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Riluzole‑induced apoptosis 
in osteosarcoma is mediated 
through Yes‑associated protein 
upon phosphorylation by c‑Abl 
Kinase
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Our lab has previously demonstrated Riluzole to be an effective drug in inhibiting proliferation and 
inducing apoptosis in both human and mouse osteosarcoma. Yes‑associated protein is a transcription 
co‑activator, known to be involved in cell proliferation or apoptosis depending on its protein partner. 
In the present study we investigated the role of YAP in apoptosis in osteosarcoma, we hypothesized 
that YAP may be activated by Riluzole to induce apoptosis in osteosarcoma. By knocking down the 
expression of YAP, we have demonstrated that Riluzole failed to induce apoptosis in YAP deficient 
osteosarcoma cells. Riluzole caused translocation of YAP from the cytoplasm to the nucleus, 
indicating YAP’s role in apoptosis. Both Riluzole‑induced phosphorylation of YAP at tyrosine 357 and 
Riluzole‑induced apoptosis were blocked by inhibitors of c‑Abl kinase. In addition, knockdown of c‑Abl 
kinase prevented Riluzole‑induced apoptosis in LM7 cells. We further demonstrated that Riluzole 
promoted interaction between YAP and p73, while c‑Abl kinase inhibitors abolished the interaction. 
Subsequently, we demonstrated that Riluzole enhanced activity of the Bax promoter in a luciferase 
reporter assay and enhanced YAP/p73 binding on endogenous Bax promoter in a ChIP assay. Our data 
supports a novel mechanism in which Riluzole activates c‑Abl kinase to regulate pro‑apoptotic activity 
of YAP in osteosarcoma.

Osteosarcoma is a primary malignant bone  tumor1, derived from mesenchymal cells that fail to differentiate 
into  osteoblasts2. Metastasis of osteosarcoma is presented at the time of diagnosis in ~ 15–20% of  cases3,4. The 
changes in the tumor microenvironment and the metastasis contribute to the failure of the conventional drug 
delivery  approach5–7. A drug therapy approach would be more successful only if osteosarcoma cells are specifically 
targeted. One such drug is Riluzole, which is used in neurological diseases and shows some promise in cancer 
treatment, especially for cancers secreting glutamate.

Osteosarcomas have been shown to secrete glutamate and stimulate autocrine glutamate signaling for  growth8. 
We have used human metastatic osteosarcoma, LM7 cells (derived from Saos-LM6 cells)9 to study the effect of 
Riluzole. We have previously demonstrated that LM7 cells secrete glutamate, and Riluzole blocks the secretion 
of glutamate, thereby inhibiting the autocrine effect on LM7  cells8. We have also demonstrated that LM7 cells 
express the metabotropic glutamate receptor, mGluR5, and knockdown of mGluR5 prevented the colony forming 
ability of LM7  cells8. Thus, Riluzole is an effective drug that inhibits cell proliferation and induces apoptosis in 
several types of cancers, however, the mechanism of action of Riluzole in osteosarcoma is not known.
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Riluzole, was first shown to prevent glutamate secretion in brain  slices10. Although the mechanism of action 
of Riluzole was not clear, it was later shown to block sodium channels as well as glutamate  signaling11,12. The 
use of Riluzole in several neurological diseases such as Amyotrophic Lateral Sclerosis (ALS) and Parkinson’s 
Disease is well  known13. However, Riluzole has been proven to have anti-cancer activity, therefore, Riluzole is 
being repurposed for cancer treatment. For instance, the treatment of triple negative breast cancer cells with 
Riluzole inhibits cell  proliferation14. Importantly, Riluzole has been observed to reduce the growth of cancer 
cells in culture or in xenograft models for brain, skin, breast, pancreas, liver and prostate  cancers8,9,14–23. In a 
clinical trial for melanoma patients, Riluzole decreased tumor size in a number of  patients22. Furthermore, in 
a phase II trial in patients with advanced GRM1-positive melanoma, Riluzole showed some clinical  benefits17. 
Thus Riluzole has shown promise as an anti-cancer agent in cancers of various tissue origin.

YAP, Yes-associated protein, is a potent growth promoter that is restrained by and is a downstream effector 
of the Hippo pathway regulating organ size, tissue homeostasis, stem cell self-renewal, cell proliferation and 
 apoptosis24–27. Several G-protein coupled receptors (GPCRs) are found to be upstream activators of the Hippo 
 pathway28. We have demonstrated that mGluR5, a GPCR, activates glutamate dependent growth signaling in 
osteosarcoma  cells8. YAP is overexpressed in osteosarcoma and the knockdown of YAP resulted in tumor shrink-
age in  mice29. YAP is a co-activator and associates with a variety of transcription factors to induce the transcrip-
tion of  genes30. YAP induces the transcription of genes involved in cell cycle  control31–33. However, upon DNA 
damage, YAP induces  apoptosis34,35. Numerous studies support the conflicting functions of YAP as a tumor 
suppressor and as a tumor promoter, which seems to depend on specific cell type and the nature of the  signal30,36. 
Phosphorylation of YAP at specific sites regulates its activity and outcome in cell proliferation or  apoptosis36. 
YAP is phosphorylated at serine 127 by Akt/PKB or Lats1 and Lats2 (Large tumor suppressor)34,37–39. Lats1 and 
Lats2 are members of the Hippo pathway and inhibit oncogenic activity of YAP by sequestering YAP in the 
 cytoplasm38,40. Moreover, Lats2 phosphorylates YAP at serine 397 to promote ubiquitin-mediated degradation 
of  YAP41. c-Abl, a tyrosine kinase, is activated during DNA damage-induced  apoptosis42. Interestingly, Lats2 
inhibits the activity of c-Abl to prevent DNA damage-induced  apoptosis43. During DNA damage, YAP binds to 
another transcription factor, p73, and this interaction is enhanced by YAP preventing ubiquitination of  p7344–46. 
In addition, c-Abl phosphorylates p73 to stabilize p73 during DNA  damage42,47,48. In this report we have examined 
the impact of the previously unrecognized p73/c-Abl axis on YAP dependent effects of Riluzole in osteosarcoma. 
We show that the regulation of YAP phosphorylation at specific sites by c-Abl appears to determine its role in 
apoptosis in osteosarcoma. Thus, we have determined a mechanism in which Riluzole recruits YAP to induce 
apoptosis in osteosarcoma.

Results
Knockdown of YAP reduces Riluzole induced apoptosis in osteosarcoma. To determine if YAP is 
a key protein involved in the execution of apoptosis by Riluzole, we have knocked down the expression of YAP 
using lentivirus expressing shRNA against YAP. Stable cell lines expressing shRNA for YAP or non-target shRNA 
as a control were tested in a TUNEL assay. Wild type LM7 containing non-target shRNA control showed apop-
tosis upon Riluzole treatment compared to DMSO treated control. The number of DAPI positive cells reduced 
significantly due to loss of cells from apoptosis. However, in stable cell lines LM7shYAP-1 lines and LM7shYAP-2 
with YAP knockdown, Riluzole failed to induce apoptosis as seen by the number of DAPI positive cells, which 
are not significantly different from the DMSO control sample (Fig. 1A). The percentage of apoptosis was deter-
mined by quantifying the number of TUNEL positive apoptotic cells compared to the DAPI positive cells. The 
representative images of the TUNEL assay are shown (Fig. 1B). The results clearly show a highly significant 
decrease in apoptosis in LM7shYAP-1 and LM7shYAP-2 cells without YAP (Fig. 1C). Stable LM7shYAP-1 and 
LM7shYAP-2 cells showed a significantly reduced expression of YAP compared to WT with the control shRNA 
in western blots with anti-YAP antibody. GAPDH expression is shown as a loading control (Fig. 1D). The results 
provide evidence that YAP plays an important role in the induction of apoptosis by Riluzole in LM7 cells.

