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ABSTRACT

Bone marrow-derived mesenchymal stem cells (BMMSCs) are multipotent stem cells capable of dif-
ferentiation into a variety of cell types, proliferation, and production of clinically useful secretory
factors. These advantages make BMMSCs highly useful for cell transplantation therapy. However,
the molecular network underlying BMMSC proliferation remains poorly understood. Here, we
showed that TGFβ-activated kinase 1 (Tak1) is a critical molecule that regulates the activation of cell
cycling and that Tak1 inhibition leads to quiescence in BMMSCs both in vivo and in vitro. Mechanis-
tically, Tak1 was phosphorylated by growth factor stimulations, allowing it to bind and stabilize
Yap1/Taz, which could then be localized to the nucleus. We also demonstrated that the quiescence
induction by inhibiting Tak1 increased oxidized stress tolerance and improved BMMSC engraftment
in intramuscular and intrabone marrow cell transplantation models. This study reveals a novel pathway
controlling BMMSC proliferation and suggests a useful method to improve the therapeutic effect of
BMMSC transplantation. STEMCELLS 2019;37:1595–1605

SIGNIFICANCE STATEMENT

This study demonstrates that TGFβ-activated kinase 1 (Tak1) is a critical regulator of bone
marrow-derived mesenchymal stem cell (BMMSC) proliferation. Tak1 was activated by various
mitogenic cytokines and could then induce stabilization and nuclear localization of Yap1/Taz by
interacting with these proteins. Tak1 inhibition brought about the quiescent state in BMMSCs
both in vivo and in vitro. Reversible quiescence induced by Tak1 inhibition provided stress toler-
ance and improved engraftment for BMMSCs in cell transplantation models.

INTRODUCTION

Bone marrow-derived mesenchymal stem cells

(BMMSCs) hold great potential for regenerative

medicine because of their capacity for self-

renewal and differentiation into multiple types

of cells such as adipocytes, osteocytes, and cho-

ndrocytes. To date, substantial evidence for the

clinical advantages of BMMSCs have been

reported. For example, it is known that these
cells produce various secretory factors that sup-

port tissue repair and normalization of local

inflammation [1, 2]. However, fundamental bio-

logical information regarding BMMSCs, including

how they maintain their undifferentiated status

and switch fate between self-renewal and differ-

entiation, remains poorly understood. In particu-

lar, the molecular mechanisms underlying the

regulation of BMMSC proliferation are unknown.
The elucidation of these mechanisms is essential

for controlling the condition and quality of stem

cells for therapeutic uses.

According to previous studies, the regulation
of proliferation of mesenchymal stem cells (MSCs)
is associated with the following signaling cascades:
fibroblast growth factor (FGF)- and subsequent
MAP kinases (MAPK)/ERK activity-dependent sig-
naling, platelet-derived growth factor (PDGF)/
PDGF receptor-activated signaling through ERK
and AKT activation [3], hepatocyte growth factor-
and epidermal growth factor (EGF)-activated
signaling through ERK and PI3K-AKT [4], inflamma-
tory cytokine-activated signaling through stress-
associated kinases JNK and p38, and transforming
growth factor β (TGFβ) signaling via TGFβ recep-
tor/ALK-Smads and MAPK and PI3K [5]. However,
the critical molecules that regulate cell prolifera-
tion of BMMSCs have not been identified to date.

TGFβ-activated kinase 1 (Tak1), a member
of the mitogen-activated protein kinase–kinase–
kinase (MAP3K) family, regulates various impor-
tant cellular events such as differentiation, cell
death, and proliferation of cancer cells and
immune cells [6–10]. In recent decades, important

Division of Cell Biology for
Regenerative Medicine,
Institute of Advanced Clinical
Medicine, Kindai University
Faculty of Medicine, Osaka,
Japan

Correspondence: Takeshi
Teramura, Ph.D., Division of Cell
Biology for Regenerative
Medicine, Institute of Advanced
Clinical Medicine, Kindai
University Faculty of Medicine,
377-2 Ohnohigashi, Osaka-
sayama, Osaka 5898511, Japan.
Telephone: 81-72-366-0221, ext.
3728; e-mail: teramura@med.
kindai.ac.jp

*Contributed equally

Received April 25, 2019;
accepted for publication August
8, 2019; first published online
August 28, 2019.

http://dx.doi.org/
10.1002/stem.3083

This is an open access article
under the terms of the Creative
Commons Attribution-
NonCommercial License, which
permits use, distribution and
reproduction in any medium,
provided the original work is
properly cited and is not used for
commercial purposes.

