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1  | INTRODUC TION

Microtubule dynamics and stability affect intracellular trafficking, 
cell division, cellular motility and cell shape maintenance.1 The 
role of microtubules in cell regulation makes them an attractive 
target for cancer therapy.2 Microtubule targeting agents (MTAs) 

can be divided into microtubule-destabilizing (ie vincristine, vin-
blastine and nocodazole) and microtubule-stabilizing agents (ie 
paclitaxel and docetaxel). Particular MTAs cause cell cycle arrest 
during G2/M phase, activating the apoptotic signalling pathway in 
tumour cells [2.3]. Additionally, MTAs have been shown to affect 
cells in interphase (G1).3-6 Thus, the suppression of microtubule 
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Abstract
The contribution of vincristine (VCR)-induced microtubule destabilization to evoke 
apoptosis in cancer cells remains to be resolved. Thus, we investigated the cytotoxic 
mechanism of VCR on U937 and HL-60 human leukaemia cell lines. We discovered 
that VCR treatment resulted in the up-regulation of TNF-α expression and activation 
of the death receptor pathway, which evoked apoptosis of U937 cells. Moreover, 
VCR induced microtubule destabilization and mitotic arrest. VCR treatment down-
regulated SIRT3, and such down-regulation caused mitochondrial ROS to initiate 
phosphorylation of p38 MAPK. p38 MAPK suppressed MID1-modulated degrada-
tion of the protein phosphatase 2A (PP2A) catalytic subunit. The SIRT3-ROS-p38 
MAPK-PP2A axis inhibited tristetraprolin (TTP)-controlled TNF-α mRNA degrada-
tion, consequently, up-regulating TNF-α expression. Restoration of SIRT3 and TTP 
expression, or inhibition of the ROS-p38 MAPK axis increased the survival of VCR-
treated cells and repressed TNF-α up-regulation. In contrast to suppression of the 
ROS-p38 MAPK axis, overexpression of SIRT3 modestly inhibited the effect of VCR 
on microtubule destabilization and mitotic arrest in U937 cells. Apoptosis of HL-60 
cells, similarly, went through the same pathway. Collectively, our data indicate that 
the SIRT3-ROS-p38 MAPK-PP2A-TTP axis modulates TNF-α expression, which trig-
gers apoptosis of VCR-treated U937 and HL-60 cells. We also demonstrate that the 
apoptotic signalling is not affected by VCR-elicited microtubule destabilization.
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dynamics without the accumulation of mitotic cells also induces 
apoptosis of cancer cells.2-5 Previous studies have suggested 
that MTAs exert their cytotoxic effects by altering mitochondrial 
function and cellular signalling, which is independent of the cell 
cycle.3,5,6 Thus, the causal relationship between mitotic arrest and 
the activation of the apoptotic pathway in MTA-treated cells re-
mains challenging.

Vincristine (VCR) is a vinca alkaloid from the plant Catharanthus 
roseus, which disrupts microtubule polymerization and induces 
G2/M cell cycle arrest.3 VCR has been used as a chemotherapeu-
tic agent in the treatment of acute lymphoblastic leukaemia (ALL) 
and certain lymphomas.3 The combination of VCR with other che-
motherapeutic agents has also been reported to improve the treat-
ment of colorectal cancer, lung cancer and breast cancer.7-9 Previous 
studies found that VCR induces G1 arrest and apoptosis in primary 
ALL cells,10 suggesting that VCR could induce apoptosis outside of 
mitosis. Previous studies also reported that VCR destabilizes the tu-
bulin network in both cervical carcinoma cell lines and breast cancer 
cell lines; however, VCR only induces apoptosis at the G2/M phase 
in cervical carcinoma cell lines.11 These results highlight the notion 
that the microtubule destabilization and mitotic arrest effects of 
VCR are not significantly involved in causing apoptosis. However, 
the signalling pathway responsible for VCR-induced apoptosis has 
yet to be fully understood. Therefore, we investigated the mecha-
nisms through which VCR activates the signalling pathways that in-
duce apoptosis in U937 and HL-60 human acute myeloid leukaemia 
(AML) cells.

2  | MATERIAL S AND METHODS

2.1 | Chemicals and antibodies

Without specific indication, the reagents purchased from Sigma-
Aldrich Inc. were used in the present study, and cell culture supple-
ments were from GIBCO/Life Technologies Inc. Vincristine (VCR), 
SZLP1-41 (Skp2 inhibitor), E64D (lysosomal protease inhibitor) and 
epoxomicin (proteasome inhibitor) were the products of Apexbio 
Technology LLC. GKT137831 and GLX351322 were purchased from 
MedChem Express; MitoSOX, annexin V-FITC/propidium iodide 
(PI) apoptosis detection kit, tetramethylrhodamine (TMRM) and 
H2DCFDA were from Molecular Probes (Eugene, OR). Antibodies 
against caspase-3 and caspase-8, okadaic acid, Z-IETD-FMK and 
Z-DEVD-FMK were purchased from Calbiochem. Antibodies sepa-
rately against PP2Ac, Mcl-1, tristetraprolin (TTP), Fas, FasL, TNF-α 
and FADD were purchased from Santa Cruz Biotechnology Inc.; and 
antibody against TNFR1 was from R&D Systems. Antibodies sepa-
rately against ERK, p-ERK, p38 MAPK, p-p38 MAPK, JNK, p-JNK, 
SIRT3, TNFR2, α-tubulin, MID1, α4, caspase-9, Bax, Bak and Bcl-2 
were obtained from Cell Signaling Technology. Antibodies sepa-
rately against cytochrome c, Bcl-xL and Bid were the products of 
BD Pharmingen Technical (San Jose, CA), and anti-NOX4 antibody 
was from Novus Biologicals. Secondary antibodies conjugated 

with horseradish peroxidase (HRP) were the products of Pierce 
(Rockford, IL).

