
ARTICLE OPEN

A calpain-6/YAP axis in sarcoma stem cells that drives the
outgrowth of tumors and metastases
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Sarcomas include cancer stem cells, but how these cells contribute to local and metastatic relapse is largely unknown. We
previously showed the pro-tumor functions of calpain-6 in sarcoma stem cells. Here, we use an osteosarcoma cell model,
osteosarcoma tissues and transcriptomic data from human tumors to study gene patterns associated with calpain-6 expression or
suppression. Calpain-6 modulates the expression of Hippo pathway genes and stabilizes the hippo effector YAP. It also modulates
the vesicular trafficking of β-catenin degradation complexes. Calpain-6 expression is associated with genes of the G2M phase of the
cell cycle, supports G2M-related YAP activities and up-regulated genes controlling mitosis in sarcoma stem cells and tissues. In
mouse models of bone sarcoma, most tumor cells expressed calpain-6 during the early steps of tumor out-growth. YAP inhibition
prevented the neoformation of primary tumors and metastases but had no effect on already developed tumors. It could even
accelerate lung metastasis associated with large bone tumors by affecting tumor-associated inflammation in the host tissues. Our
results highlight a specific mechanism involving YAP transcriptional activity in cancer stem cells that is crucial during the early steps
of tumor and metastasis outgrowth and that could be targeted to prevent sarcoma relapse.
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INTRODUCTION
Sarcomas are rare and heterogeneous tumors that appear in
conjunctive tissues. These tumors are treated with aggressive
chemotherapies and surgical resection, but local and metastatic
relapses greatly reduces the patient survival [1, 2]. Despite the
identification of many factors involved in metastatic properties of
sarcoma cells the specific features of the disseminated cells that
drive the progression of the disease progression and the formation
of metastases remain unclear. Metastases and primary bone tumors
have been shown to have common or different histology [3].
However, both are very heterogeneous tissues, which suggests that
primary and metastatic tumors could follow the same maturation
process. The main model for sarcoma development is the clonal
one, however, cells with cancer stem cells (CSCs) features have been
identified in osteo- and chondro- sarcomas and in Ewing sarcomas,
so these tumors may also depend on a hierarchical organization
[4–6]. At the opposite of carcinoma SCs shown to acquire an
aggressive phenotype with increased migratory and dissemination
capacities [7], whether and how sarcoma SCs could specifically
contribute to metastasis formation is largely unknown. We
previously showed that the atypical calpain, calpain-6, is expressed
in sarcoma cells with CSC properties such as self-renewal, multi-
potency, chemoresistance and tumor initiation [8]. Calpain-6 could
prevent apoptosis in uterine sarcoma and hypoxia-dependent
senescence in osteosarcoma cells [8–10]. The functions of calpain-

6 clearly link sarcoma SCs to tumor malignancy and possibly to the
metastatic process.
The Hippo pathway is a conserved developmental program and

a major regulator of organ size, tissue renewal and repair [11]. The
Hippo effectors YAP and TAZ in complex with transcription factors
such as TEAD modulate the expression of genes that are lineage
determinants, self-renewal factors, and apoptosis-related genes
and thus have key functions to control embryonic SC fate and
survival [12, 13]. However, YAP can either maintain a stem/
progenitor state or stimulate differentiation, depending on the
context. The Hippo pathway has tumor suppressor functions, and
the activities of YAP were found associated with tumor progres-
sion, metastasis, chemoresistance and cancer stemness [14]. The
expression of genes of the Hippo cascade were found altered in
sarcomas [15]. Tissue microarrays showed high levels of YAP
correlated with staging in human osteosarcomas [16, 17]. YAP
target genes were also found up-regulated in bone tumors [18].
Finally, inhibition of the Hippo pathway was reported to promote
stemness in cancer cells [19]. Together these data raise the
question of the possible involvement of YAP in specific functions
of sarcoma SCs.
Here, we report that calpain-6 and YAP expression are correlated

in osteosarcoma cells and tissues. Calpain-6 stabilized YAP by
regulating the Hippo pathway and the recycling of the β-catenin-
degradation complex via intracellular vesicles. The calpain-6/YAP
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axis was associated with the G2M phase of the cell cycle and
regulated genes that control mitosis. YAP inhibition increased the
rate of mitotic catastrophes in vitro and suppressed the neo-
formation of bone tumors and lung metastases in mice but could
also promote tumor-associated inflammation in the host tissues and
increase tumor cell proliferation.

RESULTS
Calpain-6 expression is associated with an altered hippo
pathway in CSCs
To determine active and targetable mechanisms that contribute to
specific pro-tumor functions of sarcoma stem cells, we used the
CSC biomarker calpain-6. Because we previously showed that
calpain-6 inhibition suppressed the tumor-initiating properties of
osteosarcoma cells, we compared transcriptomes of cells that
express or overexpress calpain-6 with those of calpain-6 knock-
down cells. Only part of the cell population expresses calpain-6 in
osteosarcoma cell lines [8]. Therefore, we used the 143B human
osteosarcoma cell line that was modified to express GFP under
control of the CAPN6 regulatory sequence to sort and enrich a CSC
population expressing basal levels of calpain-6 (Calp6-P-GFP+
cells) (Fig. 1a, Supplementary Fig. 1). We compared these cells to a
homogeneous population with calpain-6 expression stably inhib-
ited by a specific shRNA (Calp6shRNA cells) (Fig. 1a, Supplementary
Fig. 1). We also created a homogeneous population of 143B cells
that overexpressed calpain-6 by using a lentiviral vector
(Calp6+ cells) (Fig. 1a, Supplementary Fig. 1).
After checking that the RNAseq analysis passed quality controls,

