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	 Background:	 Multiple myeloma is featured by the proliferation of malignant plasma cell in bone marrow. We aimed to dem-
onstrate the effects of valproic acid combined with GANT61 on multiple myeloma cell proliferation and clarify 
its mechanism.

	 Material/Methods:	 Multiple myeloma cells were exposed to valproic acid, GANT61, or the combination of valproic acid and GANT61, 
respectively. MTT assay was performed to detect the cell viability. Quantitative reverse transcriptase polymerase 
chain reaction and western blotting were used to detect mRNA and expression levels of proteins in Hedgehog 
signaling pathway. The Q-value of the combination regime was calculated to evaluate the drug combination 
effect.

	 Results:	 Both valproic acid and GANT61 alone inhibited multiple myeloma cell proliferation in a dose-dependent man-
ner compared to the control. In the presence of GANT61 or not, valproic acid inhibited multiple myeloma cell 
proliferation in a time-dependent manner. These 2 drugs had a synergistic effect at valproic acid concentration 
of ³4 mM. Expression analysis showed that valproic acid significantly inhibited the expression levels of PTCH1, 
GLI1, and HES-1. GANT61 enhanced the inhibition of Hedgehog signaling pathway mediated by valproic acid.

	 Conclusions:	 GANT61 and valproic acid inhibited multiple myeloma cell proliferation synergistically by inhibiting the Hedgehog 
signaling pathway. The present study may provide a combination regime for the therapy of multiple myeloma.
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Background

Multiple myeloma (MM) is a neoplastic plasma-cell disorder and 
characterized by the clonal proliferation of malignant plasma 
cell in bone marrow [1]. It accounts for approximately 13% of 
hematologic malignancies [2]. Over the last decade, the 5-year 
relative survival rates of MM have improved obviously due to 
the introduction of the novel therapies [3]. Although these 
novel therapies, including proteinase inhibitors, immunomod-
ulators, monoclonal antibodies and autologous hematopoiet-
ic stem cell transplantation, have significantly improved the 
outcomes of MM patients, the major obstacle of MM therapy 
was the resistance to therapy [4–6].

Hedgehog (HH) signaling pathway plays a major regulating 
effect in cell differentiation, proliferation and tissue polarity. 
The target proteins of HH signaling pathway include glioma-
associated oncogene homolog 1 (GLI1), patched homolog 1 
(PTCH1), patched homolog 2 (PTCH2), B-cell lymphoma 2 (Bcl2), 
Notch homolog 2 (Notch2), Hes family bHLH transcription fac-
tor 1 (HES-1), etc. [7,8]. HH signaling pathway was reported to 
be highly conserved in normal tissues and cells with low ex-
pression. However, the abnormal expressions of the proteins 
in HH signaling pathway were observed in various malignan-
cies, such as MM, leukemia, B cell lymphoma, and colorectal 
cancer [9–11]. It was demonstrated that HH signaling pathway 
plays an important role in the MM drug resistance [12]. In the 
state of inactivation, the HH receptor PTCH1 inhibits smooth-
ened (SMO), which is a 7-transmembrane protein essential for 
HH activation [13]. When HH ligands is bound to PTCH1, SMO 
is released and activated, and then initiates the transcriptional 
program of GlI1 [14,15]. Additionally, a study in a mouse mod-
el suggested that PTCH1 may mediate the interaction between 
MM cells and bone marrow microenvironment [16]. GLI1 pro-
tein is the main effector of the HH signaling, and the deletion 
of GLI1 led to the HH inhibitory drug-resistant in human bone 
marrow mesenchymal stem cells (BMSCs). More importantly, 
it was reported that sonic HH ligands can support the surviv-
al and proliferation of human plasma cells [16]. Therefore, the 
inhibition of HH signaling may be important for exploring the 
therapeutic target of MM therapy.