2.2 | Cell culture

Human AML U937 and HL-60 cells were purchased from BCRC 
(Hsinchu, Taiwan) and cultured in RPMI-1640 medium contain-
ing 10% FCS (foetal calf serum), 1% sodium pyruvate, 2 mmol/L 
L-glutamine, penicillin (100 U/mL) and streptomycin (100 μg/mL). All 
cell lines were incubated in an incubator humidified with 5% CO2 
atmosphere. Reduction in the survival of VCR-treated cells was de-
tected using MTT assay. Apoptotic cell death induced by VCR was 
detected using annexin V-FITC/PI kit (Molecular Probes).

2.3 | Cell cycle analysis

Cell cycle experiments were conducted as previously described.12 
After treatment with VCR, the cell cycle distribution of treated cells 
was determined by staining DNA with propidium iodide (PI) followed 
by flow cytometry.

2.4 | Detection of ROS generation and 
mitochondrial membrane potential (ΔΨm)

Vincristine-treated cells were incubated with 10 μmol/L H2DCFDA 
for 20 min at room temperature. Intracellular ROS levels were 
measured using Beckman Coulter Paradigm™ Detection Platform 
with excitation at 485 nm and emission at 530 nm. To detect mito-
chondrial ROS levels, VCR-treated cells were stained with MitoSOX 
Red Mitochondrial Superoxide indicator kit according to the manu-
facturer's protocol (Molecular Probes). Intracellular and mitochon-
drial ROS levels in VCR-treated cells were shown as fold increase 
in fluorescence intensity per microgram of proteins compared with 
the control group. To measure ΔΨm, VCR-treated cells were incu-
bated with 2 nmol/L TMRM for 20 min prior to harvesting and then 
washed with PBS. Fluorescence intensity of TMRM was determined 
by flow cytometry. Cells with reduced fluorescence (less TMRM) 
were counted as having lost their ΔΨm.

2.5 | Preparation of soluble and insoluble tubulin 
fractions from cells

After treatments with VCR, nocodazole or paclitaxel for 24 h, 
cells were lysed in 30 μL lysis buffer (20 mmol/L Tris-HCl, pH 6.8, 
1 mmol/L MgCl2, 2 mmol/L EGTA, 0.5% NP-40, 2 mmol/L PMSF 
and protease inhibitors) for 10 min. The lysates were centrifuged 
at 13 000 rpm for 10 min at 25°C. The supernatant contained the 
unpolymerized and soluble tubulin fraction. The pellet was the po-
lymerized tubulin fraction which was resuspended in lysis buffer 
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and sonicated. After centrifugation, the supernatant (insoluble tu-
bulin) was collected. The soluble (S) and insoluble tubulin (P) frac-
tions were subjected to Western blot analyses and detected using 
anti-α-tubulin antibody.

2.6 | Quantitative RT-PCR (qRT-PCR)

Extraction and isolation of total RNA from cells was conducted using 
the RNeasy mini kit (QIAGEN, Leiden, the Netherlands), and reverse 
transcription of mRNA was performed using M-MLV reverse tran-
scriptase (Promega, Madison, WI). Quantitative PCR was performed 
to detect the levels of TNF-α, TTP, PP2Acα and SIRT3 mRNA using 
GoTaq qPCR Master mix (Promega, Madison, WI). The primer se-
quences used are provided in Table S1.

2.7 | Stability of TNF-α mRNA

After specific treatment, cells were incubated with actinomycin D 
(10 μg/mL) for indicated time periods. The decay of TNF-α mRNA 
was measured by qRT-PCR.

2.8 | Immunoblotting

Cells were lysed in RIPA buffer containing protease and phosphatase 
inhibitors. Equal amount of proteins were loaded on SDS-PAGE and 
electrophoretically transferred to PVDF membranes. After block-
ing with 5% non-fat milk, the PVDF membrane was incubated with 
primary antibodies, followed by incubation with the appropriate 
HRP-labelled secondary antibodies. Enhanced chemiluminescence 
substrate (Perkin Elmer. Waltham, MA) was used to detect the im-
munoreactive bands. Western blot analyses were repeated at least 
three times with similar results.

2.9 | Analysis of PP2Acα protein stability

After treatment with 5 nmol/L VCR for 24 h, cells were incubated 
with 10 μmol/L cycloheximide for 1, 2 and 4 h. PP2Acα protein ex-
pression was analysed using Western blot analyses.

2.10 | Transfection of DNA

The plasmids pCMV3-His-SIRT3 and pCMV3-MID1-HA were the 
products of Sino Biological Inc (Wayne, PA). The pCMV-TTP-HA 
plasmid was a kind gift from Dr P. Blackshear (National Institute of 
Environmental Health Sciences, USA). Preparation of pGL-TNF-α lu-
ciferase promoter construct was described in our previous studies.13 
Transfection of the plasmids into leukaemia cells was conducted using 
4D-Nucleofector (Lonza Cologne AG, Germany). The dual-luciferase 

reporter assay system (Promega, Madison, WI) was used to measure 
luciferase activity. The luciferase activity was normalized relative to 
the control Renilla luciferase activity.

2.11 | Knockdown of FADD, α4 and NOX4

FADD siRNA, α4 siRNA, NOX4 siRNA and negative control siRNA 
were the products of Santa Cruz Biotechnology Inc. Transfection of 
siRNA into cells was performed using Lipofectamine™ 2000 accord-
ing to manufacturer's protocol (Invitrogen).