STEM CELLS 2019;37:1595–1605 www.StemCells.com ©2019 The Authors. STEM CELLS published by

Wiley Periodicals, Inc. on behalf of AlphaMed Press 2019

TISSUE-SPECIFIC STEM CELLS

https://orcid.org/0000-0002-5310-4749
mailto:teramura@med.kindai.ac.jp
mailto:teramura@med.kindai.ac.jp
http://dx.doi.org/10.1002/stem.3083
http://dx.doi.org/10.1002/stem.3083
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


roles of Tak1 in tissue development have been suggested, such as
in cartilage [11, 12] and palate [13], and in self-renewal of muscle
satellite cells [14–16]. It has also been demonstrated that Tak1
activity is involved in inhibition of differentiation in mesenchymal
progenitors [15]. These findings evoke the idea that Tak1 function
is closely associated with maintenance and/or self-renewal of stem
cells in mesenchymal lineages.

In the current study, we investigated if Tak1 is important
in the regulation of BMMSC self-renewal process. The results
from this study are expected to provide insights for improving
the therapeutic application of BMMSCs in transplantation.

MATERIALS AND METHODS

Ethics Statement

All procedures involving animals were approved by the Institu-
tional Animal Care and Use Committee of Kindai University and
were performed in accordance with institutional guidelines and
regulations. Human BMMSCs were provided by the RIKEN Bio-
Resource Research Center following approval from the ethics
committee of Kindai University (approved no. 24-089).

Isolation and Culture of BMMSCs

Six-week-old C57BL/6N male mice were used for the experiment.
Bone marrow (BM) tissues were prepared as previously reported
[17]. To isolate the resident BMMSCs from BM tissues, cleaned long
bones were cut into small pieces around 2–3 mm3 and treated with
collagenase type I (Wako, Tokyo, Japan) for 15 minutes. Then, dis-
sociated tissues were washed twice with phosphate-buffered saline
(PBS[−]) and reacted with anti-PDGFRα (17-1401-81, eBioscience,
San Diego, CA), anti-Sca1 (61-5981-82, Thermo Fisher Scientific,
Waltham, MA), anti-CD45 (35-0451-U500, TONBO bioscience, San
Diego, CA), and anti-Ter119 (35-5921-U500, TONBO bioscience) for
1 hour at 4�C followed by sorted with FACS Aria II (BD Biosciences,
Franklin Lakes, NJ). For culture, single cell suspensions containing
BMMSCs were plated onto cell culture dishes (Sumilon, Sumitomo
Bakelite Co. Ltd., Tokyo, Japan) and cultured in α-MEM (Wako) sup-
plemented with 200 mM L-glutamine, 10% fetal bovine serum
(Hyclone, Logan, UT) under 5% CO2 and 5% O2 at 37�C. On day
2 of culture, the medium was replaced to remove dead cells and
debris. After 10 days of culture, BMMSCs that formed colonies
of fibroblastic cells were disaggregated by treatment with TrypLE
Express (Thermo Fisher Scientific) and evaluated by FACS using
PDGFRα, CD105 (562759, BD Pharmingen, San Diego, CA), and
Sca1 antibodies. Only the cells showing triple positive for the
makers over 95% cells and passaged once or twice were use in
subsequent experiments.

Serum-Free Culture of BMMSCs and Cytokine/Inhibitor
Stimulation

BMMSCs were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 0.1% bovine serum albumin (BSA, Sigma–
Aldrich, St. Louis, MO), 200 mM L-glutamine, and ITS-A (Thermo
Fisher Scientific). After 48 hours of the culture, BMMSCs were
stimulated with 10 ng/ml of basic FGF (bFGF, ReproCELL,
Kanagawa, Japan), TGFβ1 (R&D Systems, Inc., Minneapolis, MN),
EGF (R&D Systems, Inc.), PDGF-AB (R&D Systems, Inc.), or PDGF-
BB (R&D Systems, Inc.) for 12 hours. Effect of inhibitors on cell
proliferation were observed by treatment with each chemical for
1 week at following concentrations that were designed to obtain

specific inhibition evading nonspecific effects: 5z-oxiozeanol
(5zox): 20 nM, SB202190: 50 nM, PD0325901: 1 nM, SP600125:
40 nM, SB431542: 100 nM, A83-01: 15 nM, Sc-514: 10 μM,
LY294002: 2 μM.