the lists of differentially expressed genes were ordered on the basis
of log2fold-changes. Consistent with previous findings for calpain-6,
biological terms associated with differentially expressed genes
included those that regulate the organization of microtubules,
RNA splicing and autophagy (Supplementary Fig. 2a, d). This finding
validated our cellular models to further study calpain-6-expressing
cells. KEGG analyses revealed an undiscovered association between
calpain-6 and genes of the Hippo pathway (Supplementary Fig. 2b,
e). Among the 153 genes of the Hippo signaling signature, 94 were
significantly differentially expressed in Calp6-P-GFP+ cells and 92 in
Calp6+ cells as compared with Calp6shRNA cells (Fig. 1b, c). The
genes NF2, MOB1A, TEAD2, Wnt and BMP factors were down-
regulated, and TEAD4, CCN2 and Serpin1 were up-regulated in
calpain-6 expressing and overexpressing cells versus Calp6shRNA cells
(Fig. 1b, c). Moreover, gene set enrichment analysis (GSEA) showed a
significant enrichment for CORDENONSI_YAP_CONSERVED_ SIGNA-
TURE among the up-regulated genes in Calp6+ cells (Fig. 1d). RT-
PCR analyses confirmed that YAP/TEAD targets such as CTGF, Cyr61
and ANKRD1 were up-regulated in Calp6+ 143B and U2OS cells
(Supplementary Fig. 3a, b). Another set of shRNA that inhibited
calpain-6 expression had similar effects on YAP target genes
expression confirming the specific effect of calpain-6 suppression
on YAP activity (Supplementary Fig. 3c, d). In contrast, calpain-6
overexpression was associated with higher TEAD transcriptional
activity (GT11c) in different osteosarcoma cell lines (Fig. 1e, f). YAP is
a mechano-sensor whose activity is regulated by the physical
properties of the environment. To rule out a possible over-
stimulation due to the high stiffness of the regular culture plates
and determine the regulation of YAP activity by calpain-6 in different
tissues such as brain, lungs and the osteoid part of the bone, we
measured GT11c activity in cells cultured on collagen-coated silicone
with different stiffness. Calp6+ cells had higher TEAD activity than
Calp6shRNA cells on 0.5, 2 and 64 KPa matrix (Fig. 1g).

Calpain-6 stabilized YAP protein
We then investigated mechanisms that could lead to the increased
YAP activity in Calp6-P-GFP+ cells. The expression of YAP mRNA
was not significantly different in Calp6+ and Calp6shRNA cells
(Supplementary Fig. 3e). However, western blot analysis showed

higher level of YAP protein in Calp6+ versus Calp6 shRNA cells (Fig.
2a, supplementary data). In the same way, the YAP paralogue TAZ,
with redundant activities, was upregulated in Calp6+ cells
(Supplementary Fig. 3f, supplementary data). The RNA-seq analysis
suggested that alterations of the Hippo pathway contributed to YAP
stabilization. However, Dasatinib, a Hippo pathway stimulator [20]
was able to inhibit the expression of YAP target genes CTGF, AXL,
ANKRD1 and CYR61 in Calp6+ and Calp6-P-GFP+ cells (Fig. 2b,
Supplementary Fig. 4a). Verteporfin, a direct inhibitor of YAP and
TAZ activity, downstream of the phosphorylation cascade, also
reduced the expression of CTGF, AXL and CYR61 in Calp6+ cells but
this treatment prevented the extraction of good quality mRNA from
Calp6-P-GFP+ cells suggesting that it induced cell death. It also
suggested that other mechanisms independent from the Hippo
pathway may contribute to an abnormal activity of YAP/TAZ in CSCs.
The degradation of YAP depends on it being addressed to the
proteasome by the β-catenin degradation complex GSK3/AXIN/APC,
but basal β-catenin level was increased in Calp6+ versus Calp6 shRNA

cells (Fig. 2c, Supplementary data). In addition, stimulation with
Wnt3a increased β-catenin level in Calp6 shRNA and Calp6+ cells at
3 hr after its addition in the culture medium (Fig. 2c, Supplementary
data). At 20 hr after Wnt stimulation, β-catenin returned to its basal
level only in Calp6shRNA cells and remained higher in Calp6+ cells
(Fig. 2c, Supplementary data). Sequestration of the β-catenin
degradation complex in multivesicular bodies (MVBs) of the
endosomal compartment can block β-catenin degradation and
promote Wnt signaling [21]. Gargini et al. demonstrated that this
sequestration can be also responsible for YAP stabilization [22].
Inhibiting the receptor recycling process with chloroquine in 143B
Calp6+ cells restored the reduction of β-catenin level 20 hr after
Wnt stimulation (Fig. 2c, Supplementary data) which suggests that
calpain-6 could affect the recycling of the β-catenin degradation
complex. We then performed a proteinase K protection assay that
showed GSK3 and Axin still trapped in MVBs of Calp6+ but not of
Calp6 shRNA cells at 20 hr after the addition of Wnt3a to the medium
(Fig. 2d, e, Supplementary data). In the same way, we performed
GSK3 immunofluorescence in Calp6-P-GFP cells expressing control
or Calp6 shRNA treated for 8 h with Wnt3a. Higher levels of GSK3
were detected in Calp6 shRNA compared to control shRNA Calp6-P-
GFP+ cells after soft permeabilization with Igepal (Fig. 2f, g). Triton
increased the GSK3 signal at the same levels in the different types of
cells, showing that, in control Calp6-P-GFP+ cells, a greater amount
of GSK3 was protected in vesicles unless we performed a strong
permeabilization with Triton (Fig. 2f, g). Together our findings
indicate that calpain-6 controlled the fate of the β-catenin
degradation complex and thus promotes YAP accumulation in CSCs.