2.12 | Measurement of SIRT3 deacetylase activity

SIRT3 deacetylase activity was detected using a SIRT3 Fluorimetric 
Drug Discovery kit (Enzo Life Sciences Inc, Farmingdale, NY) ac-
cording to the manufacturer's protocol. In brief, the cell lysate was 
incubated with the SIRT3 assay buffer and then co-incubated with 
Fluoro-Substrate Peptide, NAD and Developer at 37°C for 1 h. 
Fluorescent intensity was measured using a fluorescence microplate 
reader with excitation and emission wavelength at 360 and 460 nm, 
respectively.

2.13 | Statistical analysis

All data are presented as mean ± SD. Statistical analyses were 
conducted using two-tailed and Student's t test, and a P < .05 was 
considered statistically significant. All data presented are results ob-
tained from at least three independent experiments. The β-actin is 
used as a loading control, and quantitative analyses of the protein 
levels are indicated at the immunoblots.

3  | RESULTS AND DISCUSSION

Concentration- and time-dependent treatment with VCR reduced 
the survival of U937 cells (Figure S1A). Treatment was completed 
at a half-maximal inhibitory concentration (IC50) of approximately 
5 nmol/L for 24 h. Thus, we utilized these parameters of VCR to 
investigate VCR’s cytotoxic mechanism. Figure S1B shows that 
VCR induced U937 cell accumulation during the G2/M phase and 
increased the sub-G1 cell population. VCR and nocodazole (a mi-
crotubule destabilizer) suppressed tubulin polymerization, whereas 
paclitaxel (a microtubule stabilizer) increased tubulin polymerization 
(Figure S1C). Such polymerization ostensibly revealed the micro-
tubule-destabilizing effect of VCR at G2/M arrest. VCR treatment 
increased the numbers of cells stained with annexin V-FITC (Figure 
S1D). VCR-treated cells showed the cleavage of procaspase-3/-8/-9 
(Figure S1E). The caspase inhibitors (Z-IETD-FMK and Z-DEVD-
FMK) inhibited VCR-induced death of U937 cells (Figure S1F). Thus, 
VCR has been shown to induce apoptosis in U937 cells.
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Numerous studies have highlighted that the association be-
tween the loss of the mitochondrial transmembrane potential to 
apoptosis.14 Treatment of U937 cells with VCR depleted the mito-
chondrial membrane potential (ΔΨm) (Figure S2A) and increased 
the release of mitochondrial cytochrome c into cytosol (Figure 
S2B). In the mitochondrial pathway of apoptosis, cleavage of Bid 
by caspase-8 produces a truncated Bid (tBid), causing a disruption 
in the ΔΨm.15 VCR treatment increased the production of tBid as 
well as reduced Bcl-2 and Bcl-xL expression in U937 cells (Figure 
S2C). The death receptor-mediated pathway is related to FADD-
associated auto-cleavage and activation of procaspase-8, which 
activates caspase-3 and the cell death pathway.16 The knockdown 

of FADD using siRNA inhibited the cleavage of Bid and the deg-
radation of procaspase-8/-3 in VCR-treated cells (Figure S2D). 
Additionally, the down-regulation of FADD increased the survival 
of VCR-treated cells (Figure S2E). These results revealed the asso-
ciation of the death receptor-mediated pathway with VCR-induced 
apoptosis in U937 cells.

Prior studies have reported on the cytotoxicity of VCR and its 
relation to the induction of ROS generation.17 Thus, we measured 
the ROS levels in VCR-treated U937 cells. VCR induced a maximal 
ROS production after 16 h of treatment (Figure 1A). Intracellular 
ROS is generally produced from mitochondria or NADPH oxidase 
(NOX).18,19 Pre-treatment with NAC (ROS scavenger), GKT137831 

F I G U R E  1   VCR-induced mitochondrial ROS generation contributed to its cytotoxicity in U937 cells. Without specific indication, U937 
cells were treated with 5 nmol/L VCR for 24 h. U937 cells were pre-treated with 2 mmol/L N-acetylcysteine (NAC), 50 μmol/L GKT137831 
(GKT), 10 μmol/L GLX351322 (GLX) or 10 μmol/L Mito-TEMPO (Mito) for 1 h and then incubated with 5 nmol/L VCR for 24 h. A, VCR 
induced an increase in ROS generation. U937 cells were incubated with VCR for indicated time periods. Results were shown as fold increase 
in fluorescence intensity compared with the control group. Each value is the mean ± SD of three independent experiments with triplicate 
measurements. ROS was quantified by the fluorescence plate reader. B, Effect of NAC, GKT137831, GLX351322 and Mito-TEMPO on VCR-
induced ROS generation. U937 cells were treated with 5 nmol/L VCR for 16 h. The data represent the mean ± SD (*P < .05). C, Measurement 
of mitochondrial ROS generation using mitochondrial superoxide probe MitoSOX Red. U937 cells were incubated with VCR for indicated 
time periods. The data represent the mean ± SD. D, Effect of NAC, GLX351322 and Mito-TEMPO on the production of mitochondrial ROS 
in U937 cells after VCR treatment for 16 h (mean ± SD, *P < .05). E, Effect of NAC, GLX351322 and Mito-TEMPO on the viability of VCR-
treated cells (mean ± SD, *P < .05). F, Effect of NAC, GLX351322 and Mito-TEMPO on VCR-induced ΔΨm loss (mean ± SD, *P < .05). G, Effect 
of Mito-TEMPO on cell cycle phase distribution of VCR-treated cells. H, Effect of Mito-TEMPO on tubulin polymerization in VCR-treated 
cells (NS, statistically insignificant, Mito-TEMPO/VCR-treated cells compared to VCR-treated cells)
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(NOX1/NOX4 inhibitor) or GLX351322 (NOX4 inhibitor) significantly 
reduced VCR-induced ROS generation in U937 cells (Figure 1B). 
Consistently, previous studies have shown that VCR-induced ROS 
generation is associated with the activation of NADPH oxidase.20 
As GLX351322 and GKT137831 similarly inhibited VCR-induced 
ROS generation, NOX4 may play a significant role in VCR activity. 
Figure 1C shows an increase in mitochondria ROS production in 
VCR-treated cells as demonstrated by measurement of MitoSOX Red 
fluorescence. Pre-treatment with NAC, GLX351322 or Mito-TEMPO 
(mitochondria-targeted antioxidant) repressed mitochondrial ROS 
generation in VCR-treated U937 (Figure 1D) and the inhibition of 
VCR on cell viability (Figure 1E). Moreover, the VCR-induced loss 
of ΔΨm was suppressed by NAC, GLX351322 or Mito-TEMPO 
(Figure 1F). Previous studies have revealed that NOX4 is localized in 
the mitochondria of various cell types and is involved in mitochon-
drial dysregulation.21,22 These results indicated that VCR-targeted 

