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Antibiotic anisomycin induces cell cycle arrest and apoptosis
through inhibiting mitochondrial biogenesis in osteosarcoma
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Abstract The anti-cancer activities of antibiotic anisomycin
have been demonstrated in kidney, colon and ovarian cancers
whereas its underlying mechanisms are not well elucidated. In
this work, we investigated whether anisomycin is effective in
sensitizes osteosarcoma cell response to chemotherapy. We
show that anisomycin inhibits proliferation via inducing oste-
osarcoma cell arrest at G2/M phase, accompanied by the in-
creased levels of mitotic marker cyclin B and the decreased
levels of Rb and E2F-1. Anisomycin also induces apoptosis in
a caspase-dependent manner in osteosarcoma cells.
Importantly, anisomycin is less effective in normal control
NIH3T3 cells compared to osteosarcoma cells. In addition,
anisomycin inhibits osteosarcoma growth in xenograft mouse
model and enhances the inhibitory effects of doxorubicin in
osteosarcoma in vitro and in vivo. Mechanistically,
anisomycin targets mitochondrial biogenesis in osteosarcoma
as shown by the decreased mitochondrial membrane potential,
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suppressed mitochondrial respiration via decreasing complex
I activity, reduced ATP production. Furthermore, mitochon-
drial biogenesis stimulator acetyl-L-Carnitine (ALCAR) sig-
nificantly rescues the inhibitory effects of anisomycin in oste-
osarcoma cells. Our work demonstrates that anisomycin is
active against osteosarcoma cells and the molecular mecha-
nism ofits action is the inhibition of mitochondrial biogenesis.

Keywords Anisomycin - Mitochondria biogenesis -
Osteosarcoma

Introduction

Osteosarcoma originates from primitive mesenchymal bone-
forming cells and is the most prevalent bone cancer affecting
children and adolescents worldwide (Abarrategi et al. 2016).
Current treatment including surgery and chemotherapy (cis-
platin, doxorubicin, and methotrexate) has moderately im-
proved long-term survival rate and the clinical outcome for
metastatic osteosarcoma remains poor (Wu et al. 2009). The
molecular mechanism underlying osteosarcoma is complex
mainly including genomic alterations and activation of onco-
genic pathways (eg, Notch, Hedgehog, Wnt and PI3K/Atk)
(Angulo et al. 2017). Mutations in retinoblastoma (RB) and
p53 genes have been shown to be associated with osteosarco-
ma pathogenesis (Malkin et al. 1992; Tang et al. 2008).
Nevertheless, novel agents and treatment regimens are re-
quired. Substantial evidence shows that tumour cells are high-
ly influenced by mitochondrial metabolism (Weinberg and
Chandel 2015), therefore, targeting mitochondrial functions
may be the rationale for osteosarcoma treatment.
Anisomycin is an antibiotic which is active against proto-
zoa and yeast by inhibiting DNA and protein synthesis
(Grollman 1967). Recently, anisomycin has been found to
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be active against certain types of cancer, such as ovarian can-
cer, colon cancer and renal carcinoma (Li et al. 2017;
Ushijima et al. 2016; Chen et al. 2016; Liu et al. 2014,
Abayasiriwardana et al. 2007). It is also an agonist of p38-
mitogen activated-protein kinase (MAPK) and c-Jun N-termi-
nal kinase (JNK) (Barros et al. 1997). Anisomycin has been
shown to sensitize glucocorticoid-resistant leukaemia cells to
dexamethasone-induced apoptosis through p38-MAPK/INK
(Liu et al. 2014).

In this work, we investigated the in vitro and in vivo effi-
cacy of anisomycin alone and whether it can enhance doxo-
rubicin’s effects in osteosarcoma. We demonstrate that
anisomycin is effective against osteosarcoma and acts syner-
gistically with doxorubicin. We further demonstrate that the
mechanism of action of anisomycin in osteosarcoma is the
inhibition of mitochondrial biogenesis.