Riluzole changes the localization of endogenously and exogenously expressed YAP from 
cytoplasmic to nuclear. We have shown that Riluzole effectively induces apoptosis in human metastatic 
osteosarcoma and mouse osteosarcoma cell  lines8. Phosphorylation of YAP at specific sites controls cytoplasmic 
versus nuclear localization of YAP thereby controlling YAP stability and transcriptional activation  function39–41. 
To investigate the mechanism of action of Riluzole in apoptosis, we studied the effect of Riluzole on the cel-
lular localization of endogenous YAP in LM7 cells. Low serum is known to induce apoptosis by translocation 
of YAP in HEK  cells39. Therefore, we studied the effect of low (0.5%) or normal (10%) serum on the subcellular 
localization of YAP. In both 0.5% and 10% serum, Riluzole significantly shifted the localization of endogenous 
YAP from cytoplasm to nucleus as seen by the increase in cytoplasmic + nuclear or increase in nuclear locali-
zation (Fig. 2A,C). Thus, our data showed that Riluzole changed the localization of endogenous YAP in low 
and high serum growth conditions. We stably expressed Myc-tagged YAP using a lentivirus expression system 
in LM7 cells (LM7-WTYAP) and tested the effect of Riluzole on cellular localization of exogenous YAP. We 
performed localization experiments as described above using anti-Myc antibody and secondary antibody con-
jugated to Alexa-488. As expected, Riluzole changed the localization of Myc-tagged YAP from cytoplasm to 
nucleus (Fig. 2E).

Riluzole affects the localization of YAP mutant (S5A) in a similar fashion to WT YAP. YAP 
induces the transcription of either pro-proliferating genes or pro-apoptotic genes depending on the phospho-
rylation of distinct  sites30,36. For example, the phosphorylation of serine at S61, S109, S127, S164, and S397 is 
known to induce cell  growth38. We used a lentivirus expressing Myc-tagged YAP mutant, YAPS5A (five serines at 
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Figure 1.  YAP knockdown decreases Riluzole induced apoptosis in LM7 cells. (A) Apoptosis in WT LM7 cells 
with control shRNA or LM7shYAP-1and LM7shYAP-2 with shYAP were treated with Riluzole (100 μM) or 
DMSO for control. DAPI positive and TUNEL positive cells were scored by fluorescence microscopy. Triplicate 
samples were analyzed for each treatment. The experiment was repeated three times, p value ***< 0.001. (B) 
Representative images of TUNEL assay are shown. (C) Percentage of apoptotic cells was analyzed based on the 
number of DAPI positive and TUNEL positive cells. (D) Western blot of YAP expression in WT LM7 cells and 
LM7shYAP cells using mouse anti-YAP antibody and reprobed with rabbit anti-GAPDH as a loading control.
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61, 109, 127, 164, and 397 were changed to alanine) to make stable cell lines expressing YAPS5A. We then tested 
the effect of Riluzole on stable LM7 cell line expressing Myc-YAPS5A (LM7-YAPS5A) on cellular localization 
and found that Riluzole still induced the translocation of cytoplasmic Myc-YAPS5A to nucleus (Fig. 2G). This 
suggested that the serines were not involved in the translocation of Myc-YAPS5A from cytoplasm to nucleus.

Riluzole decreases phosphorylation of YAP at serine 127. YAP phosphorylation at serine 127 by 
Akt or Lats causes cytoplasmic retention and inhibits YAP from activating pro-apoptotic  genes34,38,39,49. We show 
that Riluzole decreases the phosphorylation of YAP at serine 127 (Fig. 2I,J). The decrease in S127 phosphoryla-
tion thereby prevents cytoplasmic sequestration. Together the data in Fig. 2 demonstrates that Riluzole decreases 
S127 phosphorylation and affects the change in the localization of YAP to nucleus by decreasing cytoplasmic 
sequestration.

Riluzole‑induced apoptosis is blocked by c‑Abl kinase inhibitors. YAP is shown to be phosphoryl-
ated by c-Abl kinase in response to DNA damage in HEK293  cells50,51. We wanted to test if the phosphoryla-
tion of YAP by c-Abl kinase plays a role in LM7 apoptosis, we performed a cell viability assay in the presence 
of various concentrations of two known c-Abl kinase inhibitors, PPY A and GNF-5. We tested both PPY A or 
GNF-5 alone or in the presence of Riluzole. The results, presented as percent of control sample, show that PPY 
A or GNF-5 did not significantly affect the viability of the cells on their own but prevented Riluzole-induced 
loss of viability suggesting that c-Abl kinase may be involved in Riluzole-induced apoptosis (Fig. 3A). We also 
measured the effect of c-Abl kinase inhibitors on Riluzole-induced nuclear localization of YAP. Both PPY A and 
GNF-5 were able to prevent Riluzole-induced nuclear localization of YAP (Fig. 3B) suggesting the involvement 
of c-Abl kinase in Riluzole induced apoptosis.

Riluzole rapidly induces oxidative stress in LM7 cells. In hepatocellular carcinoma, Riluzole inhib-
ited proliferation by elevating oxidative stress in vitro and in Huh7 xenograft  model18. We found that inhibitors 
of c-Abl kinase blocked Riluzole-induced cytotoxicity. It is well known that c-Abl kinase is activated under 
conditions that induce DNA damage, such as an increase in oxidative  stress51. We tested if Riluzole induces 
oxidative stress in osteosarcoma cells by measuring intracellular ROS. Riluzole induced significant increase in 
ROS at 50 μM, which was further enhanced at 100 μM (Fig. 3C). At 50 μM Riluzole induced comparable levels 
of ROS as 100 μM  H2O2. This data clearly demonstrated that Riluzole increases oxidative stress, which may lead 
to the activation of c-Abl kinase.

Riluzole‑induced apoptosis is blocked by the knockdown of c‑Abl Kinase. To further confirm the 
role of c-Abl kinase in Riluzole-induced apoptosis in LM7 cells, we knockdown c-Abl kinase by using shc-Abl 
kinase and selected stable LM7 cell lines by screening for the expression of c-Abl kinase. We selected two stable 
cell lines represented as LM7shc-Abl-1 and LM7shc-Abl-2, and tested the cell viability in the presence of vari-
ous doses of Riluzole. The results show that Riluzole failed to induce apoptosis even at very high doses of 80 μM 
(Fig. 4A) for both cell lines, LM7shc-Abl-1 and LM7shc-Abl-2. The expression of c-Abl kinase protein in the 
WT cells and LM7shc-Abl kinase knockdown of two cell lines show significant reduction in c-Abl kinase protein 
levels with GAPDH as a loading control (Fig. 4B). The results of this experiment demonstrate that c-Abl kinase 
is necessary for Riluzole-induced apoptosis.