NOX4 was located at an upstream position for promoting mitochon-
drial ROS generation and mitochondrial dysregulation in U937 cells. 
Thus, VCR-induced mitochondrial ROS generation was associated 
with its cytotoxicity. Mito-TEMPO also markedly inhibited ROS gen-
eration in VCR-treated cells (Figure 1B), suggesting that the major-
ity of the ROS is derived from mitochondria in VCR-treated cells. 
Pre-treatment with Mito-TEMPO reduced the sub-G1 cell popula-
tion in VCR-treated cells but did not affect VCR-induced G2/M ar-
rest (Figure 1G). Moreover, the microtubule-destabilizing activity of 
VCR was not affected by Mito-TEMPO (Figure 1H). These results 
indicated that VCR-induced microtubule depolymerization was not 
related to its effect on mitochondrial ROS generation.

As VCR-induced MAPK phosphorylation has been reported to 
be involved in the degradation of procaspase-3,23 the involvement 
of MAPK in VCR cytotoxicity was analysed. Treatment with VCR 
increased the phosphorylation of p38 MAPK and decreased the 

F I G U R E  2   VCR-induced mitochondrial ROS generation elicited p38 MAPK phosphorylation in U937 cells. Without specific indication, 
U937 cells were treated with 5 nmol/L VCR for 24 h. U937 cells were pre-treated with 2 mmol/L N-acetylcysteine (NAC), 10 μmol/L 
GLX351322, 10 μmol/L Mito-TEMPO or 10 μmol/L SB202190 for 1 h and then incubated with 5 nmol/L VCR for 24 h. A, Western blot 
analyses of phosphorylated MAPKs in VCR-treated cells (*P < .05, VCR-treated cells compared to untreated control cells). Effect of NAC (B), 
GLX351322 (C) and Mito-TEMPO (D) on the level of phospho-p38 MAPK in VCR-treated cells (*P < .05, NAC/VCR-treated cells compared to 
VCR-treated cells; GLX351322/VCR-treated cells compared to VCR-treated cells; Mito-TEMPO/VCR-treated cells compared to VCR-treated 
cells). E, Effect of SB202190 on the viability of VCR-treated cells (mean ± SD, *P < .05). F, Effect of SB202190 on cell cycle phase distribution 
of VCR-treated cells
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levels of phosphorylated ERK and JNK (Figure 2A). Pre-treatment 
with NAC, GLX351322 and Mito-TEMPO inhibited p38 MAPK 
phosphorylation (Figure 2B, 2C and 2D), suggesting that VCR-
induced ROS production induces p38 MAPK activation in U937 
cells. NAC pre-treatment restored p-ERK levels in VCR-treated 
cells, while p-JNK levels were not affected (Figure 2B). Prior stud-
ies have consistently shown that activated p38 MAPK causes 
dephosphorylation of ERK in U937 cells.24 SB202190 pre-treat-
ment reduced the cell death (Figure 2E) and sub-G1 population 
(Figure 2F) induced by VCR, indicating that VCR cytotoxicity is 
mediated through mitochondrial ROS-triggered p38 MAPK acti-
vation. However, SB202190 did not affect VCR-induced mitotic 
arrest (Figure 2F).

The above results showed that the death receptor pathway 
modulated apoptosis in VCR-treated U937 cells. Therefore, we 
sought to analyse the expression of TNF-α family proteins. VCR 
treatment increased TNF-α protein expression, whereas the 
expression of TNF-α receptors, Fas and FasL was unaffected 
(Figure 3A). Compared to untreated control cells, TNF-α mRNA 
expression was elevated in VCR-treated cells, as revealed by quan-
titative PCR analyses (Figure 3B). VCR treatment did not consid-
erably affect the pGL-TNF-α luciferase activity (Figure 3C) but 

reduced the degradation of TNF-α mRNA (Figure 3D). These re-
sults revealed that the post-transcriptional up-regulation of TNF-α 
occurred in VCR-treated cells.

Tristetraprolin (TTP) has been known to promote TNF-α 
mRNA turnover.25,26 VCR suppressed TTP protein expression 
in U937 cells (Figure 4A), but TTP mRNA levels remained un-
changed (Figure 4B). Proteasome inhibition by epoxomicin miti-
gated VCR-induced TTP down-regulation (Figure 4C), indicating 
that VCR provokes TTP degradation. In concordance with prior 
studies investigating the impact of p38 MAPK on TTP degrada-
tion,27 suppression of p38 MAPK by SB202190 eliminated the ef-
fect of VCR on regulating TTP and TNF-α expression (Figure 4D). 
Figure 4E shows that TNF-α up-regulation did not occur in TTP-
overexpressed cells after VCR treatment. Transfection of U937 
cells with pCMV-TTP-HA increased the survival of cells exposed 
to VCR (Figure 4F). In agreement, overexpression of TTP or 
SB202190 accelerated TNF-α mRNA decay in U937 cells treated 
with VCR (Figure 4G and 4H). These observations point to the as-
sociation between TNF-α up-regulation and p38 MAPK-controlled 
TTP degradation in VCR-treated U937 cells.