Recently, histone deacetylase inhibitors (HDACis) as the emerg-
ing anti-cancer agents have been incorporated into the National 
Comprehensive Cancer Network Guidelines for MM [2]. Among 
them, valproic acid (VPA) is a well-established anti-convulsant 
drug and has been safely applied for 3 decades [17]. The bio-
availability of these oral dosage forms approaches 95% to 
100% and is well tolerated by patients [3,18,19]. In recent 
years, VPA was also suggested to exert its anti-cancer effects 
by suppressing histone deacetylase [20]. Multiple clinic tri-
als of VPA have performed to evaluate its anti-cancer effects 
in various cancers, such as leukemia, advanced solid tumors, 

melanoma [21–23]. However, its anti-cancer effects in MM has 
not been well illuminated. Our previous study demonstrated 
that VPA inhibit the proliferation of MM cell lines by inhibit-
ing the Notch pathway in cells [24,25]. GANT61, a cell-perme-
able hexa-hydro-pyrimidine compound, is an inhibitor of Gli-
mediated gene transactivation, which was proved to have 
anti-cell growth and anti-cancer stem cell activities in tumor 
cells [18,26]. Because Gli-mediated transcription is the final 
step in HH signaling pathway, GANT61 could halt HH pathway. 
Single agent treatment has limited viability on cancer man-
agement, while combination therapy was emerging the norm 
in many tumors therapy. Thus, our study aimed to evaluate 
whether GANT61 and VPA could synergistically inhibit the cell 
viability of MM cells and to explore the molecular mechanism 
of inhibitory effects in MM cells.

Material and Methods

Materials and reagents

RPMI 8226 and U266 cell lines were originally obtained from 
BioHermes Bio & Medical Technology Co. (Wuxi, Jiangsu, China). 
VPA and GANT61 were purchased from Sigma Chemicals 
Co., Ltd. (St. Louis, MO, USA). Fetal bovine serum (FBS) was 
purchased from BioInd (Kibbutz Beit Haemek, Israel).

Cells culture

RPMI 8226 and U266 cell lines were grown in RPMI-1640 
medium, containing with 10% FBS, 100 U/mL penicillin and 
100 g/mL streptomycin (Solarbio, Beijing, China) in humidified 
air containing 5% CO2 at 37°C.

Cell viability

The effects of drugs on cell proliferation were evaluated by 
cell viability. Cell viability was measured by tetrazolium (MTT) 
assay. Briefly, cells were inoculated into the 96-well culture 
plates (8×103 cells/well). Then, cells were treated with corre-
sponding drugs for different exposure durations according to 
the study design. Cells were exposed to different concentra-
tions of GANT61 (2.5, 5.0, 10.0, 20.0, and 30.0 µmol/L) or VPA 
(2, 4, 6, 8, and 10 mmol/L; with or without 5.0 μmol/L GANT61) 
for 18 hours, 24 hours, and 36 hours, respectively. Cells in the 
control group were treated with equivalent RPMI-1640 com-
plete medium (supplemented with 10% FBS, 100 U/mL pen-
icillin, and 100 g/mL streptomycin). After incubation, MTT 
(0.5 mg/mL, Sigma, USA) was added and then the plate was 
incubated for another 4 hours at 37°C. Subsequently, medi-
um was removed, and the formazan was solubilized in 100 µL 
Tryple lysate. All samples were transferred to a 96-well plate 
and absorbance was measured at 490 nm used an absorbance 
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microplate reader (Bio-Rad, Hercules, USA). The inhibition rate 
was calculated using the following formula: Growth inhibition 
rate (%)=[1-(absorbance of drug-treated cells/absorbance of 
control cells)]×100%.

Evaluation of synergistic effect

Interactions between the GANT61 and VPA were determined us-
ing the following formula: Q=E(a+b)/(Ea+Eb–Ea×Eb), where Ea, 
Eb and E(a+b) were defined as the inhibition rate of GANT61, 
VPA, and the GANT61 combined with VPA, respectively [27]. 
When Q value was less than 0.85, the combination of the 2 
drugs had an antagonistic effect; when Q was between 0.85 
and 1.15, the combination of the 2 drugs had a simple addi-
tive effect; and when Q was more than 1.15, the combination 
of the 2 drugs had a synergistic effect.