Riluzole activates c‑Abl kinase to phosphorylate YAP at tyrosine 357. We then assessed the phos-
phorylation status of YAP at Y357 after Riluzole treatment. LM7 cells were either treated with Riluzole or the 
combination of Riluzole with either c-Abl kinase inhibitors or DMSO as a control. Whole cell extracts were 
prepared and immunoprecipitation was carried out using anti YAP antibody. The immunoprecipitated samples 
were analyzed by western blot using anti phopsho YAP Y357 antibody. The results of the IP and western blot 
clearly show a robust phosphorylation of YAP in Riluzole treated sample but not in control. Moreover, PPY A 
and GNF-5 blocked the Riluzole-induced phosphorylation of YAP at Y357 (Fig. 5A). This result clearly demon-
strated that Riluzole activates c-Abl kinase, which phosphorylates YAP at Y357.

Figure 2.  Riluzole alters subcellular localization of YAP. (A). Subcellular localization of endogenous YAP 
was measured in LM7 cells grown in 0.5% serum, p value < 0.05**. (B) Representative images for LM7 cells 
grown in 0.5% serum. (C) In 10% serum, p value < 0.05**. (D) Representative images for LM7 cells grown 
in 10% serum. (E) Subcellular localization of stably expressed Myc-tagged WT-YAP in LM7 cells, p value 
< 0.05**. (F) Representative images for Myc-tagged WT-YAP in LM7 cells. (G) YAP mutant (YAP S5A) 
(C + N = cytoplasmic + nuclear), p value < 0.05**. (H). Representative images of Myc-tagged YAP mutant 
(YAP S5A) LM7 cells. The cells were treated with DMSO or Riluzole (50 μM) for 1 h, fixed and stained 
with either anti-YAP (A–D) or anti-Myc (E–H) antibody. The samples were mounted in DAPI containing 
media. Fluorescence microscopy was performed on blinded samples and YAP localization was analyzed from 
triplicate samples in each four independent experiments. (I) Whole cell extracts were analyzed by western blot 
using either anti-phospho 127, anti-YAP or anti tubulin antibodies. (J) Intensity of the bands was measured 
by densitometry using LiCOR imaging system. The ratio of Phospho YAP to total YAP is represented. The 
experiment was repeated this experiment three times with triplicate samples in each trial, p value < 0.005**.
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Riluzole promotes YAP interaction with p73. We further tested if Riluzole promoted the interaction 
between YAP and P73 in a co-immunoprecipitation assay. Extracts made from LM7 cells treated with either 
DMSO as control, Riluzole or Riluzole + PPY A were co-immunoprecipitated using anti-YAP antibody. The 
immunoprecipitated samples were analyzed using a western blot with anti-p73 antibody. The top panel in Fig. 5B 
shows an increased p73 with Riluzole treatment which is partially blocked by PPY A in Riluzole + PPY A. The 
lower panel shows the same blot reprobed with anti-YAP antibody to assess the amount of immunoprecipitated 
YAP (Fig. 5B).The ratio of densities of p73 to YAP shows the highest interaction between YAP and p73 in the 
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Figure 3.  (A) Inhibitors of c-Abl Kinase block Riluzole-induced apoptosis. (A) Cytotoxicity was measured 
using MTT assay in LM7 cells in the presence of 100 μM Riluzole, or PPY A or GNF-5 or Riluzole + PPY 
A or Riluzole + GNF-5, p value < 0.0001***. (B) Subcellular localization of YAP in the presence of Riluzole 
(100 μM) or Riluzole + PPY A (20 nM) or Riluzole + GNF-5 (220 nM), p value < 0.05**. (C) Intracellular ROS 
was measured in LM7 cells treated with Riluzole or  H2O2 as a positive control. These experiments were repeated 
three times with triplicate samples, p value < 0.05**.

Figure 4.  c-Abl Kinase is required for Riluzole-induced apoptosis in LM7 Cells. (A) LM7 cells with c-Abl 
kinase knockdown were tested for Riluzole sensitivity at various doses as indicated in a MTT assay. Data for two 
independent selected stable cells lines, LM7shc-Abl-1 and LM7shc-Abl-2, is shown. (B) Western blot of c-Abl 
kinase knockdown and GAPDH is shown as a control.
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presence of Riluzole, and a decrease in the interaction between YAP and p73 is seen in the presence of PPY A 
(Fig. 5C). This data demonstrates that Riluzole promotes interaction between YAP and p73 as an early molecular 
event to induce apoptosis in osteosarcoma (model Fig. 7).

Riluzole induces Bax expression. YAP overexpression is known to enhance p73 mediated Bax expres-
sion in breast and colon cancer cell lines upon exposure to DNA damaging  agents34,52. Moreover, YAP phospho-
rylation at Y357 facilitates binding to p73 to activate transcription of pro-apoptotic genes such as Bax, DR5, and 
 PUMA45,53,54. To determine the effect of Riluzole on Bax expression we performed western blots using anti-Bax 
antibody on LM7 whole cells extracts. Bax expression in LM7 cells was enhanced by Riluzole and was par-
tially blocked by c-Abl kinase inhibitor, PPY A (Fig. 6A,B). As expected, increase in caspase activation was also 
observed with increased duration of Riluzole treatment at 12 h, 24 and 48 h in LM7 cells (Fig. 6C). In a luciferase 
reporter assay, Riluzole increased Bax promoter driven luciferase expression, however, luciferase expression 
was significantly enhanced by Riluzole when YAP and p73 were exogenously overexpressed in LM7 cells. The 
increase in Bax luciferase expression with Riluzole in LM7 cells expressing exogenous YAP and p73 was blocked 
by PPY A suggesting the involvement of c-Abl kinase in the activation of Bax promoter through phosphoryla-
tion of YAP at Y357 (Fig. 6D). To assess the transcriptional regulation at the endogenous Bax promoter by YAP, 
p73 and RNA polymerase II activity upon Riluzole treatment, a chromatin immunoprecipitation (ChIP) assay 
was performed followed by qPCR to detect and quantitate Bax promoter. Compared to the untreated samples, 
2–threefold enhancements in the occupancy of the Bax promoter by YAP, p73 and RNA polymerase II were 
observed at 2 h, 3.6–5-fold enhancements were observed at 4 h and then a decrease to 1.3–3.2-fold enhance-
ments were observed at 6 h after Riluzole treatment. The maximum occupancy by YAP, p73 and RNA Poly-
merase II was observed at 4 h after Riluzole treatment (Fig. 6E). The data in Fig. 6 demonstrated that Riluzole 
induced Bax expression by promoting interaction between YAP and p73 which bind to the Bax promoter along 
with RNA polymerase II to activate transcription of Bax gene. A model representing the mechanism of action of 
Riluzole-induced apoptosis in osteosarcoma is shown in Fig. 7 (“Supplementary information”).