Tak1 Inhibition In Vivo and Cell Number Determination
of Endogenous BMMSCs

One-week-old C57BL/6N male infants were used for this study.
Five micrograms per body weight (g) 5zox were intraperitoneally
injected every 48 hours for seven times. Before every injection,
body weights were scaled. After 24 hours of final injection, mice
were euthanized and BM tissues were prepared, the PαS frac-
tions were sorted and analyzed as described above.

Fluorescent Observation of Cell Cycle Status

To observe cell cycle status of BMMSCs, we used a fluorescent
ubiquitination-based cell cycle indicator (Fucci)-TG mice [19] [20].
In this system, cell cycle status could be visualized by Cdt1 protein
fused with Kusabira Orange that peaks in G1 phase just before the
onset of DNA replication, and by N-terminal region of Geminin
fused with EGFP, which levels are high during S and G2 phase.
BMMSCs were prepared from 8-week-old Fucci mice as described
above, treated with 5zox, and analyzed with FACS Aria II.

Scoring the Immunofluorescent Images

Fluorescent intensity of the nuclear localized proteins were
measured with Image J software and scored for the nuclear
localization index (NLI) as follows: fluorescent intensity of each
protein in the DAPI+ area was measured. Then the average of
fluorescent intensity of all cells in the control (avg. of control)
was obtained. Each score for the test groups was divided by
the average of control to obtain NLI for each protein.

Immunoprecipitation

Plasmid coding HA-tagged Tak1 (Addgene #44160), Yes-associated
protein 1 (Yap1), or transcriptional coactivator with PDZ domain
(Taz) were transfected into the mouse BMMSCs (mBMMSCs) using
a CUY21 electroporator (NEPA Gene, Tokyo, Japan). Whole-cell
lysates or fractionated samples were incubated with 2 μg of spe-
cific antibodies for 8 hours at 4�C in immunoprecipitation buffer
(50 mM Tris [pH 7.3], 150 mM NaCl, 5 mM EDTA, 10 mM NaF, 1%
Triton X-100) with 1 mM PMSF and protease inhibitors (Sigma–
Aldrich). Immunocomplexes were isolated with protein
G-Sepharose beads saturated with 1% BSA, by gentle rocking for
4 hours at 4�C. Beads were washed five times with ice-cold
Immunoprecipitation (IP) buffer. Bound proteins were retrieved
from Sepharose beads by boiling in Laemmli buffer containing
β-mercaptoethanol. To detect the ubiquitinated Yap1 and Taz,
the cells were treated with proteasome inhibitor MG132 at 1 nM
for 6 hours before sampling.

Transplantation of the BMMSCs into Muscular Tissues

The recipient B6 animals were anesthetized using 2% isoflurane.
Following anesthesia, posterior biceps femoral muscles were
opened aseptically, create the slit with scalpel blade. The primary
BMMSCs established from C57BL/6-Tg (CAG-EGFP, Japan SLC,
Inc., Hamamatsu, Japan) were treated with 20 nM 5zox for
6 days, adjusted to 1.5 × 109 cells per milliliter in PBS and
injected 100 μl into the slit with 1 ml syringes with 27G needles.
After 48 hours of the transplantation, the muscles were col-
lected, digested, and analyzed with FACS.
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Intrabone Marrow Transplantation of BMMSCs

Following anesthesia, knee joints were opened aseptically, and
27G needles were inserted into the bone cavity of tibia to cre-
ate the space for cell transplantation. Primary BMMSCs col-
lected from the EGFP male mice were pretreated with 5zox as
above and adjusted to 1.5 × 109 cells per milliliter in PBS. The
5 × 104 BMMSCs were then injected into the bone cavity of
tibia using a 50 μl microsyringe (Hamilton Co. Whittier, CA) as
described previously [21, 22].

Statistical Analysis

Significant differences were detected by Tukey–Kramer HSD
test or Student’s t test, as appropriate. p values less than .05
were considered significant.