Previous studies have demonstrated that the p38 MAPK tran-
scriptionally up-regulated the expression of protein phosphatase 

F I G U R E  3   VCR induced up-regulation of TNF-α protein expression in U937 cells. Without specific indication, U937 cells were treated 
with 5 nmol/L VCR for 24 h. A, Effect of VCR on TNF-α, TNFR1, TNFR2, Fas and FasL protein expression (*P < .05, VCR-treated cells 
compared to untreated control cells). B, qRT-PCR analyses of TNF-α mRNA level in VCR-treated cells. The values represent averages of three 
independent experiments with triplicate measurements (mean ± SD, *P < .05). C, Effect of VCR on the luciferase activity of TNF-α promoter 
construct. TNF-α promoter construct-transfected cells were treated with VCR for 24 h and then harvested for measuring luciferase activity 
(NS, statistically insignificant). D, Effect of VCR treatment on TNF-α mRNA stability. Cells were treated with or without VCR for 24 h and 
then incubated with 10 μg/mL actinomycin D (AD) for the indicated time periods. The level of TNF-α mRNA was analysed by qRT-PCR. VCR-
untreated and VCR-treated cells without AD treatment were used as control (mean ± SD, *P < .05)
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2A (PP2A) catalytic subunit-α (PP2Acα), leading to proteasomal 
degradation of TTP.27 Hung et al28 suggested that pyruvate ki-
nase M2 (PKM2) plays a role in TTP degradation. In contrast to 
shikonin (PKM2 inhibitor), okadaic acid (PP2A inhibitor) inhibited 
the up-regulation of TNF-α mRNA expression induced by VCR 
(Figure 5A). Okadaic acid pre-treatment mitigated the effect of 
VCR on TTP protein expression, indicating the role of PP2A in 
VCR-induced TTP degradation (Figure 5B). VCR treatment re-
sulted in PP2Acα up-regulation (Figure 5C), while SB202190 inhib-
ited VCR-induced up-regulation of PP2Acα (Figure 5D). VCR did 
not significantly change PP2Acα mRNA transcription (Figure 5E), 

while an increase in PP2Acα stability was observed in VCR-treated 
cells (Figure 5F). Prior studies suggest that α4 protects PP2A cat-
alytic subunit (PP2Ac) from poly-ubiquitination and degradation 
by the microtubule-associated E3 ubiquitin ligase MID1.29-31 As 
shown in Figure 5G, VCR induced α4 up-regulation and MID1 
down-regulation. The knockdown of α4 partially repressed the 
VCR-induced PP2Acα up-regulation (Figure 5H). Overexpression 
of MID1 mitigated PP2Acα up-regulation but not α4 up-regula-
tion in VCR-treated cells (Figure 5I). These results confirm that 
MID1 down-regulation was mostly responsible for the increased 
PP2Acα stability in VCR-treated U937 cells. SB202190 mitigated 

F I G U R E  4   p38 MAPK-mediated TTP degradation increased TNF-α mRNA stability in VCR-treated cells. Without specific indication, 
U937 cells were treated with 5 nmol/L VCR for 24 h. U937 cells were pre-treated with 1 μmol/L epoxomicin or 10 μmol/L SB202190 for 
1 h and then incubated with 5 nmol/L VCR for 24 h. A, Effect of VCR on TTP protein expression (*P < .05, VCR-treated cells compared to 
untreated control cells). B, qRT-PCR analyses of TTP mRNA level in VCR-treated cells (NS, statistically insignificant). C, Effect of epoxomicin 
on VCR-induced TTP down-regulation (*P < .05, epoxomicin/VCR-treated cells compared to VCR-treated cells). D, Effect of SB202190 on 
VCR-induced TTP down-regulation and TNF-α up-regulation (*P < .05, SB202190/VCR-treated cells compared to VCR-treated cells). E, 
Overexpression of TTP inhibited VCR-induced TNF-α up-regulation. After transfection with an empty vector or pCMV-TTP-HA for 24 h, 
the transfected cells were treated with 5 nmol/L VCR for 24 h (*P < .05, VCR-treated pCMV-TTP-HA-transfected cells compared to VCR-
treated empty vector-transfected cells). F, Overexpression of TTP restored the viability of VCR-treated cells. Cell viability was determined 
using MTT assay (mean ± SD, *P < .05). G, Effect of VCR treatment on TNF-α mRNA stability in pCMV-TTP-HA-transfected cells. The empty 
vector- and pCMV-TTP-HA-transfected cells were treated with 5 nmol/L VCR for 24 h and then incubated with 10 μg/mL actinomycin D 
(AD) for the indicated time periods. The level of TNF-α mRNA was analysed by qRT-PCR (mean ± SD, *P < .05). The empty vector-transfected 
and pCMV-TTP-HA-transfected cells without AD treatment were used as control. H, Effect of SB202190 on TNF-α mRNA stability in VCR-
treated cells. The level of TNF-α mRNA was analysed using qRT-PCR (mean ± SD, *P < .05)
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VCR-induced MID1 down-regulation but did not affect VCR-
induced α4 up-regulation in U937 cells (Figure 5J). These findings 
suggest that p38 MAPK-mediated MID1 down-regulation caused 
PP2Acα up-regulation in VCR-treated U937 cells. Pre-treatment 
with epoxomicin did not affect VCR-induced MID1 down-regula-
tion (Figure 5K). Previous studies have shown that VCR altered 
lysosomal integrity and thus induced apoptosis in cancer cells.11 
Pre-treatment with chloroquine (lysosome inhibitor) (data not 
shown) and E64D (lysosomal protease inhibitor) eliminated VCR-
induced MID1 down-regulation in U937 cells (Figure 5L), indicat-
ing that VCR treatment elicited lysosomal degradation of MID1.