Materials and methods
Cells and drugs

Human osteosarcoma cell lines MG-63 and U-2 OS were
purchased from ATCC Inc. Normal fibroblast cell line
NIH3T3 was obtained from Shanghai Institute of Cell
Biology and Biochemistry. According to ATCC’s recommen-
dation, MG-63 and U-2 OS cells were cultured in Eagle’s
Minimum Essential Medium and ATCC-formulated
McCoy’s Sa Medium Modified (Catalog No. 30-2007), re-
spectively. Both media were supplemented with 10% fetal
bovine serum. Anisomycin, acetyl-L-carnitine (ALCAR), Z-
VAD-fmk and doxorubicin (Sigma, US) were dissolved in
DMSO.

MTS assay

Cells proliferation activities were measured using MTS Cell
Proliferation Assay Kit according to manufacturer’s instruc-
tion (Abcam, US). Briefly, cells were incubated with drug for
72 h. MTS tetrazolium compound was then added to the me-
dium and incubated for 2—4 h. Absorbance was measured at
495 nm.

Flow cytometry

Drug-treated cells were stained with Annexin V-FITC and 7-
AAD (BD Pharmingen, US) or Propidium iodide (PI) for ap-
optosis or cell cycle analysis according to manufacturer’s in-
struction. Stained cells were quantified by flow cytometry on a
Beckman Coulter FC500. 5000 events were counted. The per-
centage of Annexin V-positive cells, Go/G1, S and G2/M
were determined by CXP software.
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Caspase activity assay

Caspase 9 or 3 activity was measured using Caspase 9 or 3
Assay Kit (Abcam, US) according to manufacturer’s instruc-
tions. Briefly, cells were treated with the drug for 24 h and
then lysed. 2x Reaction Buffer (containing 10 mM DTT) and
4 mM LEHD-p-NA or DEVD-p-NA substrate were added to
cell lysis for caspase 9 or 3 activity measurement. Absorbance
was read at 405 nm.

Mitochondrial function assays

Oxygen consumption rate (OCR) at basal condition was mea-
sured using a Seahorse XF96 extracellular flux analyser
(Seahorse Bioscience, US) according to Seahorse Bioscience
protocols. The mitochondrial potential was measured by la-
belling cells with 5,5',6,6'-tetrachloro-1,1',3,3'-tetracthyl
benzimidazolylcarbocyanine iodide (JC-1, Invitrogen) and
analysed using flow cytometry on a Beckman Coulter
FC500. ATP levels were measured using ATPlite
Luminescent Assay kit (Perkin Elmer, US). Mitochondrial
respiratory complex I and II activities were measured using
Mitochondrial Complex I and II Activity Assay Kits
(Novagen, US) according to manufacturers’ instructions.

Western blot analyses

Cells were lysed in 4% SDS lysis buffer containing prote-
ase inhibitor cocktail (Roche, US). Protein concentrations
were determined by bicinchoninic acid protein assay kit
(Thermo Scientific, US). Proteins were loaded for denatur-
ing sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis and then Western blot by using antibodies includ-
ing anti-Cyclin B1, anti-Rb, anti-E2F-1 and anti-3-actin
(Santa Cruz Inc., US).

Osteosarcoma xenograft in SCID mouse

Animal experiments were performed under the protocol
approved by Yangtze University. SCID mice were inocu-
lated with five million MG-63 cells under the flank skin.
Following the development of the palpable tumours, the
mice were intraperitoneally injected with vehicle alone,
doxorubicin (0.5 mg/kg) alone, anisomycin (40 mg/kg)
alone or combination of doxorubicin and anisomycin.
Tumour length and width were measured every three days
and size was determined using the formula: length x
width® x 0.5236.

Statistical analyses

All data are expressed as the mean and standard deviation
(SD) to indicate data variability. Statistical analyses were
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performed by unpaired Student’s t test, with p-value <0.05
considered statistically significant.

