that selec-

tive inhibition of HDAC1/2 can inhibit hedgehog signaling 

and decrease tumor growth in preclinical models of SHH 

medulloblastoma.23 

Consistent with this, our results indicated that HDAC 

inhibition can accelerate the degradation of GLI1 in a prote-

asome-dependent manner, accompanied by the downregula-

tion of hedgehog downstream genes. Moreover, our results 

implicated that TSA-induced p21 upregulation contributed to 

the reduced transcription of GLI1. It is well known that TSA 

potentiates the transcriptional activity of p53 via acetylation, 

thereby enhancing the expression of p53 downstream genes 

such as p21. In this study, we found that overexpressing p21 

directly downregulated the mRNA level of GLI1, but silenc-

ing p21 did the opposite. Thus, TSA could exert inhibition on 

GLI1 expression and stabilization via different mechanisms. 

It is well known that hedgehog inhibition can lead to cell 

cycle arrest. Seemingly, there exists a reciprocal crosstalk 

between hedgehog signaling and cell cycle program. In this 

study, we provided strong evidence exhibiting the effect of 

p21 overexpression on GLI1 transcription. But, the precise 

mechanism remained unknown. We speculated that p21 

might act as cyclin-dependent kinase inhibitor to inhibit 

cyclin/CDK complexes and further modify the activities of 

target transcriptional factors. More investigation is required 

to uncover the underlying mechanisms. 

Conclusion
Overall, our results indicated that the HDAC inhibitor TSA 

can repress MM cell growth and induce cell apoptosis via 

abrogation of hedgehog signaling. TSA can exert versatile 

effects on the hedgehog transcriptional factor GLI1. TSA-

mediated acetylation promotes the proteasome-dependent 

degradation of GLI1, while TSA-induced p21 upregulation 

impairs the transcription of GLI1. 
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