Calpain-6-dependent promotion of YAP activity was
associated with the G2M cell cycle phase
The accumulation of YAP protein did not only result from calpain-
6 overexpression because immunofluorescence showed that level
of YAP was higher in cells expressing basal levels of calpain-6 than
cells without calpain-6 (Fig. 3a, b). Moreover, calpain-6 and YAP
levels were correlated in a 143B cells-derived bone tumor in
mouse and in osteosarcoma lung metastases in patients (Fig. 3c, d,
f and Supplementary Fig. 5). Of note, these correlations were not a
bias due to heterogeneity of tissues labeling because DAPI
staining was not related to Calpain-6 staining (Fig. 3e, g). GSEA
showed no statistically significant enrichment of CORDENON-
SI_YAP_CONSERVED_ SIGNATURE in cells expressing basal levels
of calpain-6 (Calp6-P-GFP+ cells) as compared with Calp6 shRNA

(Fig. 4a). In contrast, the pattern of expression of YAP target genes
differed in Calp6-P-GFP+ and Calp6+ cells, which indicates that
YAP stabilization in calpain-6-expressing and -overexpressing cells
did not result in the same transcriptional regulation (Fig. 4b). It
was previously reported that calpain-6 overexpression blocked
cytokinesis suggesting that calpain-6 expression should be fine-
tuned over the cell cycle to ensure normal functions [23].
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Reactome Pathway Analysis highlighted a differential expression
of genes involved in the Mitotic G2/M phase, G2M transition and
M phase in Calp6-P-GFP+ cells (Supplementary Fig. 2c, f). GSEA
further showed that basal calpain-6 expression but not over-
expression in 143B cells was associated with a gene signature

related to positive regulation of the G2M phase (Fig. 4c). Calpain-6
was also associated with the expression of genes of the G2M
checkpoints (Fig. 4d). Flow cytometry analyses of Calp6-P-GFP+
cells showed that the highest GFP expression was observed in
cells in G2M (Fig. 4e). Moreover, GFP expression was increased in
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calp6-P-GFP+ cells that were blocked in G2M with a CDK1
inhibitor, RO3306, but not in cells blocked in G1 with a Myc
inhibitor (Fig. 4f). Thus calpain-6 was mainly produced at the G2M
phase of the cell cycle. Consistently, YAP protein level was
enhanced along with calpain-6 in G2M-blocked cells (Fig. 4g).
Hence, the calpain-6-dependent increase in YAP protein level in
CSCs seemed mainly associated with the G2M phase of the cell
cycle.

YAP controls the expression of mitotic genes in calpain-6
expressing cells
The results presented above led us to investigate whether YAP or
calpain-6 inhibition could affect G2M-related functions in CSCs.
Recently, YAP was found to regulate mitotic genes by promoting
interactions between the Myb-MuvB complex and distal enhan-
cers [24]. In contrast to CORDENONSI_YAP _CONSERVED_SIGNA-
TURE, YAP-dependent mitotic genes were significantly enriched in
Calp6-P-GFP+ versus Calp6 shRNA cells (Fig. 4h). We then used
transcriptomic data from a collection of 88 osteosarcomas (Target
OS) and 275 soft-tissue sarcomas (TGCA-Sarc) to further char-
acterize the possible involvement of YAP in CSC populations. The
tumors were ranked according to calpain-6 expression (Supple-
mentary Fig. 6a, b). We did not find a positive association between
levels of calpain-6 and the CORDENONSI_YAP _CONSERVED_-
SIGNATURE, but rather a correlation with levels of G2M-associated
genes in the different sarcomas types (Fig. 5a, b; Supplementary
Fig. 6c, d). Of note, calpain-6 expression in cells and in sarcoma
tissues was associated with that of genes involved in DNA repair
(Supplementary Fig. 7a–c). We also found a strong enrichment in a
YAP-dependent mitotic gene signature in calpain-6 expressing
soft-tissues sarcomas (Fig. 5c). Although, GSEA did not show a
clear enrichment with this signature in osteosarcomas, CENPF,
ECT2, TOP2A, and CCNA2 were up-regulated in calpain-6
expressing bone and soft-tissue sarcomas (Fig. 5d). Together
these results highlighted the key functions of the calpain-6/YAP
axis during the G2M phase in sarcoma stem cells. Because the
mitotic genes code for factors that control mitosis, we hypothe-
sized that the calpain-6/YAP axis plays a crucial role during tumor
or metastasis outgrowth by protecting the cells against mitosis-
associated cell death. In support of this, we observed that the
expression of genes coding the anti-apoptotic factors Survivin,
BCL2 and MCL1 was down-regulated in Calp6 shRNA cells, whereas
pro-apototic factors such as Bad and caspase-8 were up-regulated
in these cells as compared with Calp6-P-GFP+ cells (Supplemen-
tary Fig. 7d). Moreover, calpain-6 suppression with shRNA or YAP
inhibition with verteporfin increased the rate of mitotic cata-
strophe in Calp6-P-GFP+ 143B dividing cells (Fig. 5e, f, g,
Supplementary Fig. 7e).