Results

Anisomycin inhibits proliferation of osteosarcoma cells via
arresting cell cycle at G2/M

We firstly performed MTS assay to investigate the effect of
anisomycin on the proliferation of two human osteosarco-
ma cell lines. As shown in Fig. 1a, anisomycin at 10, 20 and
40 uM dose-dependently inhibited proliferation of MG-63
and U-2 OS cells. In contrast, anisomycin at 10 and 20 uM
did not affect proliferation of normal fibroblast cell
NIH3T3 (Supplementary Fig. SIA). Although anisomycin
at 40 uM significantly inhibited proliferation of NIH3T3, it
is less effective in NIH3T3 compare to osteosarcoma cells.
To examine how anisomycin inhibits proliferation, we next
performed cell cycle analysis using PI staining followed by
flow cytometry. As shown in Fig. 1b, the percentage of cells
stayed in G2/M phase was significantly increased after
anisomycin treatment, indicating that anisomycin induces
G2/M arrest. The effect of anisomycin in preventing pro-
gression through mitosis is further confirmed by the in-
creased levels of mitotic marker protein cyclin B1 in
anisomycin-treated osteosarcoma cells (Fig. 1c).
Consistently, anisomycin decreased the protein levels of
Rb and E2F-1in osteosarcoma cells (Fig. 1c).

Fig. 1 Anisomycin arrests cell
cycle at G2/M phase in
osteosarcoma cell lines. a
Anisomycin treatment for 72 h
significantly inhibits proliferation
of MG-63 and U-2 OS cells as
assessed by MTS assay. b
Anisomycin

treatment for 24 h increases G2/M
phase in osteosarcoma cells. ¢
Representative western blot photo
showing the levels of cyclin B1,
Rb and E2F-1 in cells treated with
anisomycin for 24 h. *, p <0.05,
compared to control

Anisomycin induces apoptosis of osteosarcoma cells
in a caspase-dependent manner

As changes in cell cycle kinetics often lead to induction of
apoptosis, we performed Annexin V assay to investigate
whether anisomycin induces apoptosis. Anisomycin signifi-
cantly increased the percentage of Annexin V-positive cells
(Fig. 2a), demonstrating that anisomycin induces apoptosis in
osteosarcoma cells. In addition, anisomycin at 40 but not 10 or
20 uM induced apoptosis in NIH3T3 cells (Supplementary
Fig. S1B). Caspases play essential roles in apoptosis initiation
and execution. We therefore conducted caspase 9 and 3 color-
imetric assay examine their involvement. Expectedly,
anisomycin significantly increased activities of caspase 9
and 3 in MG-63 and U-2 OS cells (Fig. 2b and c), demonstrat-
ing that anisomycin induces apoptosis via caspase pathways.
To confirm that anisomycin induces apoptosis in a caspase-
dependent manner, we treated cells with anisomycin in the
presence of a pan-caspase inhibitor Z-VAD-fmk (Yang et al.
2004). We found that Z-VAD-fmk completely reversed the
effect of anisomycin in inducing apoptosis (Fig. 2d).

Anisomycin targets osteosarcoma cells through inhibition
of mitochondrial biogenesis
Accumulating evidence indicate that mitochondrial functions

are required for tumorigenesis (Weinberg and Chandel 2015).
Various antibiotics targeting protein synthesis in bacteria have
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been shown to inhibit mitochondrial biogenesis in mammalian
cells (Lamb et al. 2015; Kalghatgi et al. 2013). Since
anisomycin is known to inhibit protein synthesis (Grollman
1967), we examined whether anisomycin affects mitochondri-
al biogenesis in osteosarcoma cells.

Anisomycin decreased mitochondrial membrane potential
in MG-63 and U-2 OS cells (Fig. 3a). Anisomycin also de-
creased OCR levels as measured by the Seahorse XF96 extra-
cellular flux analyzer in osteosarcoma cells (Fig. 3b), suggest-
ing its inhibitory effect on mitochondrial respiration.
Mitochondrial respiratory complex activity analysis showed
that anisomycin suppressed mitochondrial respiratory com-
plex I but not II in osteosarcoma cells (Fig. 3c). In addition,
ATP production was decreased by anisomycin (Fig. 3d).
Acetyl-L-Carnitine (ALCAR), a known mitochondrial bio-
genesis stimulator fuel (Cassano et al. 20006), significantly
rescued anisomycin’s inhibitory effects in osteosarcoma cells
(Fig. 3e and f). These results clearly demonstrate that
anisomycin targets osteosarcoma cells via inhibiting mito-
chondrial biogenesis.