Western blotting

Cell lysates were isolated in ice-cold RIPA buffer with complete 
EDTA-free Protease Inhibitor Cocktail (Roche, USA). The solu-
ble fractions from lysates were collected by centrifugation at 
17 000 g for 10 minutes at 4°C. The isolated protein was then 
separated on 4% to 20% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto the 
ethanol-pretreated polyvinylidene fluoride (PVDF) membrane. 
The PVDF membrane was blocked with 5% nonfat dry milk in 
Tris-buffered saline with Tween 20 (TBST). Subsequently, the 
PVDF membrane was probed with rabbit anti-Ptch1 (1: 1000 
dilution, AP06278PU-N, Origene, USA), rabbit anti-GlI1 (1: 1000 
dilution, ab49314, Abcam, USA), rabbit anti-Hes-1 (1: 1000 di-
lution, ab71559, Abcam, USA) and anti-b-actin (1: 1000 dilu-
tion, sc-517582, Santa Cruz, USA) antibody in 5% bovine serum 
albumin in TBST at 4°C overnight. The PVDF membrane was 
then washed with TBST (3 times; 5 minutes each) and incu-
bated with the secondary antibodies (goat anti-rabbit 1: 3000, 
ab6721, Abcam, USA) in 5% milk for 1 hour at room temper-
ature. Membranes were then washed 3 times with TBST be-
fore being visualized using ECL Western Blotting Substrate 
Kit (Solarbio, Beijing, China). The b-actin was used as an in-
ternal control.

Real-time quantitative reverse transcriptase polymerase 
chain reaction (RT-qPCR)

Total RNA was isolated by using a RNeasy Mini kit (Qiagen, 
Dusseldorf, Germany). The total RNA was subjected to reverse 
transcriptase reaction. RT-qPCR was performed in triplicates 
with an iQ5 iCycler and iQ SYBR Green Supermix (Bio-Rad, 
USA) according to manufacturer’s protocol. Following prim-
ers were used:
PTCH1, forward 5’-CTGCTGGTATGCTCGGGACTC-3’,
reverse 5’-TAAATCGCTGGGAGTTTCTGG-3’;

GLI1, forward 5’-TGTGTATGAAACTGACTGCCC-3’ and
reverse 5’-CCCAGTGGCACACGAACTC-3’;
HES-1, forward 5’-ATCACACAGGCTGGGGTAGC-3’ and
reverse 5’-TGACACTGGCTGGGGTAGC-3’;
b-actin, forward 5’-CATGTACGTTGCTATCCAGGC-3’ and
reverse 5’-CTCCTTAATGTCACGCACGAT-3’.
qPCR was conducted according to the following cycles: 95°C 
for 30 seconds, 95°C for 10 seconds, 62°C for 30 seconds, and 
72°C for 30 seconds.

Statistical analysis

Statistical analysis was performed by SPSS 19.0 (SPSS, Inc., 
Chicago, IL, USA). All experiments were repeated 3 times. 
The data were expressed as means±standard error (SE) of 3 
separate experiments. The significance of differences between 
2 groups was determined by unpaired 2-tailed Student’s t-test. 
A one-way analysis of variance (ANOVA) with a post-hoc least 
significant difference (LSD) test was applied to perform the 
comparison of multiple groups. Differences were considered 
statistically significant when P<0.05.

Results

MM cell lines proliferation was inhibited by GANT61 or 
VPA

To confirm the effects of 2 drugs on MM cell lines, RPMI 
8226 and U266 cells were exposed to various concentrations 
GANT61 or VPA. As shown in Figure 1A, GANT61 inhibited the 
cell proliferation of MM cell lines (RPMI 8226 and U266) in a 
dose-dependent manner (P<0.05). Consistently, VPA also in-
hibited cell proliferation in a dose-dependent manner (P<0.05, 
Figure 1B). Besides, to verify the trend of inhibition rate over 
time, a certain concentration of VPA (4 mmol/L) was applied 
to treat the MM cell lines (RPMI 8226 and U266 cells). We ob-
served that VPA inhibited the MM cell proliferation in a time-
dependent manner (P<0.05, Figure 1C). Overall, we concluded 
that both GANT61 and VPA alone inhibited the cell prolifera-
tion of MM cell lines.