Discussion
Our study demonstrates the mechanism of action of Riluzole-induced apoptosis in osteosarcoma, which involves 
phosphorylation of YAP by c-Abl kinase, to promote interaction with p73 leading to the activation of pro-
apoptotic genes. Our data showed that Riluzole changed the localization of YAP from cytoplasmic to nuclear 
by phosphorylating YAP at tyrosine 357. Riluzole does this by activating c-Abl kinase, which is known to be 
induced by stress under DNA damage conditions. Phosphorylation of serine 127 is known to sequester YAP in 

Figure 5.  Riluzole induces phosphorylation of YAP at Y357 to promote binding of YAP with p73. (A) Whole 
cell extracts of treated LM7 cells with DMSO, Riluzole (50 μM) or Riluzole (50 μM) + PPY A (20 nM) were 
blotted with rabbit anti-YAP (phosphoY357) antibody and the blot was reprobed with mouse anti-YAP 
antibody. (B) Co-immunoprecipitation was performed to assess interaction between endogenous YAP and p73 
using whole cell extracts. Samples were immunoprecipitated with mouse anti-YAP antibody and the western 
blot was probed with rabbit anti-p73 antibody, the blot was reprobed with mouse anti-YAP antibody. An asterisk 
next to the band indicates a nonspecific band. (C) The densities of the immunoprecipitated p73 and YAP were 
quantified to measure the ratio of p73/YAP. These experiments were repeated three times to confirm the results, 
p value < 0.05**, IP immunoprecipitation.
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cytoplasm and phosphorylation at serine 381 is shown to promote ubiquitin mediated degradation of  YAP34,38,55. 
The 5SYAP mutant used in our localization studies included mutations of serine at 127 and 397 demonstrating 
that these residues are not important for YAP localization to nucleus, prompting the involvement of phosphoryla-
tion of residues other than the 5 mutated serine residues (serine 61, 109, 127, 164, and 397). Based on our data, 
we believe that nuclear localization of YAP was facilitated by changes in phosphorylation, both by a decrease in 
S127 phosphorylation and an increase in Y357 phosphorylation. This effectively promoted association of YAP 
with p73 to activate pro-apoptotic genes.

Figure 6.  Riluzole enhances Bax expression by inducing Bax promoter activity in LM7 cells. (A) Whole 
cell extracts from LM7 cells were probed with anti-Bax antibody to determine the effect of Riluzole (50 μM) 
and Riluzole (50 μM) + PPY A (20 nM) on Bax expression, α tubulin is used as a loading control. (B) Bar 
graph showing densities of bands from 3 independent experiments. (C) Caspase assay represents data from 
3 independent experiments, p value = 0.003***. (D) Bax promoter driven luciferase expression was measured 
in LM7 cells. LM7 cells were treated with DMSO or Riluzole (50 μM) or Riluzole (50 μM) + PPY A (20 nM) 
for 24 h, p value < 0.05**. (E) Fold enhancement of the Bax promoter activity was measured using Chromatin 
Immunoprecipitation assay using anti YAP, anti p73 and or Polymerase II antibodies followed by qPCR to detect 
and quantify fold induction of Bax promoter. Representative data of three independent experiments is shown, p 
value < 0.5* p value < 0.05**. p value < 0.005***.
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Earlier studies by others demonstrated YAP phosphorylation by c-Abl kinase as a critical step in inducing 
apoptosis under DNA damage conditions. c-Abl kinase phosphorylated YAP at tyrosine 357 which stabilized 
YAP to promote its interaction with  p7351. Our data shows an increase in ROS production upon Riluzole treat-
ment, which may lead to DNA damage. Moreover, we showed the inhibition of Riluzole-induced apoptosis in 
the presence of two specific c-Abl kinase inhibitors, PPY A and GNF-5, demonstrating the involvement of c-Abl 
kinase in Riluzole-induced apoptosis. This finding was strengthened by data from c-Abl knockdown in LM7 
cells in which Riluzole failed to induced apoptosis even at high doses, supporting the necessity of c-Abl kinase 
in Riluzole-induced apoptosis.

YAP was shown to associate with p73 through the interaction of the WW domain YAP and PPPY motif of 
 P7346. Furthermore, YAP was shown to stabilize p73 by competing for binding to E3 ubiquitin ligase, Itch, to 
prevent p73  degradation44. Subsequently, in cisplatin-induced c-jun-mediated apoptosis, YAP was shown to play 
a critical role by stabilizing  p7356. Interestingly, a switch in YAP activity from anti-apoptotic to pro-apoptotic 
was shown to involve phosphorylation of YAP by c-Abl kinase under conditions of DNA-damage. Moreover, 
YAP was shown to recruit p73 to promoters to activate the transcription of apoptotic genes and also promoted 
p300-mediated p73 acetylation to enhance the transcriptional potential of  p7352. YAP phosphorylated at Y357 
binds to P73 to activate transcription of pro-apoptotic genes such as Bax, DR5, and  PUMA45,53,54,57. Therefore, 
YAP regulates stability of p73, enhances transcription activity of p73 by acetylation and binds to pro-apoptotic 
genes promoters with p73 to activate transcription of pro-apoptotic  genes45,52. Consistent with these findings, our 
data using chromatin immunoprecipitation assay followed by qPCR, has demonstrated that Riluzole increased 
occupancy of endogenous Bax promoter by YAP and p73, which recruited RNA polymerase II to activate tran-
scription from the Bax promoter.

Although Riluzole induces apoptosis in osteosarcoma in the xenograft mouse model, it needs to be deter-
mined if Riluzole activates c-Abl kinase and phosphorylates YAP at Y357 to induce apoptosis in vivo58. Riluzole 
has been shown to induce apoptosis through ER stress in prostate cancer cell  lines15. In hepatocellular carcinoma, 
Riluzole increased reactive oxygen species (ROS)18. It would be interesting to investigate if Riluzole activates c-Abl 
kinase in prostate cancer, hepatocellular carcinoma or in melanoma during apoptosis. Interestingly, Riluzole has 
been shown to cause an increase in cytosolic  Ca2+ in human osteosarcoma MG63  cells59. It is conceivable that 
increase in cytosolic  Ca2+ may be a very early event in the action of Riluzole. Our data demonstrates that Riluzole 
increases oxidative stress after 2 h of treatment with Riluzole in osteosarcoma, unlike the 24 h of treatment in 
hepatocellular  carcinoma18. This data is also supported by the detection of YAP phosphorylation at Y357 after 
2 h of Riluzole treatment. Furthermore, in prostate cancer cells, Riluzole has been shown to cause caspase activa-
tion via endoplasmic reticulum (ER)  stress15. More recently, Riluzole is shown to have anti-tumorigenic effects 
in prostate cancer cells via ER stress-induced degradation of androgen receptor, thereby decreasing expressions 
of target genes such as prostate specific antigen (PSA)60. Our findings have demonstrated that Riluzole action 
on osteosarcoma cells is 2-fold: (1) deprives cells of glutamate so the growth signaling is  inhibited8, (2) induces 
apoptosis by activating c-Abl kinase to phosphorylate YAP at Y357 for the regulation of pro-apoptotic gene 
transcription. Our studies provide a mechanism of action of Riluzole in inducing apoptosis in osteosarcoma 
cells. We believe that the use of Riluzole in combination with surgery may show a favorable outcome for therapy 
for osteosarcoma.