Calpain-6/YAP axis is required for tumor and metastasis out-
growth
We previously reported that calpain-6 inhibition in K7M2
osteosarcoma cells suppressed their ability to form bone tumors
and develop metastases in mice [8]. Verteporfin treatment
promoted the rate of mitotic catastrophes in Calp6-P-GFP+ K7M2
cells and tended to reduce this cell population after a few days of

culture (Fig. 6a, b). At the opposite, Dasatinib had a very modest
effect on mitotic catastrophe and resulted in a strong increase in
the Calp6-P-GFP+ K7M2 cell population (Fig. 6a, b). We therefore
used verteporfin to access the in vivo effect of YAP inhibition to
target CSCs in a model of bone tumor that consisted of intratibial
implantation of Calp6-P-GFP K7M2 cells. In this syngeneic model,
the tumors developed at a different rate: quickly during the 4 first
weeks or only 5–7 weeks after cell implantation. Immunohisto-
chemistry of GFP at different times after cell implantation in bone
revealed that most of the tumor cells contributing to tumor
initiation in the marrow were calpain-6 expressing cells, whereas
this specific cell population decreased during tumor progression
(Fig. 6c). In large bone tumors (≥520 mm3) GFP expression was
much more variable and could persist only in some cell clusters
(Fig. 6c). We treated K7M2 cells-implanted mice with verteporfin
to assess the effects of YAP inhibition on tumors at different
stages of development (Supplementary Fig. 8a, b). When the
treatment was administrated at early times, that is, 7 days after cell
implantation, or 30 days after cell implantation in mice that still
had no detectable bone tumor, verteporfin prevented tumor
growth (Fig. 6d, Supplementary Fig. 8d–f).
To determine whether verteporfin treatment affected the

metastasis process, we examined ex vivo cultures of lung cells
from mice with slowly developing tumors (treatment at 28 days
after cell implantation). At the end of the experiment, half of the
lungs were dissociated and cultured in the presence of G418 to
select tumor cells. Clones of selected cells were isolated from the
lungs of 3 to 11 control mice (DMSO group), but no cells grew
from the lungs of verteporfin-treated mice. As expected H&E
staining of the other part of the lungs revealed metastatic nodules
only in the 3 DMSO-treated mice (Fig. 6e). In contrast, only 2 to 5
mice that were treated with verteporfin 7 days after cell
implantation had lung metastases, but 4 to 5 control mice had
lung nodules (Supplementary Fig. 8f). Together these results
suggest that YAP inhibition also prevented disseminated disease.
To further document this possible role of the calpain-6/YAP axis
during metastasis outgrowth, we intracardially (IC) injected calp6-
P-GFP K7M2EF1Tomato cells in mice (Supplementary Fig. 7c). Eleven
days after IC injection, clusters of Tomato+ /Calp6-P-GFP+ cells
were detected within mouse lungs, whereas, 5–6 weeks after the
IC injection the lungs of control mice were invaded with tumors
cells that were mostly Calp6-P-GFP- (Fig. 7a–c). Verteporfin
treatment started 11 days after IC cell injection prevented the
expansion of tumor cells within the lungs (Fig. 7d, e). Thus, YAP
inhibition could block early stages of the tumorigenic process that
involved mainly calpain-6 expressing cells in bone and lungs.

The effects of verteporfin on tumors depends on the
inflammatory context
In mice with tumors before the treatment was started, verteporfin
did not stop bone tumor growth (Fig. 8a). Moreover, tumor-
bearing mice that were treated with verteporfin tended to have
more and larger lung metastases than the control mice (Fig. 8b–d).
Lung metastases from these verteporfin-treated mice contained a
higher number of Ki67+ cells which suggests that verteporfin
rapidly induced cell proliferation (Fig. 8e, f). However, in vitro,

Fig. 1 Calpain-6 overexpression is associated with high YAP/TEAD activity in osteosarcoma cells. a Calpain-6 mRNA expression in calpain-
6–overexpressing cells (Calp6+ ), calpain-6-expressing cells (Calp6-P-GFP+ ; GFP+ ) and calpain-6-knockdown cells (Calp6 shRNA). TPM:
Transcripts per kilobase million. b, c Volcano plots from RNAseq analysis showing Hippo pathway genes differentially expressed in Calp6-P-
GFP+ (b) or Calp6+ (c) versus Calp6 shRNA cells. Red and blue dots, p < 0.05, grey dots, p > 0.05. Dotted line indicates the threshold
-Log2(p= 0.05). The lists recapitulate the differentially expressed genes ranked from higher to lower -Log2(p value). Common genes between
Calp6+ and Calp6-P-GFP+ cells are in bold. d, Gene set enrichment analysis of a YAP target genes signature comparing Calp6+ to
Calp6 shRNA cells. NES is normalized enrichment score. e–g, YAP/TEAD-dependent transcriptional activity in Calp6+ and Calp6 shRNA 143B
(e, g) or U2OS (f) cells. Cells were plated on regular plastic (e,f) or on collagen-coated silicon (g) and transfected with GT11c (TEAD) and Renilla
plasmids. Stiffness of the collagen-coated matrix in kPa is indicated. Results are mean ± SEM relative luminescence unit (RLU). Renilla activity
was a transfection control. * <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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verteporfin had no effect on the proliferation of Calp6-P-GFP+ or
GFP- K7M2 cells (Supplementary Fig. 9a). This finding suggests
that the proliferation of tumor cells could be indirectly induced by
this compound in vivo. Because YAP inhibition prevents the
resolution of inflammation in lungs and joints [25–27], we
compared inflammation in lungs of mice with fast-growing
tumors that were treated with DMSO or verteporfin. H&E staining

and immunolabeling of nuclear p65 NF-kB showed that metas-
tases from verteporfin-treated mice were surrounded with
numerous inflammatory cells as compared with control mice
(Fig. 8g; Supplementary Fig. 9b). Using a fluorescent probe to
assess pan-cathepsin activity, we confirmed that YAP inhibition
could increase lung inflammation in the mice with fast-growing
tumors (Fig. 8h, i).