MM cell proliferation was suppressed by GANT61 and VPA 
synergistically

To confirm the synergistic effect of GANT61 and VPA, MM cell 
lines were exposed to GANT61 and VPA simultaneously. As 
shown in Figure 2A, when MM cell lines exposed to certain con-
centration of GANT61 (5 μmol/L), the combination of GANT61 
and VPA inhibited cell proliferation in a VPA dose-dependent 
manner. Notably, the inhibition rates of combination treatment 
in various VPA concentration were all significantly higher than 
that of GANT61 alone (P<0.05, Figure 2A), suggesting that the 
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GANT61 and VPA could synergistically inhibit MM cell prolif-
eration. Then, we detected the time dependence of this syn-
ergistic effect. The results showed that GANT61 and VPA also 
inhibited MM cell proliferation in a time-dependent manner 
(Figure 2B). To evaluate the drug combination effect, we cal-
culated the Q-value of this combination regime. When VAP 
concentration was 2 mmol/L, 2 drugs had a simple additive 
effect with a Q-value <1.15. When the VAP concentration was 
greater than or equal to 4 mmol/L, 2 drugs had a synergistic 
effect with a Q-value >1.15. Two drugs had the best synergis-
tic effect at the VAP concentration of 4 mmol/L (Figure 2C).

VPA inhibits expression of proteins in HH signaling 
pathway

To explore the inhibition mechanism of VPA, qRT-PCR and west-
ern blot were performed to measure the expression of proteins 
in HH signaling pathway. After various concentrations of VPA 
treatment, mRNA was extracted form RPMI 8226 and U266 
cells, respectively. The results of qRT-PCR showed that both in 
RPMI 8226 and U266 cells, VPA expose significantly suppressed 
the mRNA expression of PTCH1, GLI1, and HES-1, and in a VPA 
dose-dependent manner (Figure 3A, 3B). Consistently, a similar 
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Figure 1. �MM cell lines proliferation was inhibited by GANT61 or VPA. (A) RPMI 8266 and U266 cells were respectively exposed to 
various concentrations (2.5, 5, 10, 20, and 30 μmol/L) of GANT61 for 24 hours, the cell viability was detected by MTT assay 
to calculate the inhibition rate. (B) RPMI 8266 and U266 cells were respectively exposed to various concentrations (2, 4, 6, 
8 and 10 mmol/L) of VPA for 24 hours, the cell viability was detected by MTT assay to calculate the inhibition rate. (C) RPMI 
8266 and U266 cells were respectively treated with 4 mmol/L VPA for 18, 24, and 36 hours. Then cell viability was measured 
by MTT assay to calculate the inhibition rate. All experiments were performed in triplicate and results are expressed as 
means±standard error (SE); * P<0.05 versus control. MM – multiple myeloma; VPA – valproic acid.
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myeloma; VPA – valproic acid.
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result was observed in the western blot analysis (Figure 3C, 3D). 
Furthermore, MM cells were exposed to VPA for different time 
durations. As shown in Figure 4, mRNA and protein expression 
of PTCH1, GLI1, and HES-1 were both significantly decreased 
in a time-dependent manner. Taken together, these results in-
dicated that VPA inhibits expression levels of proteins in HH 
signaling pathway, and in a time-dependent manner.

GANT61 and VPA synergistically inhibited expression of 
proteins in HH signaling pathway in MM cell lines.

To explore the mechanism of synergistic inhibition effect, 
the expression of proteins in HH signaling pathway in MM cells 
exposed to GANT61 combined with VPA were measured. The re-
sults showed that GANT61 or VPA alone significantly inhibited 
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Figure 3. �VPA inhibits the expression of proteins in HH signaling pathway in MM cell lines. RPMI 8266 (A) and U266 cells (B) were 
exposed to various concentrations (2, 4, 6, 8 and 10 mmol/L) of VPA for 24 hours, RT-qPCR was used to measure mRNA 
expression of PTCH1, GLI1 and HES-1. After treatment, western blot was used to measure protein expression of PTCH1, 
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as means±standard error (SE); * P<0.05 versus control. MM – multiple myeloma; VPA – valproic acid; HH – hedgehog; 
RT-qPCR – real-time quantitative reverse transcriptase polymerase chain reaction.
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the mRNA expression of PTCH1, GLI1, and HES-1 compared to 
the control, and meanwhile this inhibiting effect was further 
enhanced by GANT61 and VPA (Figure 5A, 5B). Consistently, 
western blot analysis showed that the protein expression of 
PTCH1, GLI1, and HES-1 in MM cells exposed to GANT61 com-
bined with VPA were also inhibited more significantly than that 
exposed to GANT61 or VPA alone (Figure 5C, 5D). Furthermore, 
MM cells were treated with VPA and GANT61 for different time 
durations. As shown in Figure 6, mRNA and protein expression 
of PTCH1, GLI1, and HES-1 were both significantly inhibited in 
a time-dependent manner. Taken together, these results indi-
cated that GANT61 and VPA synergistically inhibited the ex-
pression of proteins in HH signaling pathway in MM cell lines 
in a time-dependent manner, in which GANT61 enhanced the 
inhibition of HH signaling pathway mediated by VPA.