RESULTS

Inhibition of Tak1 Leads to Suppression of Proliferation
of BMMSCs

To investigate the importance of Tak1 for the proliferation of
BMMSCs, we treated three independent mBMMSC lines and
two independent human BMMSCs (hBMMSCs) with 5zox, which
is a specific inhibitor of Tak1 [23]. Upon 5zox treatment, cell pro-
liferation and colony formation were significantly inhibited in a
dose-dependent manner in both mBMMSCs (Fig. 1A) and
hBMMSCs (Supporting Information Fig. S1). Treatment with
200 nM of 5zox resulted in complete inhibition of colony forma-
tion (Fig. 1A). A 70% reduction in cell proliferation was observed
at 72 hours post-treatment in both mBMMSCs and hBMMSCs
(Fig. 1B). Unless otherwise specified, the abbreviation BMMSCs
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Figure 1. Effect of TGFβ-activated kinase 1 inhibition by 5zox treatment on proliferation and differentiation of BMMSCs. (A): Crystal
violet-stained image of cultured BMMSCs in 35-mm dishes: Vehicle, DMSO treated BMMSCs. Lower three panels show dose-dependent
effect of 5zox. (B): Suppression of proliferation by 5zox was reproducible in human and mice BMMSCs (hBMMSCs and mBMMSCs, respec-
tively). Asterisks represent significant differences (p < .05, n = 6) compared with control. (C): Effect of 5zox on in vitro differentiation. Left
three panels are results of differentiation induction without 5zox during both BMMSC expansion and differentiation (expansion: 5zox−,
differentiation: 5zox−); these data were quantified with ImageJ and are shown as black bars in the bar graph. Middle three panels are
results of differentiation induction, in which 5zox was added during BMMSC expansion, and removed during differentiation (expansion:
5zox+, differentiation: 5zox−); these data are shown as gray bars in the bar graph. Right three panels are results of differentiation induc-
tion, in which 5zox was added during BMMSC expansion and differentiation (expansion: 5zox+, differentiation: 5zox+); these data are
shown as white bars in the bar graph. Asterisks represent significant differences (p < .05, n = 6) compared with the “expansion: 5zox−,
differentiation: 5zox− condition.” Abbreviations: BMMSC, bone marrow-derived mesenchymal stem cells; hBMMSC, human bone marrow-
derived mesenchymal stem cells; mBMMSC, mouse bone marrow-derived mesenchymal stem cells; NTC, non-treatment control.
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refers to mBMMSCs hereafter. To determine the suppressive
effect of Tak1 blockade against BMMSC proliferation, we per-
formed siRNA-mediated suppression of Tak1 expression in
BMMSCs. The siRNA against Tak1 (siTak1) decreased the expres-
sion level of Tak1 mRNA to �40% of that in the untreated con-
trol (Supporting Information Fig. S2A, S2B). Approximately 60%
reduction in total cell number was observed at 48 hours after
siRNA transfection when compared with that of the control
(Supporting Information Fig. S2C). Next, we investigated whether
Tak1 inhibition alters the differentiation potential of BMMSCs.
Upon 5zox treatment, both chondrogenesis and osteogenesis was
inhibited, whereas no significant difference was observed in
adipogenesis. When 5zox addition was discontinued before
induction of differentiation, the differentiation efficiencies
into chondrocytes, osteoblasts, and adipocytes were compa-
rable with those of the untreated controls (Fig. 1C).

Tak1 Inhibition Blocks Proliferation of BMMSCs In Vivo

To confirm whether Tak1 inhibition suppressed cell proliferation
of BMMSCs in vivo, we injected 5zox into juvenile mice. Young
mice at day 10 after birth were injected with 5zox for five times
every other day. When weight was measured the day after the
final injection, the 5zox-treated juvenile mice (5zox mice) showed
growth retardation in weight compared with the vehicle-treated
control (Fig. 2A). In the 5zox mice, the undifferentiated BMMSCs,
identified as PDGFRα+/Sca1+/CD45−/Ter119− (PαS), were signifi-
cantly decreased (Fig. 2B), indicating that inhibition of Tak1
blocked cell growth of the BMMSCs in vivo. Retarded growth
observed in the 5zox mice recovered within 3 weeks of stopping
Tak1 inhibition (Fig. 2C). The 5zox mice appeared normal during
5zox treatment; after weight recovery and subsequent maturation,
they showed normal fertility. To validate that suppression of Tak1
lead to slowing or blocking of BMMSC proliferation, we performed
siRNA-mediated inhibition of Tak1 in vivo. When the cell cycle sta-
tus of the PαS fraction was evaluated at 24 hours after second
injection of siRNA (methods have been described in Supporting
Information Materials and Methods), the population of cells in
S/G2/M phases was significantly decreased, whereas the per-
centage of cells in G0/G1 phases was significantly increased
(Supporting Information Fig. S3). Based on these, we hypothe-
sized that Tak1 is important for the cell cycle process.