a b

Calp6+ Calp6 Calp6+    Calp6       Calp6+  Calp6
shRNA    shRNA shRNA

GSK3

Axin

Total    PK  PK +Triton 
Proteins      Extracts     Extracts

Actin

Calp6+

WNT3a - 3h    20h  20h - 3h    20h  20h
+

Chloro
+

Chloro

c

d

-Catenin

0.1% Triton-X100

0.01% Igepal

PK

PK
+Triton

MBVs

e

Calp6 shRNA

Calpain-6

YAP

Actin

0.0

0.5

1.0

1.5

2.0

Y
A

P
/A

ct
in

 s
ig

na
l

Calp6+
Cells

Calp6
shRNA
Cells

0.0

0.5

1.0

1.5

M
ea

n 
gr

ay
 in

te
ns

ity
(

-c
at

en
in

/A
ct

in
)

Calp6+ Calp6 shRNA

Wnt3a - 3   20  20 - 3  20 20
 + +

 Chloro  Chloro

CTGF AXL ANKRD1CYR61
0.0

0.5

1.0

1.5

2.0

2.5

m
R

N
A

 r
el

at
iv

e 
ex

pr
es

si
on

DMSO

Dasatinib

0

10

20

30

40

M
ea

n 
F

lu
or

es
ce

nc
e

In
te

ns
ity

 / 
ce

ll

Igepal
Triton X-100

Control  Calp6
shRNA  shRNA

Control shRNA Calp6 shRNA

Ig
ep

al
T

rit
on

 X
-1

00

f g

Fig. 2 Calpain-6 stabilizes YAP protein. a Proteins were extracted from Calp6+ and Calp6 shRNA cells and used for Calpain-6 and YAP
immunoblot assays. Actin was a loading control. Panel on the right shows the quantification of 4 different Western blots. b Effect of Hippo
pathway activation with Dasatinib on the expression of YAP/TEAD targets as indicated in calpain-6 overexpressing 143B cells. Control cells
were treated with the eluent DMSO. Results are expressed as mean fold changes (ΔΔCt) ± SEM. c 143B cells were treated with medium
conditioned on WNT3a-producing cells or control cells in the presence of DMSO or chloroquine. Protein extracts were prepared 3 or 20 h after
Wnt stimulation for β-catenin immunoblot assay. Results are mean ± SEM relative grey intensity of β-catenin to actin from 3 independent blots.
d Proteinase K protection assay. Cells were lyzed with triton X-100 to obtain whole protein extracts or with a soft detergent to prepare intact
multivesicular bodies (MBVs). Proteinase K (PK) was added to digest proteins that were not protected into MBVs. The addition of Triton with PK
served to control MBV-dependent protection. e, Immunoblots for Axin and GSK3 in the 3 types of protein extracts. f, GSK3
immunofluorescence in Calp6-P-GFP+ 143B cells expressing control or Calp6 shRNA. The cells were permeabilized with Igepal or Triton
X-100 before incubation with anti-GSK3 antibodies. Dapi served to stain the nuclei. g, Quantification of the mean fluorescence in GFP+ cells.
*, *** and **** indicate significant difference, p < 0.05, p < 0,001 and p < 0,0001, respectively.

J. Tchicaya-Bouanga et al.

5

Cell Death and Disease          (2022) 13:819 



DISCUSSION
We reveal a novel axis involving calpain-6 and YAP that is
activated in CSCs during the early steps of primary and metastatic
tumor outgrowth. Tumor cell clones do not evolve independently
but are linked by hierarchical relationships and derive or
“differentiate” from each other [28, 29]. Recently, single-cell
RNAseq analyses allowed for the identification of diverse
osteosarcoma cell populations and showed that some specific
tumor cells are at the center of a differentiation process [30, 31].
Together, these findings support a concept of tumor stem/
precursor-like cells. Although CSCs can be very small populations
at diagnosis, they are believed to contribute to chemoresistance
and disease relapses [32]. Therefore, we need to identify specific
mechanisms that could be targeted in CSCs to prevent these

events that are responsible for patient mortality. Our results
strengthen previous data showing that calpain-6 expressing CSCs
are tumor-initiating cells [8]. The metastatic model consisting of IC
injection of osteosarcoma cells indicates that calpain-6 expressing
cells are also involved during the early stages of metastasis
outgrowth.
We show that calpain-6 controls YAP stability by modulating the

Hippo pathway and recycling of the β-catenin degradation
complex. The underlying mechanisms were suggested by previous
reports [23, 33–35] and confirmed here by the RNAseq analysis,
which related calpain-6 to the organization of microtubule and
actin cytoskeleton, autophagy, RNA splicing, endocytosis and with
the “establishment of organelle localization”. These results validate
the osteosarcoma cell models we used. They also highlight a new
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possible function of calpain-6 in the trafficking of intracellular
vesicles. Together, they further posit this biomarker as a key
controller of the cytoskeleton-dependent signaling in CSCs,
especially Rho GTPase, Wnt and Hippo signaling.
Previously, in carcinoma mouse models, YAP was found

involved in metastasis out-growth depending on cell-cell signaling

[36]. Calpain-6 may also regulate the Hippo pathway and YAP
transcriptional activity by modulating cell-cell interactions in
sarcoma SCs because the suppression of calpain-6 with shRNA
affected the expression of different genes coding cadherins such
as CDH2 and CDH11. Finally, although YAP is a mechano-sensor
whose activity is regulated in response to matrix characteristics,
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calpain-6 increased YAP activity independently of the physical
properties of the microenvironment [37, 38]. This finding indicates
that the CSCs have intrinsic advantages over other tumor cells to
promote YAP activity in various environments.
Although calpain-6 and YAP levels were clearly correlated in