Materials and methods
Cell culture. LM7  cells9 were maintained in DMEM supplemented with 4.5% glucose, 1 mM pyruvate, 10% 
fetal bovine serum, 2 mmol/l GlutaMAX-I, 100 units/ml penicillin and 100 μg/ml  streptomycin9. Cells were 
passaged every 4 days. Cells were maintained at 37 °C with 95% air and 5%  CO2. The Saos-2-LM7 cells were 
provided by Dr. Eugenie Kleinerman, MD Anderson Cancer Center, Houston.

Drug treatments. For TUNEL assay or MTT assay the cells were seeded and 24 h later the cells were treated 
with drugs such as 100 μM Riluzole, or PPY A (10 nM, 20 nM or 40 nM) or GNF-5 (110 nM, 220 nM 0r 2 μM) 
as specified in each experiment for 24 h. For western blots and co-immunoprecipitation assays, the cells were 

Figure 7.  Mechanism of action of Riluzole-induced apoptosis in osteosarcoma. A schematic representation of 
the mechanism of Riluzole action is shown.
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seeded and after 24 h the cells were treated with 100 μM Riluzole or 20 μM PPY A or 220 nM GNF-5 for 2 h. 
When combination of c-Abl kinase inhibitors were used with Riluzole, the inhibitors were added 15 min prior to 
the treatment of Riluzole. All drugs were purchased from R&D systems, Minneapolis, MN.

TUNEL assay. The TUNEL assay was performed using the in situ cell death detection kit from Roche as per 
manufacturer’s instructions. Briefly, 1.5 ×  104 cells seeded onto polylysine coated coverslips in 24 well plates, after 
24 h were treated with 100 μM Riluzole for 24 h. The cells were fixed with 4% paraformaldehyde and permeabi-
lized in 0.2% Triton X-100, the fixed cells were incubated with the TUNEL reagent containing TMR red labeled 
nucleotides at 37 °C for 1 h. The samples were washed in 1× PBS three times and mounted in mounting media 
containing DAPI. Fluorescent images were captured using a Zeiss fluorescence microscope at 20× magnification. 
The total number of DAPI positive cells and total number of TUNEL positive cells were counted from at least five 
images from each sample. Each experiment was repeated four times with triplicate samples.

Subcellular localization. Retroviruses for Myc-tagged WT YAP (Addgene # 33091) and 5SA YAP 
(Addgene # 33093) in pQCXIH vector (from the laboratory of Dr. Kung-Lian Guan) were produced in 293-
GP cells and pseudotyped with VSV-G. LM7 cells were infected with different titers of Myc-tagged WT YAP 
or Myc-tagged 5SA YAP retrovirus and stable cells were selected in media containing 500 μg/ml hygromycin. 
Subcellular localization of endogenous YAP or stably expressed Myc-tagged WT-YAP or Myc-tagged YAPS5A 
was measured in LM7 cells grown in 0.5% serum or in 10% serum. The cells were treated with DMSO or Riluzole 
(50 μM) for 1 h, fixed and stained with either anti YAP (A and B) or anti-C Myc monoclonal antibody (9MA1-
980, Thermo Fisher Scientific) and secondary antibodies Alexa 488 (A-11001, Thermo Fisher Scientific). Fluo-
rescence microscopy was performed on blinded samples, images were captured at 40X, and YAP localization 
was analyzed. The cells were scored for either cytoplasmic or nuclear or both cytoplasmic and nuclear (C + N) 
localization. We used DAPI to count the total number of cells.

Knockdown of YAP and c‑Abl kinase, shRNA. YAP 1 expression was knocked down using Lentivirus 
vector TRC version 2, pLKO.1-puro vector, expressing shRNA for YAP, non-target shRNA (SCH002) was used 
as control. The lentiviruses for YAP 1 and control were produced using 293 T cells using pVSV-G, pLP1 and 
pLP2 as helper plasmids. LM7 cells were infected with various titers of viruses expressing either shRNA for YAP 
1 or virus containing control shRNA. Stable cells were selected in media containing puromycin (1.5 μg/ml). 
Stable cells containing the control shRNA or expressing shRNA for YAP were isolated as individual colonies and 
tested for expression of YAP. ABL1 MISSION shRNA Lentiviral Transduction Particles c-Abl oncogene 1, non-
receptor tyrosine kinase, (Clone ID:NM_005157.3-3354s1c1 (TRCN0000288647 CCG GCC TCA GTT CGG TGA 
AGG AAA TCT CGA GAT TTC CTT CAC CGA ACT GAG GTT TTTG) in pLKO.1 vector) were purchased from 
Millipore Sigma. Viral particles with c-Abl shRNA or control shRNA were titrated to infect LM7 cells. Stable 
cells were selected in media containing puromycin (1.5 μg/ml). Twenty five colonies expressing shRNA for c-Abl 
kinase were selected and four colonies were expanded and tested for expression of c-Abl kinase by western blot-
ting using mouse anti c-Abl kinase (MAB1130, Millipore Sigma).

MTT assay for measuring cytotoxicity. LM7 cells (300 cells/well) seeded in 96 wells in plates. After 24 h 
the cells were treated with either DMSO, 100 μM Riluzole, PPY A (10 nM, 20 nM or 40 nM) or GNF-5 (110 nM, 
220 nM 0r 2 μM), 100 μM Riluzole + PPY A (10 nM, 20 nM or 40 nM) or 100 μM Riluzole + GNF-5 (110 nM, 
220 nM or 2 μM) indicated concentrations in fresh media. The cells were incubated for 48 h and MTT assay was 
performed. 10 μl of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution was added 
to cells at 5 mg/ml concentration. The cells were incubated for 2 h and the precipitated crystals were solubilized 
in DMSO and the absorbance was measured at 570 nm with a reference wavelength at 670 nm.

Reactive Oxygen Species (ROS) assay. LM7 cells were seeded in a 24-well plate (120,000/well). After 
24 h, the cells were either not treated for control or treated with Riluzole 50 μM or 100 μM for 2 h. Reactive Oxy-
gen Species were measured by OxiSelect Intracellular ROS assay Kit (Green Fluorescence) (Cell Biolabs, Inc). 
Briefly, the cells were washed with 1× PBS and loaded with cell permeable fluorogenic probe 2′7′-dichlorodihy-
drofluorescin diacetate (DCFH-DA) in serum-free media and incubated for 1 h. 100 μM  H2O2 was added during 
the incubation to treat cells for 30 min. The cells were washed and lysed in 1× lysis buffer diluted in serum-free 
media and the fluorescence was measured using fluorescence plate reader at 480 nm/530 nm using Molecular 
device Spectramax i3 plate reader. Background fluorescence from cells was subtracted from the Riluzole and 
 H2O2 treated samples. The experiment was repeated three times with triplicate samples.