Anisomycin enhances doxorubicin’s inhibitory effect
in osteosarcoma

We investigated whether anisomycin enhances chemotherapy
efficacy in osteosarcoma. We exposed osteosarcoma cells to
anisomycin or doxorubicin alone, or combination of
anisomycin and doxorubicin. We found that the combination
is significantly more effective than anisomycin or doxorubicin
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alone in inhibiting proliferation and inducing apoptosis in cul-
tured osteosarcoma cells (Fig. 4a and b), suggesting that
anisomycin enhances doxorubicin’s effects in vitro.

We next challenged anisomycin in a xenograft osteosarco-
ma mouse model and investigated in vivo efficacy of the com-
bination of anisomycin and doxorubicin. We did not observe
significant body weight loss or abnormal appearance in mice
treated with anisomycin alone at 40 mg/kg, doxorubicin alone
at 0.5 mg/kg or combination of both (data not shown), sug-
gesting that anisomycin at 40 mg/kg is not toxic to mice. In
contrast, smaller tumor size and decreased tumor growth were
seen in mice given by anisomycin treatment (Fig. 4c and d).
Importantly, a significant further decrease in tumor growth
was observed in mice given by anisomycin and doxorubicin
combination compared to anisomycin or doxorubicin alone
(Fig. 4c and d), demonstrating that the synergism between
anisomycin and doxorubicin in osteosarcoma.

Discussion

The anticancer effects of inhibiting translation machinery
have been well documented (Bhat et al. 2015; Novac et al.
2004). Following the concept of “translational inhibition tar-
gets cancer”, we speculate that anisomycin may be a good
candidate for cancer treatment. Anisomycin is a known pro-
tein synthesis inhibitor which inhibits translation by binding
to the ribosomal 28S rRNA in the 60S subunit (Grollman
1967; Song et al. 2016). In this work, we investigated the
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efficacy of anisomycin in osteosarcoma using cultured cells as
well as in vivo preclinical model. Here, we report that the
antibiotic anisomycin has toxicity for osteosarcoma cells both
in vitro and in vivo. In addition, we provide evidence that
anisomycin acts on osteosarcoma cells via inhibiting mito-
chondrial biogenesis.

We first demonstrated the efficacy of anisomycin using two
osteosarcoma cell lines: MG-63 and U-2 OS, which represents
the different cellular origin and genetic background of osteo-
sarcoma. Anisomycin inhibits proliferation and induces
caspase-dependent apoptosis in both MG-63 and U-2 OS cells
(Figs. 1 and 2), suggesting that anisomycin is effective in
targeting osteosarcoma cells. E2F-1 and Rb play the crucial
role in the control of cell cycle by coordinating the expression
of genes involved in DNA replication and cell cycle progres-
sion (Wu et al. 2001). The reduction of E2F-1 and RB in
osteosarcoma cells exposed to anisomycin (Fig. 1¢) suggests
that cell cycle is arrested. We further show that anisomycin
arrests cell cycle at G2/M phase as assessed by flow cytometry
of PI staining and the mitotic marker protein cyclin B1 is
upregulated in anisomycin-treated cells (Fig. 1b and c).
These data are well correlated and clearly demonstrate cell
cycle arrest by anisomycin. Interestingly, anisomycin induces
cell cycle arrest at G2/M phase in osteosarcoma (Fig. 1b and ¢)
and colorectal cancer cell (Ushijima et al. 2016) whereas G0/
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G1 phase in acute lymphoblastic leukemia cell (Liu et al.
2014), suggesting that anisomycin induces cell cycle arrest
in a cell-specific manner. Importantly, NIH3T3 cells are less
sensitive to anisomycin than osteosarcoma cells
(Supplementary Fig. S1). Anisomycin is also effective in
inhibiting tumor growth in the xenograft osteosarcoma mouse
model without significant toxicity (Fig. 4c and d). The results
of in vitro studies using NIH3T3 cells and in vivo mouse
model are consistent with each other, demonstrating the anti-
osteosarcoma activity of anisomycin and less toxicity of
anisomycin to normal cells. The inhibitory effects of
anisomycin we observed on osteosarcoma support the previ-
ous report on its anticancer activities. Our work adds osteo-
sarcoma to the growing list of anisomycin targeted cancers.
One approach to developing therapies for osteosarcoma is
to combine current chemotherapy with an anticancer agent
that targets essential component of cancer cells. It has been
reported that anisomycin enhances the inhibitory activities of
5-FU and dexamethasone in colorectal cancer and lympho-
blastic leukemia (Ushijima et al. 2016; Liu et al. 2014). In
agreement with these studies, the combination of anisomycin
and doxorubicin significantly improves the efficacy of doxo-
rubicin on osteosarcoma in vitro as well as in vivo (Fig. 4),
suggesting that the combination can eliminate doxorubicin-
resistant osteosarcoma cells. The synergism between
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Fig. 4 Anisomycin enhances the inhibitory effects of doxorubicin in
osteosarcoma in vitro and in vivo. Combination of anisomycin and
doxorubicin inhibits more proliferation (a) and induces more apoptosis
(b) than anisomycin or doxorubicin alone. Anisomycin at 10 uM and
doxorubicin at 10 nM were used in combination studies. ¢ Representative