Tak1 Inhibition Induces Quiescence-Like Characteristics
in BMMSCs

To further elucidate the changes induced by Tak1 inhibition in
BMMSCs, we examined the cell cycle status using the BMMSCs
collected from Fucci G1-orange/S/G2/M-green transgenic mice
(Fucci-TG). Following 5zox treatment, the percentage of G0/G1

cells significantly increased, and conversely, S/G2/M populations
decreased (Fig. 3A and Supporting Information Fig. S4A), indicat-
ing that 5zox blocked the progression of cell cycle from G0/G1 to
subsequent steps. Also in vivo, treatment with 5zox brought
about accumulation of G0/G1 cells (Supporting Information
Fig. S5). Western blot (WB) analysis for Caspase 3 showed that
5zox treatment did not induce the cleavage of Caspase 3, indicat-
ing that Tak1 may not be essential for cell viability (Supporting
Information Fig. S4B). FACS-based analysis for necrosis or apo-
ptosis using PI/Annexin V dye also demonstrated that cell death
was not induced upon treatment with standard conditions of
20 nM 5zox; even after over exposure to 200 nM of 5zox, �90%
of BMMSCs survived (Supporting Information Fig. S4C).

Microarray of the Tak1-treated BMMSCs and showed that
active cell cycle-associated genes encoding cyclin dependent
kinases (CDKs), as well as proliferating cell nuclear antigen and
mini chromosome maintenance complex component 4 (MCM4),
were suppressed. In contrast, genes involved in the maintenance
of quiescent status, such as those encoding Cdkn1a (p21),
Cdkn1c (p57), and Cdkn2a (p16) were upregulated (Fig. 3B). Fur-
thermore, it was found that other quiescence-associated genes,
for example, antistress genes such as those encoding Sirt1, Sod1,
and forkhead box O1, 3 (Foxo1, 3), as well as polycomb genes
Bmi1, and enhancer of zeste homolog 1 (EZH1) were also
upregulated by 5zox treatment by the microarray and qRT-PCR
(Fig. 3C). To determine if the upregulated antioxidant genes were
functional, we analyzed intracellular reactive oxygen species
(ROS) with CellROX dye and found that 5zox treatment reduced
the ROS levels in cultured BMMSCs after H2O2 treatment
(Fig. 3D). Furthermore, subsequent cell viability assay using PI
and Annexin V (AnV) dyes showed that pretreatment with
5zox reduced cell populations during early apoptosis detected
as PInegative/AnVpositive from 21.1% to 9.4% and late apoptosis
detected as PIpositive/AnVpositive from 4.1% to 2.1% (Fig. 3E).
Together, these results suggested that pretreatment with 5zox
increased the tolerance for oxidative stress in BMMSCs.

Figure 2. 5zox injection induced reversible growth retardation and
inhibition of bone marrow-derived mesenchymal stem cell (BMMSC)
expansion in vivo. (A): Body weight increase in the juvenile mice with
(red line) or without (vehicle, blue line) 5zox treatment. Asterisks rep-
resent significant differences (p < .05, n = 6) between the two condi-
tions. (B): Number of PDGFRα+/Sca1+/CD45−/Ter119− (PαS) cells in
bone marrow tissues collected from B6 mice treated with and with-
out 5zox. Asterisks represent significant differences (p < .05, n = 6)
compared with control. (C): Recovery of body weight in the 5zox (red
line) or vehicle (blue line) treated mice. Asterisks represent significant
differences (p < .05, n = 6) between the two conditions.
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Phosphorylated Tak1 Activates Cell Proliferation
Through Noncanonical TGFβ Pathway Under TGFβ1
Supplementation

To elucidate the mechanisms underlying Tak1-mediated cell cycle
activation in BMMSCs, we first explored molecules that could
activate Tak1 in serum-dependent cultures. As candidate mole-
cules, we choose TGFβ1, FGF, EGF, PDGF-AB, or PDGF-BB, all of
which are important components found in serum for cell culture.
Upon supplementation of these molecules, Tak1 was phosphory-
lated not only by TGFβ1, but also by FGF (bFGF), EGF, PDGF-AB,
and PDGF-BB treatments (Fig. 4A). Next, we explored the down-
stream mediators of Tak1 using a simplified culture, in which the
proliferation of BMMSCs depended on only TGFβ1, and inhibitors

or siRNA against candidate molecules. Under such culture condi-
tion, BMMSCs proliferated depending on the concentration of
TGFβ1 (Fig. 4B). When the BMMSCs were treated with inhibitors
against Tak1 (5zox), p38 (SB202190), MEK (PD0325901), and
PI3K/Akt (LY-294002) in the TGFβ-dependent culture, a decrease
in cell expansion was observed. Particularly, the administration
of 5zox brought about strong suppression of both colony forma-
tion (Supporting Information Fig. S6) and cell proliferation
(Fig. 4C, 4D). Suppression of Smad2 and 3 did not affect BMMSC
proliferation (Supporting Information Fig. S7). Suppression of
Erk1 and Erk2 elicited a 40% reduction in TGFβ-induced prolifera-
tion. In contrast, suppression of Tak1 led to 70% reduction in cell
proliferation (Supporting Information Fig. S2).