Western blotting. Western blotting was carried out using whole cell extracts made in buffer (400 mM KCl, 
10 mM Tris–HCl [pH 7.9], 5% glycerol, 0.25% NP-40, 0.2 mM EDTA, 0.5 mM phenylmethylsulphonyl fluoride, 
0.2 mM sodium vanadate, 50 μM sodium fluoride). Antibodies used were mouse anti-YAP antibody (ab56701, 
Abcam), rabbit anti-YAP (phospho Y357) antibody (ab62751, Abcam), rabbit anti-p73 antibody (ab14430, 
Abcam), mouse anti c-Abl kinase (MAB1130, Millipore Sigma), and rabbit anti-GAPDH (10494-1-AP, Protein-
tech). Anti-Bax antibody (50599-2-IG, Proteintech) Signal was detected using chemiluminescence using Pierce 
reagents. Western blots were read using C-Digit and bands were quantified by measuring the relative densities 
of the bands using Li-Cor software. The ratio of the phosphorylated protein to total protein was calculated and 
analyzed by Student’s T test.
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Co‑immunoprecipitation and Western blotting. LM7 cells were grown in 10 cm dishes to 70–80% 
confluency and treated with either DMSO, Riluzole, PPY A, GNF-5, Riluzole + PPY A or Riluzole + GNF-5 for 
2 h. Whole cell extracts were made in buffer (400 mM KCl, 10 mM Tris–HCl [pH 7.9], 5% glycerol, 0.25% NP-40, 
0.2 mM EDTA, 0.5 mM phenylmethylsulphonyl fluoride, 0.2 mM sodium vanadate, 50 μM sodium fluoride) 
and diluted with a buffer without salt to bring the KCl concentration to 200 mM. Protein A beads pre-incubated 
with anti-YAP antibody were added to whole cell protein extracts with protease and phosphatase inhibitors 
were incubated for 2 h at 4 °C. The beads were washed with buffer (200 mM KCl, 10 mM Tris–HCl [pH 7.9], 
5% glycerol, 0.25% NP-40, 0.2 mM EDTA, 0.5 mM phenylmethylsulphonyl fluoride, 0.2 mM sodium vanadate, 
50 μM sodium fluoride) and immunoprecipitated sample was analyzed by western blot using either anti-phos-
phoYAPY357 antibody or anti-P73 antibody. The blots were reprobed with anti YAP antibody to quantify the 
amount of immunoprecipitated YAP protein (ab56701, Abcam).

Caspase assay. LM7 cells were seeded at a density of 0.4 million per 10 cm dish and were treated next day 
with 100 μM Riluzole for 12 h, 24 h or 48 h. Caspase assay was performed using the Caspase-10 Fluorometric 
Assay Kit (BioVision K-124) as per the instructions of the kit. The caspase activity was normalized using protein 
concentration of the samples and the control values were subtracted from treated sample values.

Luciferase reporter assay. LM7 cells were seeded in 24-well plate (60,000 cells/well), the following day 
500 ng of luciferase reporter plasmid vectors, pCMV luciferase, or PGL3Bax luciferase along with 10 ng of TK 
Renilla luciferase plasmid to normalize for transfection efficiency or in combination with expression vectors. In 
LM7 cells, pBABEWTYAP, PBABEHAP73, and PGL3Bax were transfected using Lipofectamine 3000 reagents 
for 24 h. pGL3Bax luciferase transfected samples were treated with Riluzole (50 μM), Riluzole + PPYA (20 nM) 
or DMSO for control for 24 h. Cell lysates were prepared and assayed for luciferase according to the PIERCE 
Glow Firefly/Renilla luciferase assay and the plate was read at a 530 nm emission filter using Molecular device 
Spectramax i3 plate reader.

Chromatin immunoprecipitation assay. LM7 cells grown to confluency (10 million cells) on 15 cm 
dishes were treated with 100 μM Riluzole for 2, 4 and 6 h. The cells were fixed using 1% formaldehyde then 
quenched with 125 mM glycine. The cells were scraped off in ice cold PBS and pelleted down. The pellet was 
resuspended in swelling buffer and dounced 20 times. The pelleted nuclei were resuspended in ChIP lysis buffer 
and sonicated for 40 pulses at 80% amplitude on dry ice. The sonicated samples were then diluted in RIPA buffer 
and input was withdrawn before processing the samples further. The samples were subjected to immunopre-
cipitation overnight at 4  °C using sepharose A/G beads with antibodies against YAP (Cell Signaling 49125), 
p73 (Abcam ab215038) or RNA polymerase II (Cell Signaling 26293). The samples incubated with beads alone 
were used as control reference sample. The immunoprecipitated samples were then subjected to RNA digestion 
overnight and purified using PCR purification kit (Qiagen). The purified samples were diluted and then used 
for qPCR with SYBR-green mix reagent.  2−ΔΔCT method was used to calculate fold differences between samples 
using beads alone as control. Bax promoter primers used were: Bax R: 5′-AGC TGC CAC TCG GAA AAA GA-3′ 
and Bax F: 5′-AGG ATG CGT CCA CCA AGA AG-3′.

Statistical analysis. The overall significance was determined by one-way ANOVA using SPSS software and 
significance between each group was determined by post-hoc analysis using Tukey’s test.

Received: 2 March 2021; Accepted: 12 October 2021

References
 1. Srinivas, U. S., Tan, B. W. Q., Vellayappan, B. A. & Jeyasekharan, A. D. ROS and the DNA damage response in cancer. Redox Biol. 

25, 101084 (2019).
 2. Yang, Y. et al. Genetically transforming human osteoblasts to sarcoma: Development of an osteosarcoma model. Genes Cancer 

8(1–2), 484–494 (2017).
 3. Kaste, S. C., Pratt, C. B., Cain, A. M., Jones-Wallace, D. J. & Rao, B. N. Metastases detected at the time of diagnosis of primary 

pediatric extremity osteosarcoma at diagnosis: Imaging features. Cancer 86(8), 1602–1608 (1999).
 4. Mialou, V. et al. Metastatic osteosarcoma at diagnosis: Prognostic factors and long-term outcome—The French pediatric experi-

ence. Cancer 104(5), 1100–1109 (2005).
 5. Geller, D. S. & Gorlick, R. Osteosarcoma: A review of diagnosis, management, and treatment strategies. Clin. Adv. Hematol. Oncol. 

8(10), 705–718 (2010).
 6. Lindsey, B. A., Markel, J. E. & Kleinerman, E. S. Osteosarcoma overview. Rheumatol. Ther. 4(1), 25–43 (2017).
 7. Morrow, J. J. & Khanna, C. Osteosarcoma genetics and epigenetics: Emerging biology and candidate therapies. Crit. Rev. Oncog. 

20(3–4), 173–197 (2015).
 8. Liao, S. et al. Osteosarcoma cell proliferation and survival requires mGluR5 receptor activity and is blocked by Riluzole. PLoS ONE 

12(2), e0171256 (2017).
 9. Jia, S. F., Worth, L. L. & Kleinerman, E. S. A nude mouse model of human osteosarcoma lung metastases for evaluating new 

therapeutic strategies. Clin. Exp. Metastasis 17(6), 501–506 (1999).
 10. Martin, D., Thompson, M. A. & Nadler, J. V. The neuroprotective agent riluzole inhibits release of glutamate and aspartate from 

slices of hippocampal area CA1. Eur. J. Pharmacol. 250(3), 473–476 (1993).
 11. Doble, A. The pharmacology and mechanism of action of riluzole. Neurology 47(6 Suppl 4), S233–S241 (1996).