cells and osteosarcoma tissues, we did not show significant
enrichment of the large non-specific YAP signature in calpain-6
expressing sarcoma tissues. In contrast, we identified a G2M-
restricted YAP activity that is promoted by calpain-6. Especially, we
show that the calpain-6/YAP axis controls the expression of
CENPF, TOP2A and ECT2. These proteins are important modulators

of the cell cycle and cancer cell proliferation [39, 40]. They
contribute to a prognosis signature in hepatocellular carcinoma
and breast cancer [41, 42] and are associated with the
development of metastases in synovial sarcoma and cervical
cancer [43, 44]. TOP2A and ECT2 were found up-regulated in
osteosarcomas associated with lung metastases as compared with
non-metastatic bone tumors [45]. In contrast, we did not show any
association between the expression of calpain-6 or mitotic genes
and the outcome of patients with osteo- or soft-tissue sarcomas,
which makes sense because calpain-6 expressing cells were the
majority population in early steps of tumor outgrowth, whereas
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the CSC population was more or less sparse in mature mouse and
human tumors and metastases. Hence, with our cell and mouse
models, we revealed mechanisms that could be important during
cancer initiation and relapses but may be difficult to identify in
mature tissues that are deeply modified as compared with initial
tumor buds. The disappearance/replacement of initial mechan-
isms in tumor over time could explain the failure to find efficient
therapeutic targets to reduce the risk of metastasis in patients
with sarcomas.
Calpain-6 expressing CSCs may contribute to the metastasis

process also because of increased chemoresistance. We

previously showed that chemoresistance in osteosarcomas is
related to calpain-6 expression [46]. Our transcriptomic analyses
further revealed that calpain-6 is associated with the expression
of genes of G2M checkpoints and DNA repair. Because
chemoresistance capacities via increased DNA repair were
found a common CSC feature, calpain-6 may, thereby, be
involved in the persistence of the disease after treatment
[47, 48]. YAP was shown to contribute to the radiotherapy
resistance of different types of tumors [49, 50]. This factor may
therefore play a role in the CSC-associated chemoresistance.
Further studies will determine whether inhibiting YAP activity
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could reverse CSC chemoresistance in sarcomas and the
possible impact on disease recurrence.
Although verteporfin has anti-tumor effects by inducing of the

death of actively dividing CSCs during early stages of tumor
development, YAP inhibition resulted in increased metastasis
development in mice with fast-growing tumors. This finding
agrees with the consensus that YAP controls the size of progenitor
cell populations but has opposing effects to regulate stem cell fate
[12, 13, 51]. In contrast, our data show that the pro-tumoral effect
of verteporfin can be via actions on the host tissues. YAP controls

the resolution of inflammation in lungs [26]. Here we showed that
verteporfin could further stimulate the tumor-related inflamma-
tion, leading to a vicious cycle in promoting proliferation of tumor
cells. It will be of great interest to investigate why this
inflammation was restricted to the tissue surrounding the lung
nodules but did not affect tumor nodules because this may be
related to tumor-dependent immunomodulation.
In conclusion, calpain-6 promotes a specific YAP-activity in CSCs

and thus prevents death associated with intensive cell division to
allow for tumor and metastasis out-growth. YAP inhibition could
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be an efficient strategy to prevent local or metastatic relapses, but
the resulting effect will depend on the inflammatory context.

MATERIALS AND METHODS
Osteosarcoma cell lines and cell culture
Human 143B, U2OS and murine K7M2 osteosarcoma cell lines were
obtained from ATCC (Manassas, VA, USA). The human and mouse cell lines
were maintained in Dulbecco’s modified Eagle’s medium (Gibco) and RPMI
medium 1640 (ThermoFisher scientific, Villebon, France), respectively.
Culture medium was supplemented with 10% fetal calf serum (Sigma
Aldrich, St Louis, MO, USA) and 100 IU/ml penicillin and 100 μg/ml
streptomycin. The cells were treated to prevent mycoplasma contamina-
tion. The reporter Calp6-P-GFP plasmid was previously described [8]. The
143B cells expressing GFP under control of the calpain-6 regulatory
sequence, were sorted by using the BD FACS ARIA II (BD Biosciences, San
Jose, CA). Only cells with high GFP expression were selected. We
transferred non-silencing or calpain-6-specific shRNA sequences that were
previously described [46] into the lentiviral vector pLKO.1 puro a gift from
Bob Weinberg (Addgene, Plasmid N°8453) [52]. Lentiviral particles were
prepared in 293 T cells by using a packaging plasmid kit (Cellecta,
Mountain View, CA, USA) and then mixed with medium containing 1 µl/ml
polybrene for transduction. The cells that stably expressed control non-
silencing shRNA were transduced to overexpress calpain-6 as described [9].
Alternatively, 143B cells were transduced with lentiviral particles to express
a set of specific Calpain-6 shRNA (sc-62066-V, Santa Cruz Biotechnology,
CA, USA). Murine Calp6-P-GFP K7M2 cells were transduced to express
tomato under the EF1α promoter and luciferase with ready-to-use lentiviral
particles (LV439, Amsbio, Abingdon, United Kingdom). For stable genomic
integration of exogenous DNA, transduced cells were selected with G418,
blasticidin or puromycin. To optimize calpain-6 and Calp6-P-GFP expres-
sion, cells were cultured in 3% O2 for 24 hr before analyses.

RNA extraction and RT-PCR analyses
Total RNAs was extracted from osteosarcoma cells by using the ISOLATE II
RNA Mini Kit (Bioline). Reverse transcription was performed with random
primers with the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Real time quantitative PCR was then performed by using the
primers listed in supplemental Table 1 and the SensiFAST™ SYBR® No-ROX
Kit on the LightCycler 480 (Roche Applied Science, Indianapolis, IN, USA).
ACTB and PPIA were housekeeping genes. Results are expressed as (2ΔCT)
*100, ΔCT = ((CTACTB - CTPPIA) /2) - CTx or as Fold change in expression
normalized by using the ΔΔCt formula.