Discussion

MM is a malignant proliferative disease that originates from 
the B cell line and is capable of producing monoclonal immu-
noglobulins. The clinical manifestations of MM were exten-
sive bone destruction, recurrent infection, anemia, hypercalce-
mia, hyperviscosity syndrome, renal insufficiency and adverse 

consequences. There is an urgent need for effective treatment 
with fewer side effects for MM patients. Few studies have 
been done in terms of the effectiveness of GANT61 and VPA 
on the MM cell lines. To our knowledge, this is the first report 
focused on the effects of GANT61 and VPA on MM cell lines. 
To investigate the possible mechanism of the synergistic ef-
fect of GANT61 and VPA, we used MTT, RT-qPCR, and west-
ern blotting to evaluate the efficacy of different drugs on cell 
proliferation and detect the effect of the 2 drugs on the ex-
pression of HH signaling pathway related factors. In the pres-
ent study, we demonstrated the synergistic inhibitory effect of 
GANT61 and VPA on MM cell lines. Besides, the present study 
presented a possible mechanism of this inhibitory effect that 
GANT61 and VPA inhibited MM cell proliferation synergisti-
cally by inhibiting the HH signaling pathway.

VPA has emerged as one of the most promising anti-cancer 
agents for human cancers [28]. It functions as the HDACi me-
diating the cell differentiation, apoptosis, and cell cycle ar-
rest [29]. Although trichostatin A (TSA) is considered as a ref-
erence for HDACis, a previous study showed that VPA could 
induce the acetylation of histone proteins, whereas TSA did 
not [30]. In addition, a higher acetylation level after VPA treat-
ment (1 mmol/L) than TSA (0.02 μmol/L) was observed [30]. 
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Figure 4. �VPA inhibits the expression of proteins in HH signaling pathway in MM cell lines in a time-dependent manner. RPMI 
8266 and U266 cells were respectively treated with 4 mmol/L VPA for 18, 24, and 36 hours. qRT-PCR and western blot 
were respectively performed to detect the mRNA (A–C) and proteins (D–F) expression levels in HH signaling pathway. All 
experiments were performed in triplicate and results are expressed as means ±standard error (SE); * P<0.05 versus 0 hour. 
MM – multiple myeloma; VPA – valproic acid; HH – hedgehog; RT-qPCR – real-time quantitative reverse transcriptase 
polymerase chain reaction.
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To date, no published clinical trials have focused on the TSA 
in tumors. However, several trials done with VPA has been ini-
tiated to various tumors. Notably, despite VPA having a lower 
potency as a HDACi compared to other HDACis, such as TSA, 
it has been considered a powerful agent to use as a new ther-
apeutic strategy in cancer therapy. However, in clinical prac-
tice, VPA has limited therapeutic effect on MM. Therefore, 
we investigated whether VPA could be used in combination 

with another drug to improve treatment outcomes and re-
duce side effects.