Figure 3. Analysis of cell cycle status in the bone marrow-derived mesenchymal stem cells (BMMSCs) treated with 5zox. (A): FACS-based
quantification of cell numbers in the BMMSCs treated with vehicle (same amount of DMSO) and 5zox by the fucci G1-orange/S/G2M-
green system. Asterisks represent significant differences (p < .05, n = 3) compared with control. (B): Expression change in the genes asso-
ciated with cell cycle regulation found by microarray analysis. (C): qRT-PCR analysis for the expression change of the quiescence-related
genes. Significant differences between nontreatment control and 5zox were detected in all genes represented here (p < .05, n = 3). (D):
Reactive oxygen species detection with CellROX dye and FACS. Asterisks represent significant differences (p < .05, n = 3) compared with
vehicle control. (E): Detection of apoptosis/necrosis by PI/Annexin V (AnV) staining. PI/AnV double-positive population indicates cell popu-
lation undergoing necrosis or late apoptosis. PInegative/AnV positive fraction indicates cell population undergoing necrosis or early
apoptosis.
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Figure 4. Effect of growth factors or inhibitors against map kinases (MAPKs) under serum-free culture conditions. (A): Phosphorylation
status of TGFβ-activated kinase 1 (Tak1) under various growth factor stimulations. (B): Dose-dependent mitogenic effect of TGFβ1 on the
serum-free culture of bone marrow-derived mesenchymal stem cells (BMMSCs). Cells were stained with crystal violet dye. (C): Colony for-
mation assay after limited dilution. Cells were stained with crystal violet dye. (D): Relative cell numbers after 7 days culture under each
inhibitor treatment conditions. Asterisks represent significant differences (p < .05, n = 3) compared with nontreatment control. Abbrevia-
tion: pTak1, phosphorylated Tak1.

Figure 5. Immunofluorescence for Tak1, Yap1, and Taz in the bone marrow-derived mesenchymal stem cells (BMMSCs). BMMSCs treated
with DMSO or 5zox were observed using a fluorescent microscope after IF with anti-Tak1/FITC-2ndAb and anti-Yap1 or Taz/TexasRed-2ndAb.
NLI indicates the nuclear localization index and the scores are shown as mean value � SD of all cells in each image. Scale bar = 50 μm.
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Activated Form of Tak1 Localizes into the Nucleus in
Proliferating BMMSCs and Binds to Yap1/Taz

To investigate the mechanism underlying Tak1-mediated BMMSC
proliferation, we performed immunofluorescence (IF) analysis of
Tak1. In cultured BMMSCs, TAK1 was localized in both the cyto-
plasm and nucleus. In contrast, when BMMSCs were treated
with 5zox for 6 hours, Tak1 was excluded from the nucleus of
almost all cells. NLI of each image showed that nuclear localiza-
tion of Tak1, Yap1, and Taz were blocked by the 5zox treatment
(Fig. 5). To confirm the change in Tak1 localization, we per-
formed nuclear/cytoplasm fractionation of BMMSCs followed by
WB-based Tak1 detection. Tak1 was detected in both nuclear
and cytoplasmic fractions from untreated samples, whereas the
expression was remarkably low in the nuclear fraction from
5zox-treated BMMSCs (Fig. 6A). Since Tak1 lacks a DNA-binding
domain and nuclear localization signal, we hypothesized that
some interacting molecule(s) may mediate signal transduction
between Tak1 activity and mitogenic reactions in BMMSCs. To
identify such molecules, we focused on Yap1 and its paralog Taz,
which are transcriptional activators of the Hippo tumor suppres-
sor pathway involved in organ size regulation and tumorigenesis.
To examine the possibility of interaction between Tak1 and
Yap1/Taz, we performed IF and WB with anti-Tak1 and anti-Yap1
or anti-Taz antibodies. In proliferating BMMSCs, Yap1 and Taz
were also expressed in both the cytoplasm and nucleus. In con-
trast, amounts of nuclear Yap/Taz were reduced in the 5zox-
treated BMMSCs (Figs. 5 and 6A). We then examined the possi-
bility of a direct interaction between Tak1 and Yap1/Taz using
the coimmunoprecipitation (Co-IP) approach. To perform this
experiment, we transfected a HA-tagged TAK1 plasmid (HA-Tak1)
into BMMSCs and immunoprecipitated whole-cell lysate with
anti-HA antibody. Subsequent WB assay showed that Yap1/Taz
were present in the immunoprecipitated fraction of the BMMSCs
(Fig. 6B). This means that both Yap1 and Taz could bind with
Tak1. On the other hand, the binding between Tak1-Yap1 and
Tak1-Taz were reduced by the 5zox-treatment (Fig. 6C). We
hypothesized that Tak1 contributes to stabilization of Yap1/Taz
by regulating its phosphorylation status. To test this, we per-
formed WB for Yap1Ser397, which is a degradation mark of Yap1
[24] conserved in mouse cells [25]. Under normal culture condi-
tions, Yap1Ser397 was very weekly detected. When the BMMSCs
were treated with 5zox, Yap1Ser397 was strongly expressed
(Fig. 6D). To confirm whether interaction with Tak1 elicited a
change in the ubiquitination status of Yap1/Taz, we transfected
HA-Yap1 or HA-Taz in BMMSCs and performed IP with anti-HA
antibodies 48 hours after transfection with or without 5zox
treatment. Under normal conditions without 5zox treatment,
ubiquitinated Yap1/Taz were very weakly detected, and by
5zox treatment ubiquitinations of YAP1 and Taz were increased
(Fig. 6E).