Harkcom et al32 found that overexpression of SIRT3 sup-
presses vinblastine-induced microtubule destabilization and 
G2/M arrest. Thus, the involvement of SIRT3 in VCR cytotoxicity 
was analysed. VCR treatment caused down-regulation of SIRT3 
(Figure 6A), while the SIRT3 mRNA levels remained unchanged in 
VCR-treated U937 cells (Figure 6B). Pre-treatment with epoxo-
micin restored SIRT3 expression in VCR-treated cells (Figure 6C), 
indicating that VCR induced SIRT3 degradation. Previous studies 
have suggested that Skp2 (E3 ubiquitin ligase) regulated SIRT3 
degradation.33 SZLP1-41 (Skp2 inhibitor) inhibited VCR-induced 
SIRT3 down-regulation (Figure 6C), suggesting that VCR evoked 
SIRT3 degradation through the ubiquitin-proteasome pathway. 
SIRT3 overexpression revoked the effect of VCR on promoting p38 
MAPK-controlled PP2Acα, TTP and TNF-α expression (Figure 6D), 
suggesting that the SIRT3-p38 MAPK-PP2A-TTP axis modulated 
VCR-induced TNF-α up-regulation. Overexpression of SIRT3 sup-
pressed the cytotoxicity of VCR (Figure 6E). VCR-induced mito-
chondrial ROS generation was alleviated by transfection of the 
pCMV3-His-SIRT3 (Figure 6F). It appears that SIRT3 degradation 
promoted mitochondrial ROS generation when U937 cells were 
exposed to VCR. These results are in line with previous find-
ings that the deacetylase activity of SIRT3 is involved in SOD2-
mediated scavenging of mitochondrial ROS.34,35 Measurement of 
SIRT3 deacetylase activity showed that VCR treatment reduced 
the SIRT3 activity (Figure S3A). SIRT3 overexpression reduced 
microtubule depolymerization (Figure 6G) and mitotic arrest 

(Figure 6H) in VCR-treated cells, suggesting that VCR-induced 
SIRT3 down-regulation contributed to the microtubule-destabiliz-
ing effect. GLX351322 (Figure 6I) but not Mito-TEMPO (Figure 6J) 
abolished VCR-induced SIRT3 degradation in VCR-treated cells, 
suggesting that NOX4 played a role in VCR-induced SIRT3 deg-
radation. NOX is known to intracellularly induce the production 
of H2O2.36 Treatment with H2O2 caused a reduction in SIRT3 ex-
pression (Figure 6K) and SIRT3 deacetylase activity (Figure S3B), 
suggesting that activated NOX4-induced H2O2 production was 
related to VCR-induced SIRT3 down-regulation. Furthermore, 
the involvement of NOX4 in SIRT3 expression and NOX4 expres-
sion was analysed. As shown in Figure 6L, VCR induced NOX4 
up-regulation; however, VCR did not affect NOX4 mRNA levels 
(Figure 6M). This suggests that VCR post-translationally up-regu-
lated NOX4 expression. The knockdown of NOX4 mitigated VCR-
induced SIRT3 down-regulation (Figure 6N), suggesting a causal 
role of NOX4 in SIRT3 down-regulation.

To verify whether the same mechanism was responsible for VCR 
cytotoxicity on other AML cells, we analysed the death signalling 
pathway in HL-60 cells after VCR treatment. VCR suppressed the 
viability of HL-60 cells with an IC50 value of approximately 1 μmol/L 
after 24 h (Figure S4A). Treatment of HL-60 cells with 1 μmol/L VCR 
induced apoptosis and mitotic arrest (Figure S4B, C). Treatment with 
VCR notably induced mitochondrial ROS generation and sustained 
ROS generation was noted after 24 h (Figure S4D). Pre-treatment 
with NAC, GLX351322 or Mito-TEMPO inhibited VCR-induced mito-
chondrial ROS generation (Figure S4E). Moreover, GLX351322 and 
Mito-TEMPO mitigated VCR-induced p38 MAPK activation (Figure 
S4F), indicating that NOX4-mediated mitochondrial ROS generation 
was involved in p38 MAPK activation in VCR-treated HL-60 cells.

Figure 7A, 7B, shows that treatment of HL-60 cells with VCR 
increased TNF-α protein expression and mRNA stability, as well 
as a reduction in TTP expression. Pre-treatment with SB202190 
eliminated VCR-induced changes in TNF-α and TTP expression 
(Figure 7C) and inhibited cell killing activity of VCR on HL-60 
cells (Figure 7D). These observations indicate that p38 MAPK-
dependent TNF-α up-regulation contributed to the VCR-induced 