In this study, VPA inhibited the cell proliferation in a time- 
and dose-dependent manner. Studies have showed that VPA 
inhibits MM cell proliferation in a time- and dose-dependent 
manner [24,31]. Our findings were consistent with the previ-
ous literatures. At the same time, GANT61 inhibited MM cell 
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Figure 5. �GANT61 and VPA synergistically inhibited expression of proteins in HH signaling pathway in MM cell lines. Cells were 
exposed to both GANT61 (5 μmol/L) and VPA (4 mmol/L) for 24 hours, qRT-PCR was performed to measure mRNA expression 
of PTCH1, GLI1, and HES-1 in PMI 8266 (A) and U266 cells (B). After treatment, western blot was performed to detect the 
protein expression of PTCH1, GLI1, and HES-1 in RPMI 8266 (C) and U266 cells (D). All experiments were performed in 
triplicate and results are expressed as means±standard error (SE); * P<0.05 versus control; # P<0.05 versus GANT61 or VPA 
alone. MM – multiple myeloma; VPA – valproic acid; HH – hedgehog; RT-qPCR – real-time quantitative reverse transcriptase 
polymerase chain reaction.
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proliferation in a time-dependent manner. The combined use 
of 2 drugs had a synergistic effect when the VPA concentra-
tion was greater than or equal to 4 mmol/L. This was consis-
tent with our previous research [24,25]. GANT61 is a specific 
inhibitor of transcription factor GLI1 in HH signaling path-
way [31]. Lauth et al. [26] found that GANT61 can selectively 
inhibit the gene transcription process mediated by GLI1 and 
GLI2, and it can inhibit the proliferation of tumor cells. The bi-
ological activity of GANT61 was achieved by directly binding 
to GLI1 and then inhibiting the expression of the downstream 
target gene of HH signaling pathway [32].

In mammals, the HH signaling pathway plays a critical func-
tion in maintaining homeostasis of tissues, and the occur-
rence and development of malignant tumors [32]. A previous 
study has shown that the HH signaling pathway was involved 
in the pathogenesis of MM, drug resistance, and other pro-
cesses [33]. Thus, we hypothesized that VPA affect the prolif-
eration of cells by affecting the HH signaling pathway in MM 
cells. In present study, we chose 3 main target genes PTCH1, 
GLI1, and HES-1, and detected the expression level of mRNA 
and protein. VPA inhibited the expression levels of PTCH1, 
GLI1, and HES-1 significantly in a dose-dependent manner. 

At the VPA concentration of 4 mmol/L, the expression levels 
of PTCH1, GLI1, and HES-1 were decreased significantly over 
time. It suggested that VPA could inhibit the activity of HH sig-
naling pathway in MM cells. What’s more, the combined use 
of these 2 drugs had a synergistic effect in inhibited the ex-
pression levels of PTCH1, GLI1, and HES-1 in a time-dependent 
manner. Therefore, we considered that GANT61 and VPA could 
synergistically inhibit MM cell lines via HH signaling pathway. 
However, the specific mechanism of drug combination is com-
plicated, thus further study and discussion are needed. Further 
studies on the specific mechanisms of VPA and GANT61 affect-
ing HH signaling pathway may provide new ideas and meth-
ods for MM therapy.

Although some findings were reported in the present study, 
there were several limitations. The mechanism of inhibition 
effect was not been fully elucidated due to the measurement 
of limited target proteins. In addition, the present study was 
performed in vitro rather than in vivo. Research done in vitro 
may not accurately replicate conditions that occurred in vivo. 
Thus, our findings needed to be verified by experiments in 
an animal model, or in a clinical trial in the case of humans.
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Figure 6. �GANT61 and VPA inhibited the expression of proteins in HH signaling pathway in MM cell lines in a time-dependent manner. 
RPMI 8266 and U266 cells were respectively treated with GANT61 and VPA for 18, 24, and 36 hours. qRT-PCR and western 
blot were respectively performed to detect the mRNA (A–C) and proteins (D–F) expression levels in HH signaling pathway. 
All experiments were performed in triplicate and results are expressed as means±standard error (SE); * P<0.05 versus 
0 hour. MM – multiple myeloma; VPA – valproic acid; HH – hedgehog; RT-qPCR – real-time quantitative reverse transcriptase 
polymerase chain reaction.
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Conclusions

The present study demonstrated that GANT61 and VPA could 
synergistically suppress MM cell proliferation by inhibiting 
the HH signaling pathway. The inhibition effect was in a dose- 
and time-dependent manner. The present study may provide 
a combination regime for the MM therapy.
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