Pretreatment with 5zox Confers High Viability on
Transplants by Inducing Quiescence During
Transplantation of BMMSCs

We examined whether Tak1 inhibition enables efficient synchroni-
zation into the quiescent state and higher survival rate after trans-
plantation. Prior to transplantation of the 5zox-treated BMMSCs,
we determined the duration of the effect of 5zox in the BMMSCs
after deprivation of 5zox from the medium. At 12 hours after 5zox
removal, more than 90% of the cells were still maintained at the

G0/G1 stage. At 12 hours after the second medium change, �80%
cells were retained in the G0/G1 stage. Even at 72 hours after 5zox
removal, 60% of the BMMSCs were at the G0/G1 stage (Fig. 7A).
Thus, we considered that 5zox treatment was effective just by
treating BMMSCs before cell transplantation. To confirm that the
pretreatment with 5zox improved cell survival during implantation,
we injected 5zox-treated BMMSCs prepared from EGFP mice into
the injured femur muscles of syngeneic wild-type B6 mice and per-
formed PI/AnV assays and CellROX assays for the EGFP+ cells at
48 hours after injection. FACS analysis for the EGFP+ fraction rev-
ealed that the cell population undergoing early apoptosis
decreased from 82.4% to 50.1%, and the population in late apo-
ptosis decreased from 16.8% to 8.9% (Fig. 7B). CellROX analysis
showed that intracellular ROS levels were suppressed in the 5zox
pretreated cells even after 48 hours of injection (Fig. 7C). Next, we
examined whether the pretreatment with 5zox improved the

Figure 6. Localization of TGFβ-activated kinase 1 (Tak1) and inter-
action between Tak1-Yap1/Taz. (A): Localization change of Tak1,
Yap1, and Taz by 5zox treatment. Tbp is a TATA-binding protein as a
representative of nuclear localizing protein. αTubulin is a representa-
tive of cytoplasmic protein. (B): Immunoprecipitation (IP)-Western
blot (WB) showing interaction between Tak1 and Yap1/Taz. HA indi-
cates IP fraction prepared with anti-HA antibody. (C): IP-WB showing
affinity change between Tak1 and Yap1/Taz by 5zox treatment. IP
fractions were prepared with anti-HA antibody, which bound to
HA-Tak1. (D): Phosphorylation status of Yap1 and Tak1 under control
and 5zox treatment condition. (E): IP-based detection of
ubiquitination status of Yap1 and Taz. Total Yap1 or Taz was collected
from cell lysate of BMMSCs with anti-HA antibody. Subsequently, the
ubiquitinated Yap1 or Taz were detected with anti-Ub antibody.
Abbreviations: C, Cytoplasmic fraction; N, nuclear fraction of bone
marrow-derived mesenchymal stem cells (BMMSCs).
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long-term engraftment by performing intrabone marrow trans-
plantation (IBMT) using the BMMSCs from EGFP mice. Approxi-
mately, 3,500 EGFP+ cells per 1 × 106 BM cells, which corresponds
to 7% of the injected cells (5 × 104 cells), remained at 24 hours
after transplantation (Fig. 7D and Supporting Information Fig. S8).
At this time point, 5zox treatment resulted in a threefold increase
in the engrafted cells compared with the control. Although the
numbers of engrafted cells decreased depending on days after cell
transplantation, the predominancy of the engrafted rate was
maintained after 5zox treatment and �2,500 cells per 1 × 106 BM
cells, corresponding to 5% of the injected cells survived and
engrafted at 28 days after cell transplantation (Fig. 7D). When the
survived EGFP+ cells in the recipient were resorted using PDGFRα
and Sca1 antibodies, we found that only 5% of the engrafted cells
in the control group expressed both markers. In contrast, �40% of
engrafted cells maintained the expression of both markers in the
5zox groups (Fig. 7E).