F I G U R E  5   VCR-induced PP2Acα up-regulation led to TTP down-regulation and TNF-α up-regulation. Without specific indication, U937 
cells were treated with 5 nmol/L VCR for 24 h. U937 cells were pre-treated with 10 nmol/L okadaic acid (OA), 0.5 μmol/L shikonin (SHK), 
10 μmol/L SB202190, 1 μmol/L epoxomicin or 20 μmol/L E64D for 1 h and then incubated with 5 nmol/L VCR for 24 h. A, Effect of okadaic 
acid and shikonin on the level of TNF-α mRNA in VCR-treated cells. B, Effect of OA on TTP and TNF-α expression in VCR-treated cells 
(*P < .05, OA/VCR-treated cells compared to VCR-treated cells). C, Effect of VCR on PP2Acα protein expression (*P < .05, VCR-treated cells 
compared to untreated control cells). D, Effect of SB202190 on PP2Acα protein expression in VCR-treated cells (*P < .05, SB202190/VCR-
treated cells compared to VCR-treated cells). E, qRT-PCR analyses of PP2Acα mRNA level in VCR-treated cells (NS, statistically insignificant). 
F, Turnover of PP2Acα protein in VCR-treated and VCR-untreated U937 cells. U937 cells were treated with or without 5 nmol/L VCR for 
24 h and then incubated with 10 μmol/L cycloheximide (CHX) for indicated time periods. (Top panel) Western blot analysis. (Bottom panel) 
Quantification of PP2Acα protein expression from Western blot analyses (*P < .05, compared with control untreated cells). G, Effect of 
VCR on MID1 and α4 expression (*P < .05, VCR-treated cells compared to untreated control cells). H, Effect of α4 siRNA on VCR-induced 
PP2Acα up-regulation. U937 cells were transfected with 100 nmol/L control siRNA or α4 siRNA, respectively. After 24 h post-transfection, 
the cells were treated with 5 nmol/L VCR for 24 h (*P < .05, VCR-treated α4 siRNA-transfected cells compared to VCR-treated control 
siRNA-transfected cells). I, Overexpression of MID1 inhibited VCR-induced PP2Acα up-regulation (*P < .05, VCR-treated pCMV3-MID1-
HA-transfected cells compared to VCR-treated empty vector-transfected cells). J, Effect of SB202190 on MID1 and α4 expression in 
VCR-treated cells (*P < .05, SB202190/VCR-treated cells compared to VCR-treated cells). Effect of epoxomicin (K) and E64D (L) on MID1 in 
VCR-treated cells (NS, epoxomicin/VCR-treated cells compared to VCR-treated cells; *P < .05, E64D/VCR-treated cells compared to VCR-
treated cells)
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loss of HL-60 cell survival. VCR treatment induced down-regula-
tion of SIRT3 protein expression in HL-60 cells, but SIRT3 mRNA 
levels were not affected (Figure 7A, 7E). Transfection of pCMV3-
His-SIRT3 repressed VCR-induced mitochondrial ROS generation 
in HL-60 cells (Figure 7F). VCR was unable to increase p38 MAPK 
phosphorylation and TNF-α expression in SIRT3-overexpressed 
cells (Figure 7G). SIRT3 overexpression reduced the capability of 

VCR to induce disassembly of microtubule, G2/M arrest and the 
accumulation of sub-G1 cell population (Figure 7H, I). These re-
sults indicated that VCR exerted its cytotoxic effect on HL-60 and 
U937 cells via the same signalling pathway.

Our data show that VCR elicits NOX4-mediated SIRT3 degra-
dation in U937 cells (Figure 7J). Previous studies have shown that 
proteolysis-inducing factor (PIF) and angiotensin II induce protein 
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degradation through the activation of NADPH oxidase in murine 
myotube.37 Wakatsuki et al 38 reported that activated NADPH ox-
idase induces the activation of a ubiquitin ligase ZNRF1 (Zinc- and 
RING-finger 1), which elicits proteasomal degradation of AKT in 
neurons. Other studies have shown that oxidized proteins are sub-
jected to proteasome degradation.39 Thus, it is likely that NOX4-
mediated oxidation of SIRT3 and/or activation of ubiquitin ligase 
modulates SIRT3 degradation. Consistent with our finding showing 
H2O2-induced SIRT3 down-regulation in U937 cells, Wang et al 40 
found that H2O2 reduces SIRT3 expression in NSC34 motor neuronal 
cells. On the contrary, some studies showed that H2O2 induces SIRT3 
up-regulation in normal melanocyte cell line PIG1,41 primary cultured 
cortical neurons42 and HT22 mouse hippocampal cells.43 Altogether, 
these findings suggest that the effect of H2O2 on SIRT3 expression 
may be cellular context or cell-type dependent. Transfection of pC-
MV3-His-SIRT3 reduces the microtubule-destabilizing effect of VCR 
in leukaemia cells. Consistent with this, prior studies have revealed 
that transfection with a SIRT3-expressed vector reduced the capa-
bility of vinblastine to induce disassembly of microtubule polymers in 
breast cancer MCF-7 cells.32 Notably, Wang et al 12 found that treat-
ment of U937 cells with a SIRT3 inhibitor, brRESV, down-regulated 
SIRT3 expression, but did not induce microtubule destabilization and 
mitotic arrest. These results suggest that SIRT3 down-regulation 
might play a role in promoting microtubule destabilization in VCR-
treated cells. On the contrary, the VCR-induced degradation of SIRT3 
leads to mitochondrial ROS generation. Suppression of mitochondrial 
ROS generation by Mito-TEMPO did not reduce the VCR-induced mi-
totic arrest and microtubule destabilization. These findings confirm 
that VCR-induced SIRT3-mediated mitochondrial ROS generation is 
distinct from the microtubule-destabilizing effect of VCR.