TEAD transcriptional activity
To test the effect of calpain-6 on YAP-dependent transcriptional activity,
we used 8xGTIIC-luciferase construction, a gift from Stefano Piccolo
(Addgene plasmid # 34615). Cells were cotransfected with 0.2 mg/well
GT11c or control empty plasmid and 10 ng/well phRLSV40 (Renilla
expression plasmid was an internal transfection control). At 48 hr after
transfection, Firefly and Renilla luciferase activity was measured sequen-
tially by using Luciferase Reporter Assay Systems (Promega). Luciferase
activity was normalized both to Renilla activity, as a transfection control,
and to values obtained with cells transfected with an empty plasmid. The
cells were seeded on regular plastic plates or on collagen-coated silicon
with controlled elastic modulus of 0.5, 2, 64 KPa (Cytosoft plates, Advanced
BioMatrix, Carlsbad, CA, USA).

RNA sequencing (RNA-Seq)
RNA purity/quality (RIN ≥ 7) was assessed with the 2100 Agilent
Bioanalyzer by using the Agilent small RNA kit. RNAseq involved using
the Integragen platform. Libraries were prepared with the Ultra II
Directional RNA Library Prep Kit for Illumina protocol according to the
supplier recommendations. Briefly, the key stages of this protocol are
successive for the purification of PolyA containing mRNA molecules using
poly-T oligo attached magnetic beads from 1 µg total RNA (with the
Magnetic mRNA Isolation Kit from NEB), fragmentation by using divalent
cations under elevated temperature to obtain approximately 300 bp
pieces, double-strand cDNA synthesis and finally Illumina adapters ligation
and cDNA library amplification by PCR for sequencing. Sequencing was
then carried out on Paired End 100b reads of Illumina NovaSeq. Image
analysis and base calling involved using Illumina Real Time Analysis v3.4.4
with default parameters.

RNA-Seq data processing
A computational pipeline for RNA-Seq data was established for analyzing
data from the identified experiments in a high-throughput manner. All
datasets were analyzed with the same pipeline. Quality of raw sequencing
reads was assessed using FastQC v0.11.9 to estimate the proportions of
reads of low quality. Reads were aligned on the reference genome by
using Kallisto v0.46.1. The Kallisto index was used for building up the
reference genomes for reads mapping. The transcriptomic coordination of
Homo sapiens (GRCh38.p13) downloaded from Ensembl (release 99) was
translated to filter out alignments carrying insertions or deletions or falling
outside the identified transcriptome regions. To quantify the expression,
Kallisto was used for abundance estimates of paired end samples in
transcripts per million (TPM) [53]. Read count matrices for each cell sample
were produced with Tximport v1.14.2 [54]. The abundance quantification
with Tximport identifies the expected counts for each gene. The per-gene
counts were given as input for gene differential expression analysis using
DESeq2 v1.26.0 with default settings [55]. Genes with log2 fold changes > 1
and <−1 were identified as significantly up- and down-regulated,
respectively. To obtain insight into the potential functions of differentially
expressed genes, Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichments were obtained by using ClusterProfiler
v3.14.3. GO analysis involved using the enrichGO function in ClusterProfiler
with settings ont= “BP”, pAdjustMethods= “BH”, pvalueCutoff= 0.001,
qvalueCutoff = 1. KEGG analysis was conducted using the enrichKEGG
function in ClusterProfiler for pathway representations with settings
organism= “hsa”, pvalueCutoff = 0.05, qvalueCutoff = 1. To investigate
the molecular details of specific biological pathways, the Reactome
Pathway Analysis (ReactomePA) function implemented in ClusterProfiler
was used to explore the connections between experimental information
and well-annotated established pathway data, focusing on intermediary
metabolism. An adjusted p < 0.05 was considered as significant and was
calculated based on the Benjamini-Hochberg procedure [56].

Gene set enrichment analysis (GSEA)
Two datasets were downloaded from TCGA (https://portal.gdc.cancer.gov)
to analyze the relation between CAPN6 and YAP expression in bone
(Target-OS) and soft-tissue sarcomas (TCGA-Sarc) [57]. The RNA-Seq
profiles of the tumors and the 143B cells were analyzed with the GSEA
software [58]. The gene sets are listed in supplemental Table 2. The
enrichment scores were based on a FDR < 0.25 after 1000 permutations.

Immunoblots
Cells were washed with cold phosphate buffered saline (PBS) and then
lysed on ice in 50mM TRIS buffer (pH 7.5) containing 150mM NaCl, 1% NP-
40, 10% glycerol and protease inhibitors. Proteins lysates were subjected to
SDS-PAGE, electro-transferred on a PVDF membrane, then incubated with
the primary antibodies and appropriate HRP-conjugated secondary
antibodies. The signals were visualized by using a chemiluminescent
detection system (Azure Spectra). Bands were quantified by using ImageJ.
The primary antibodies are listed in Supplemental Table 3.