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:20974  | https://doi.org/10.1038/s41598-021-00439-8

www.nature.com/scientificreports/

 12. Hubert, J. P., Delumeau, J. C., Glowinski, J., Premont, J. & Doble, A. Antagonism by riluzole of entry of calcium evoked by NMDA 
and veratridine in rat cultured granule cells: Evidence for a dual mechanism of action. Br. J. Pharmacol. 113(1), 261–267 (1994).

 13. Liu, J. & Wang, L. N. The efficacy and safety of riluzole for neurodegenerative movement disorders: A systematic review with 
meta-analysis. Drug Deliv. 25(1), 43–48 (2018).

 14. Speyer, C. L. et al. Metabotropic glutamate receptor-1: A potential therapeutic target for the treatment of breast cancer. Breast 
Cancer Res. Treat. 132(2), 565–573 (2012).

 15. Akamatsu, K. et al. Riluzole induces apoptotic cell death in human prostate cancer cells via endoplasmic reticulum stress. Anticancer 
Res. 29(6), 2195–2204 (2009).

 16. Le, M. N. et al. The glutamate release inhibitor Riluzole decreases migration, invasion, and proliferation of melanoma cells. J. Invest. 
Dermatol. 130(9), 2240–2249 (2010).

 17. Mehnert, J.M., A.W. Silk, Y. Wen, J.H. Lee, L. Dudek, B.S. Jeong, J. Li, J.M. Schenkel, E. Sadimin, M. Kane, H. Lin, W.J. Shih, A. 
Zloza, S. Chen & J.S. Goydos. A phase II trial of riluzole, an antagonist of metabotropic glutamate receptor 1 (GRM1) signaling, 
in patients with advanced melanoma. Pigment Cell Melanoma Res. 31(4):534–540 (2018) 

 18. Seol, H. S. et al. Glutamate release inhibitor, Riluzole, inhibited proliferation of human hepatocellular carcinoma cells by elevated 
ROS production. Cancer Lett. 382(2), 157–165 (2016).

 19. Sperling, S., Aung, T., Martin, S., Rohde, V. & Ninkovic, M. Riluzole: A potential therapeutic intervention in human brain tumor 
stem-like cells. Oncotarget 8(57), 96697–96709 (2017).

 20. Sun, R., X. He, X. Jiang & H. Tao. The new role of riluzole in the treatment of pancreatic cancer through the apoptosis and autophagy 
pathways. J. Cell Biochem. Nov 11. https:// doi. org/ 10. 1002/ jcb. 29533  (2019)

 21. Yelskaya, Z. et al. Synergistic inhibition of survival, proliferation, and migration of U87 cells with a combination of LY341495 and 
Iressa. PLoS ONE 8(5), e64588 (2013).

 22. Yip, D. et al. A phase 0 trial of riluzole in patients with resectable stage III and IV melanoma. Clin. Cancer Res. 15(11), 3896–3902 
(2009).

 23. Zhang, C. et al. Anti-cancer effect of metabotropic glutamate receptor 1 inhibition in human glioma U87 cells: Involvement of 
PI3K/Akt/mTOR pathway. Cell Physiol. Biochem. 35(2), 419–432 (2015).

 24. Fu, V., Plouffe, S. W. & Guan, K. L. The Hippo pathway in organ development, homeostasis, and regeneration. Curr. Opin. Cell 
Biol. 49, 99–107 (2017).

 25. Fulford, A., Tapon, N. & Ribeiro, P. S. Upstairs, downstairs: Spatial regulation of Hippo signalling. Curr. Opin. Cell Biol. 51, 22–32 
(2017).

 26. Maugeri-Sacca, M. & R. De Maria. The Hippo pathway in normal development and cancer. Pharmacol. Ther. Jun;186:60-72 (2018).
 27. Watt, K. I., Harvey, K. F. & Gregorevic, P. Regulation of tissue growth by the mammalian hippo signaling pathway. Front. Physiol. 

8, 942 (2017).
 28. Yu, F. X. et al. Regulation of the Hippo-YAP pathway by G-protein-coupled receptor signaling. Cell 150(4), 780–791 (2012).
 29. Basu-Roy, U. et al. Sox2 antagonizes the Hippo pathway to maintain stemness in cancer cells. Nat. Commun. 6, 6411 (2015).
 30. Bertini, E., Oka, T., Sudol, M., Strano, S. & Blandino, G. YAP: At the crossroad between transformation and tumor suppression. 

Cell Cycle 8(1), 49–57 (2009).
 31. Campbell, K. N. et al. Yes-associated protein (YAP) promotes cell survival by inhibiting proapoptotic dendrin signaling. J. Biol. 

Chem. 288(24), 17057–17062 (2013).
 32. Shen, Z. & Stanger, B. Z. YAP regulates S-phase entry in endothelial cells. PLoS ONE 10(1), e0117522 (2015).
 33. Zhu, C., Li, L. & Zhao, B. The regulation and function of YAP transcription co-activator. Acta Biochim. Biophys. Sin (Shanghai) 

47(1), 16–28 (2015).
 34. Basu, S., Totty, N. F., Irwin, M. S., Sudol, M. & Downward, J. Akt phosphorylates the Yes-associated protein, YAP, to induce interac-

tion with 14-3-3 and attenuation of p73-mediated apoptosis. Mol. Cell 11(1), 11–23 (2003).
 35. Tomlinson, V. et al. JNK phosphorylates Yes-associated protein (YAP) to regulate apoptosis. Cell Death Dis. 1, e29 (2010).
 36. Wang, H., Du, Y. C., Zhou, X. J., Liu, H. & Tang, S. C. The dual functions of YAP-1 to promote and inhibit cell growth in human 

malignancy. Cancer Metastasis Rev. 33(1), 173–181 (2014).
 37. Dong, J. et al. Elucidation of a universal size-control mechanism in Drosophila and mammals. Cell 130(6), 1120–1133 (2007).
 38. Hao, Y., Chun, A., Cheung, K., Rashidi, B. & Yang, X. Tumor suppressor LATS1 is a negative regulator of oncogene YAP. J. Biol. 

Chem. 283(9), 5496–5509 (2008).
 39. Oka, T., Mazack, V. & Sudol, M. Mst2 and Lats kinases regulate apoptotic function of Yes kinase-associated protein (YAP). J. Biol. 

Chem. 283(41), 27534–27546 (2008).
 40. Zhao, B., Li, L., Lei, Q. & Guan, K. L. The Hippo-YAP pathway in organ size control and tumorigenesis: an updated version. Genes 

Dev. 24(9), 862–874 (2010).
 41. Wang, J., Sinnett-Smith, J., Stevens, J. V., Young, S. H. & Rozengurt, E. Biphasic regulation of Yes-associated protein (YAP) cellular 

localization, phosphorylation, and activity by G protein-coupled receptor agonists in intestinal epithelial cells: A NOVEL ROLE 
FOR PROTEIN KINASE D (PKD). J. Biol. Chem. 291(34), 17988–18005 (2016).