Our data further show that the SIRT3-mitochondrial ROS axis 
elicits p38 MAPK activation, which increases PP2Acα protein sta-
bility; thus, PP2Acα expression in VCR-treated cells (Figure 7J). 
Trockenbacher et al 29 reported that the microtubule-associated 

E3 ubiquitin ligase MID1 promotes the ubiquitin-dependent deg-
radation of the PP2Ac. Other studies have demonstrated that α4 
is crucially involved in stabilizing PP2Ac and protects PP2Ac from 
MID1-mediated degradation.29-31 VCR treatment induces α4 up-reg-
ulation and lysosomal degradation of MID1 in U937 cells. Compared 
to α4, MID1 largely contributes to PP2Acα up-regulation in VCR-
treated U937 cells. Notably, VCR-induced p38 MAPK activation is 
involved in MID1 degradation but not α4 up-regulation (Figure 7J). 
Unlike previous studies showing that MID1 regulates α4 degrada-
tion,44 our data show that MID1 overexpression does not affect 
VCR-induced α4 up-regulation. Thus, the mechanism responsible for 
VCR-induced α4 up-regulation needs further investigation.

PP2A is reported to be the phosphatase responsible for the de-
phosphorylation of TTP,25 whereas the dephosphorylated TTP is 
susceptible to proteasomal degradation.45 Accumulating evidence 
has also shown that TTP functionally accelerates TNF-α mRNA 
decay.25-28 In agreement, our data confirmed a causal role of PP2Acα 
up-regulation in VCR-induced TTP down-regulation. In line with our 
analysis of the effect of VCR on TTP degradation, up-regulation of 
TNF-α mRNA and protein levels are observed in VCR-treated U937 
and HL-60 cell lines. Collectively, our data demonstrate that the sig-
nalling cascade, SIRT3-mitochondrial ROS-p38 MAPK-TTP axis, mod-
ulates TNF-α expression in VCR-treated U937 and HL-60 cell lines 
(Figure 7J). Notably, previous results have shown that the plasma 
level of VCR ranges from 90 to 930 nmol/L after the administration of 
VCR sulphate liposome injection in patients.46 Accordingly, the VCR 
concentration used in the present study is physiologically attainable.

In conclusion, our data show that VCR-induced TNF-α up-regula-
tion causes apoptosis in U937 and HL-60 cells. Additionally, we have 
shown that the apoptotic signalling pathway is not related to the mi-
crotubule destabilization and mitotic arrest effects of VCR. Regarding 
previous studies, we are also in agreement that MTA-induced apoptosis 
in cancer cells is not exclusively dependent on its effect on mitotic ar-
rest, which is mediated by changes in microtubule organization.6,17,47,48 

F I G U R E  6   The connection of SIRT3 degradation with VCR-induced TNF-α up-regulation. Without specific indication, U937 cells 
were treated with 5 nmol/L VCR for 24 h. U937 cells were pre-treated with 1 μmol/L epoxomicin, 20 μmol/L SZLP1-41, 10 μmol/L 
Mito-TEMPO or 10 μmol/L GLX351322 for 1 h and then incubated with 5 nmol/L VCR for 24 h. A, VCR induced SIRT3 down-regulation 
(*P < .05, VCR-treated cells compared to untreated control cells). B, qRT-PCR analyses of SIRT3 mRNA level in VCR-treated cells (NS, 
statistically insignificant). C, Effect of epoxomicin or SZLP1-41 on VCR-induced SIRT3 down-regulation (*P < .05, epoxomicin/VCR-treated 
cells compared to VCR-treated cells; SZLP1-41/VCR-treated cells compared to VCR-treated cells). D, Effect of SIRT3 overexpression on 
VCR-induced p38 MAPK phosphorylation, PP2Acα up-regulation, TTP down-regulation and TNF-α up-regulation (*P < .05, VCR-treated 
pCMV3-His-SIRT3-transfected cells compared to VCR-treated empty vector-transfected cells). After transfection with an empty vector or 
pCMV3-His-SIRT3 for 24 h, the transfected cells were treated with 5 nmol/L VCR for 24 h. E. Effect of SIRT3 overexpression on the viability 
of VCR-treated cells (mean ± SD, *P < .05). (Inset) SIRT3 expression in empty vector- and pCMV3-His-SIRT3-transfected cells (*P < .05, 
pCMV3-His-SIRT3-transfected cells compared to empty vector-transfected cells). F, Effect of SIRT3 overexpression on mitochondrial 
ROS generation in VCR-treated cells. G, Effect of SIRT3 overexpression on tubulin depolymerization of VCR-treated cells (*P < .05, VCR-
treated pCMV3-His-SIRT3-transfected cells compared to VCR-treated empty vector-transfected cells). H, Effect of SIRT3 overexpression 
on cell cycle phase distribution of VCR-treated cells. Effect of GLX351322 (I) and Mito-TEMPO (J) on SIRT3 expression in VCR-treated cells 
(*P < .05, GLX351322/VCR-treated cells compared to VCR-treated cells; NS, Mito-TEMPO/VCR-treated cells compared to VCR-treated cells). 
K, Effect of H2O2 on SIRT3 expression. U937 cells were treated with indicated H2O2 concentrations for 24 h (*P < .05, H2O2-treated cells 
compared to untreated control cells). L, Effect of VCR on NOX4 expression in U937 cells (*P < .05, VCR-treated cells compared to untreated 
control cells). M, qRT-PCR analyses of NOX4 mRNA level in VCR-treated cells (NS, statistically insignificant). N, Effect of NOX4 siRNA on 
VCR-induced SIRT3 down-regulation. U937 cells were transfected with 100 nmol/L control siRNA or NOX4 siRNA, respectively. After 24 h 
post-transfection, the cells were treated with 5 nmol/L VCR for 24 h (*P < .05, VCR-treated NOX4 siRNA-transfected cells compared to VCR-
treated control siRNA-transfected cells)
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Considering that defects in apoptotic machinery, resulting in the treat-
ment failure of leukaemia,49,50 TNF-α up-regulation induced by VCR 
might improve response to apoptotic stimuli in leukaemia. Furthermore, 
the death pathway activated by VCR provides a novel approach for its 
optimal utility in combinatorial chemotherapy for leukaemia.
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