Immunohistochemistry
Mouse bone tumors and lungs were fixed in 4% PFA in PBS, then paraffin-
embedded. After dewaxing, 5-µm tissue sections were incubated at 70 °C
in citrate buffer, pH6, for 4 hr. The tissues were then blocked for
endogenous peroxidase activity with 3% H202 in PBS and for non-
specific Ig coupling with PBS containing 0.02% Tween-20, 2.5% serum
horse, 2.5% bovine serum albumin (BSA). The tissue sections were
incubated overnight at 4 °C with primary antibodies, then with HRP-
conjugated secondary Ig. The ImPRESS HRP polymer detection kit (Vector)
with DAB substrate was used to reveal specific staining. The tissue sections
were counterstained with purified methyl green. The sections were then
dehydrated with xylene and mounted by using Entellan mounting (Merck,
Guyancourt, France). Goat, rabbit or mouse IgG replaced specific primary
antibodies to serve as negative controls. The primary antibodies are listed
in supplemental Table 3.

Immunofluorescence staining
Immunocytochemistry was performed after cell fixation with 4% PFA in
PBS and saturation of the non-specific sites with BSA and donkey serum.
The cells were permeabilized by adding Igepal or Triton X-100 in the
saturation solution. For immunohistochemistry we collected paraffin-
embedded specimens of resected pulmonary metastatic tissue from 3
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patients with well-characterized osteosarcoma. Informed consent was
obtained from each patient or the patient’s guardian. Sections from these
tissues or 143B cells were used to analyze YAP and calpain-6 expression.
Saturation of non-specific Ig binding sites involved using PBS containing
0.02% Triton-X100, 1% donkey serum, 1% BSA. Secondary antibodies
consisted of DyLight-550 or -480-conjugated anti- IgG (Thermo Fisher
Scientific). Nuclei were then counterstained with DAPI at 0.1 µg/ml. To
reduce autofluorescence in tissue sections, we used the TRUEVIEW
quenching kit (Vector, Burlingame, CA, USA). The primary antibodies are
listed in supplemental Table 3.

Image acquisitions and processing
Image were acquired by using the ApoTome optical sectioning system
(Zeiss, Paris, France) with an inverted microscope (Zeiss Axio Observer Z1)
for immunofluorescent images and a Nikon microscope (type 120c) for
chromogenic images. Zenpro (Zeiss) and Adobe Photoshop were used for
image processing. For comparing of fluorescence images, contrast and
brightness were adjusted identically. All other quantifications involved
using ImageJ.

Flow cytometry analyses
For intracellular staining, cells were fixed and permeabilized by using the
Fix-Perm kit (Thermo Fisher Scientific) before incubation with antibodies
(supplemental Table 3). To assess cell division, the PKH26 Red Fluorescent
Cell Linker Kit was used as a membrane marker at the onset of the culture
(Sigma Aldrich). Fluorescence analysis was performed in FACS CANTO II
with Diva software (Becton Dickinson). A classical gating strategy using
FSC-A versus SSC-A and FSC-A versus FSC-H was used to select cells for the
analysis (Supplemental information).

Mouse osteosarcoma models
S/SPF BALB/cByJ mice were purchased from Charles River Breeding
Laboratories. They were 6 weeks old males. Mice were kept in accordance
with the institutional guidelines of the French Ethical Committee and
under the supervision of authorized investigators. In vivo experiments
were approved by the Local Ethical Committee (APAFIS #26491). K7M2
cells were cultured for 24 hr in 3% O2, collected and counted. Fifty
thousand cells in 5 µl PBS were injected into the right tibia of the mice as
previously described [59]. Briefly, the mice were anesthetized with a
Ketamine/Xylasine mix (100/50mg/kg) and received preventive analgesia
with subcutaneous injections of 50 µg/kg of buprenorphine. The right tibia
was drilled and a needle was inserted to slowly inject the cell suspension.
Verteporfin (Sigma Aldrich) was administrated at 6 mg/kg via intraper-
itoneal injections. The injection plan is in Supplementary Fig. 7. Mice were
treated twice a week for 8 weeks, with no significant modification of
weight. DMSO diluted in PBS was administered to control mice. Bone
tumor growth was monitored longitudinally in live animals every week
either by measuring the tumor with a Vernier caliper or using
bioluminescence imaging. Animals were sacrificed when the tumor
reached 1 cm in diameter. The Perkin Elmer’s ProSense-680 probe was
used to assess inflammation in tumor-developing mice. This is a protease
activatable NIR fluorescent probe that is optically silent in its intact state
and becomes highly fluorescent after cathepsin-mediated cleavage.

Tumor growth monitoring by optical imaging
Mice were anesthetized by isofluorane inhalation (0.9 mg per mouse) and
positioned under a cooled intensified charge-coupled device (CCDi)
camera (Biospace,) with the injected tibia stretched out. Before the
acquisition, 2 mg of luciferin potassium salt (D-luciferin, Interchim) diluted
in PBS was injected intraperitoneally. Bioluminescent signals were acquired
for 10min by using the Photo Acquisition software (BiospaceLab). The
bioluminescence intensity (BLI) was measured in the region of interest (2
cm2 ROI) corresponding to the tumor area by using the M3Vision+
software (Biospace). BLI is the total radiant efficiency (photons/second/sr)
of the tumor corrected with the radiant efficiency of an international
positive control LED.

Statistics
Statistical analysis was performed with GraphPad Prism v9.2.0. Differences
between 2 groups were tested with two-tailed Student t tests and for
multiple comparisons with one-way oor two-way ANOVA. The statistical
tests were performed on biological replicates. Excepted each experiment

was repeated independently 2–3 times and results were pooled when
possible. The RNAseq analysis of Calp6-P-GFP cells, Calp6+ cells and
Calp6 shRNA cells was performed by using RNA extracted from 3
independent cultures for each condition. Correlations were tested using
simple linear regressions.

DATA AVAILABILITY
The datasets generated during the current study are available at the following links:
https://doi.org/10.5061/dryad.z34tmpghd. The other datasets used and/or analyzed
during the current study are available from the corresponding author on reasonable
request.
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