 42. Yuan, Z. M. et al. p73 is regulated by tyrosine kinase c-Abl in the apoptotic response to DNA damage. Nature 399(6738), 814–817 
(1999).

 43. Reuven, N., Adler, J., Meltser, V. & Shaul, Y. The Hippo pathway kinase Lats2 prevents DNA damage-induced apoptosis through 
inhibition of the tyrosine kinase c-Abl. Cell Death Differ. 20(10), 1330–1340 (2013).

 44. Levy, D., Adamovich, Y., Reuven, N. & Shaul, Y. The Yes-associated protein 1 stabilizes p73 by preventing Itch-mediated ubiquit-
ination of p73. Cell Death Differ. 14(4), 743–751 (2007).

 45. Strano, S. et al. The transcriptional coactivator Yes-associated protein drives p73 gene-target specificity in response to DNA Dam-
age. Mol. Cell 18(4), 447–459 (2005).

 46. Strano, S. et al. Physical interaction with Yes-associated protein enhances p73 transcriptional activity. J. Biol. Chem. 276(18), 
15164–15173 (2001).

 47. Agami, R., Blandino, G., Oren, M. & Shaul, Y. Interaction of c-Abl and p73alpha and their collaboration to induce apoptosis. Nature 
399(6738), 809–813 (1999).

 48. Gong, J. G. et al. The tyrosine kinase c-Abl regulates p73 in apoptotic response to cisplatin-induced DNA damage. Nature 399(6738), 
806–809 (1999).

 49. Zhao, B. et al. Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth 
control. Genes Dev. 21(21), 2747–2761 (2007).

 50. Keshet, R. et al. c-Abl antagonizes the YAP oncogenic function. Cell Death Differ. 22(6), 935–945 (2015).
 51. Levy, D., Adamovich, Y., Reuven, N. & Shaul, Y. Yap1 phosphorylation by c-Abl is a critical step in selective activation of proap-

optotic genes in response to DNA damage. Mol. Cell 29(3), 350–361 (2008).
 52. Lapi, E. et al. PML, YAP, and p73 are components of a proapoptotic autoregulatory feedback loop. Mol. Cell 32(6), 803–814 (2008).
 53. Howell, M., Borchers, C. & Milgram, S. L. Heterogeneous nuclear ribonuclear protein U associates with YAP and regulates its 

co-activation of Bax transcription. J. Biol. Chem. 279(25), 26300–26306 (2004).
 54. Xiao, Q. et al. Depletion of CABYR-a/b sensitizes lung cancer cells to TRAIL-induced apoptosis through YAP/p73-mediated DR5 

upregulation. Oncotarget 7(8), 9513–9524 (2016).

https://doi.org/10.1002/jcb.29533


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20974  | https://doi.org/10.1038/s41598-021-00439-8

www.nature.com/scientificreports/

 55. Zhao, B., Li, L., Tumaneng, K., Wang, C. Y. & Guan, K. L. A coordinated phosphorylation by Lats and CK1 regulates YAP stability 
through SCF(beta-TRCP). Genes Dev. 24(1), 72–85 (2010).

 56. Danovi, S. A. et al. Yes-associated protein (YAP) is a critical mediator of c-Jun-dependent apoptosis. Cell Death Differ. 15(1), 
217–219 (2008).

 57. Matallanas, D. et al. RASSF1A elicits apoptosis through an MST2 pathway directing proapoptotic transcription by the p73 tumor 
suppressor protein. Mol. Cell 27(6), 962–975 (2007).

 58. Raghubir, M., Rahman, C. N., Fang, J., Matsui, H. & Mahajan, S. S. Osteosarcoma growth suppression by riluzole delivery via iron 
oxide nanocage in nude mice. Oncol. Rep. 43(1), 169–176 (2020).

 59. Jan, C. R., Lu, Y. C., Jiann, B. P., Chang, H. T. & Huang, J. K. Effect of riluzole on cytosolic  Ca2+ increase in human osteosarcoma 
cells. Pharmacology 66(3), 120–127 (2002).

 60. Wadosky, K. M., Shourideh, M., Goodrich, D. W. & Koochekpour, S. Riluzole induces AR degradation via endoplasmic reticulum 
stress pathway in androgen-dependent and castration-resistant prostate cancer cells. Prostate 79(2), 140–150 (2019).

Acknowledgements
We are grateful to Dr. Alka Mansukhani and Dr. Upal Basu-Roy for reagent and insightful discussions on the pro-
ject. We thank Prof. Yosef Shaul for the generous gift of pGL3Bax, p73, and YAP plasmids. We thank Thongthai 
Thavornwatanayong for statistical Analyses. We thank Dr. Alka Mansukhani and Dr. Muktar Mahajan for criti-
cal review of the manuscript. The study was supported by funding from PSC-CUNY Grant (62504-00 50) and 
NIGMS, NIH funding (1SC1GM131929- 01A1).

Author contributions
The study was conceived, designed, supervised by S.S.M. The manuscript was drafted by S.S.M. The experiments 
were conducted by S.S.M., M.R., S.M.A., R.H., C.N.R., L.W., S.Y., YQ.H., R.Z., A.B., I.T., C.T., S.L., L.C., Y.C. 
and S.C. S.M.A. wrote part of the Methods section, performed statistical analyses and rendered the cell images 
for Fig. 7.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 00439-8.

Correspondence and requests for materials should be addressed to S.S.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-00439-8
https://doi.org/10.1038/s41598-021-00439-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Riluzole-induced apoptosis in osteosarcoma is mediated through Yes-associated protein upon phosphorylation by c-Abl Kinase
	Results
	Knockdown of YAP reduces Riluzole induced apoptosis in osteosarcoma. 
	Riluzole changes the localization of endogenously and exogenously expressed YAP from cytoplasmic to nuclear. 
	Riluzole affects the localization of YAP mutant (S5A) in a similar fashion to WT YAP. 
	Riluzole decreases phosphorylation of YAP at serine 127. 
	Riluzole-induced apoptosis is blocked by c-Abl kinase inhibitors. 
	Riluzole rapidly induces oxidative stress in LM7 cells. 
	Riluzole-induced apoptosis is blocked by the knockdown of c-Abl Kinase. 
	Riluzole activates c-Abl kinase to phosphorylate YAP at tyrosine 357. 
	Riluzole promotes YAP interaction with p73. 
	Riluzole induces Bax expression. 

	Discussion
	Materials and methods
	Cell culture. 
	Drug treatments. 
	TUNEL assay. 
	Subcellular localization. 
	Knockdown of YAP and c-Abl kinase, shRNA. 
	MTT assay for measuring cytotoxicity. 
	Reactive Oxygen Species (ROS) assay. 
	Western blotting. 
	Co-immunoprecipitation and Western blotting. 
	Caspase assay. 
	Luciferase reporter assay. 
	Chromatin immunoprecipitation assay. 
	Statistical analysis. 

	References
	Acknowledgements