anisomycin and chemotherapeutic agents makes anisomycin
an attractive candidate for cancer treatment.

Although the anticancer activity of anisomycin has been
shown in various types of cancers, the underlying mecha-
nisms are not well elucidated. Some demonstrate that the
anti-cancer activities of anisomycin are attributed to its
activation of p38-MAPK/INK or targeting BACE1 (Chen
et al. 2016; Liu et al. 2014; Abayasiriwardana et al. 2007).
We are the first to demonstrate that the inhibitory effects of
anisomycin in osteosarcoma are attributed to its inhibition
of mitochondrial biogenesis. Anisomycin decreases mem-
brane potential and suppresses mitochondrial respiration
via decreasing mitochondrial respiratory complex I but
not II activity (Fig. 3a to c¢). Notably, E2F-1 has been dem-
onstrated to regulate oxidative metabolism by controlling
genes that regulate energy homeostasis and mitochondrial
functions in muscle tissue (Blanchet et al. 2011). The de-
creased levels of E2F-1 and mitochondrial dysfunction ob-
served in our study also suggest a possible association be-
tween E2F-1 level and proper mitochondrial function in
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osteosarcoma cells. The mitochondrial dysfunctions in-
duced by anisomycin then lead to energy crisis (Fig. 3d).
In contrast, mitochondrial biogenesis stimulator ALCAR
reverses the inhibitory effects of anisomycin in osteosarco-
ma cells in aspects of growth and survival (Fig. 3¢ and f),
confirming that anisomycin acts on osteosarcoma via
inhibiting mitochondrial biogenesis. Many antibiotics that
target mitochondrial functions, such as tigecycline and
levofloxacin, have been shown to display more inhibitory
effects on cancer cells (eg, leukemia and breast cancer)
compared to normal cells (Yu et al. 2016; Skrtic et al.
2011). Our work shows that anisomycin acts on osteosar-
coma cells through inhibiting mitochondrial biogenesis,
such as oxidative phosphorylation and ATP production.
The mechanisms of the action of anisomycin might explain
its selective activity to osteosarcoma cells rather than nor-
mal cells. Targeting mitochondrial metabolism has recently
attracted attention for cancer therapy. However, the thera-
peutic value of targeting mitochondria in osteosarcoma re-
mains largely unknown. Besides identifying the anti-
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osteosarcoma activity of anisomycin, our work also serves
as the “proof-of-concept” to demonstrate the essential roles
of mitochondria in osteosarcoma.

In conclusion, we show that anisomycin targets osteosar-
coma cells through inhibition of mitochondrial biogenesis.
Blockage of mitochondrial biogenesis significantly enhances
the efficacy of current chemotherapy agent. Therefore,
targeting mitochondrial biogenesis may represent a new ther-
apeutic strategy against osteosarcoma.
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