DISCUSSION

The current study provides evidence for the prominent role of
Tak1 in the proliferation of BMMSCs. Both in vivo and in vitro, it
was confirmed that Tak1 deprivation leads to strong inhibition of
the proliferative activity of BMMSCs without affecting their differ-
entiation potential. Notably, 5zox treatment during differentiation
suppressed chondrogenesis and osteogenesis, which was consis-
tent with previous results observed in Tak1-suppressed cells
[11, 12, 26, 27]. In the in vivo experiment, we observed that 5zox
treatment blocked expansion of BMMSCs and induced growth
retardation; however, both the number of BMMSCs and total body
weights recovered to normal levels upon discontinuing the 5zox
treatment. Although the toxicity of the 5zox is not well under-
stood, it was shown that reversible forced blocking of cell cycling
in BMMSCs was possible by inhibition of Tak1 activity. Subsequent
analysis of the characteristics of the 5zox-treated cells showed that
Tak1 inhibition resulted in the accumulation of G0/G1 cells.

Figure 7. Effect of 5zox pretreatment for bone marrow-derived mesenchymal stem cells (BMMSCs) on cell transplantation. (A): Duration
of 5zox-induced quiescence after stopping 5zox supplementation in the cultured BMMSCs. Red arrow heads show timing of medium
change with 5zox-fresh medium. (B): Detection of apoptosis/necrosis by PI/AnV staining. BMMSCs from EGFP mice were treated with
20 nM 5zox for 6 days, transplanted into femur muscles and collected at 48 hours after transplantation and analyzed for EGFP+
populations by FACS. (C): Analysis of intracellular ROS levels using the CellROX dye. Isolation of the transplanted cells was performed as
above. (D): Remaining EGFP+ cell numbers in the recipient BMs. Asterisks represent significant differences (p < .05, n = 6) compared with
the two groups. (E): Rate of undifferentiated BMMSC detected as PDGFRα/Sca1 double-positive population (p < .05, n = 6).
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Importantly, the 5zox-treated cells showed quiescent cell-specific
characteristics in terms of gene expression and ROS resistance
potential. Based on these findings, we concluded that Tak1 inhibi-
tion induced a quiescent-like state in the BMMSCs.

Originally, Tak1 was considered as a kinase activated by TGFβ
[6–10, 28]. However, we observed that Tak1 is also activated by
FGF2, EGF, and PDGFs. Previous studies have demonstrated that
Tak1/TAK1 could be activated by various cytokines such as inter-
leukins [7], FGFR1 [29], FGFR3 [30], G-CSF, and some chemotactic
factors [31], in addition to TGFβ. Therefore, it was not surprising
that Tak1 activation was induced by various cytokines tested in
the present work. This Tak1 activation induced by various cyto-
kines is thought to be an important factor engaging Tak1 as a
hub molecule for the mitogenic reactions of BMMSCs.

To identify downstream molecules connecting Tak1 activity with
the mitogenic reaction of BMMSCs, we performed inhibition of
major molecules related to the self-renewal of stem cells. The
involvement of Tak1 in the proliferation of neural stem cells [32],
hematopoietic stem cells, nephron progenitor cells [33], and muscu-
lar satellite cells [16] has already been reported. In these cells, Tak1
is required for the activation of NF-κB and JNK during inflammation-
induced tissue regeneration. However, we found that inhibition of
NF-κB and JNK did not affect cell proliferation activity in BMMSCs,
at least in the present TGFβ-dependent culture conditions. Consis-
tent with our notion, it has previously been shown that inhibition of
NF-κB signaling enhances the generation of MSCs from pluripotent
stem cells, rather than blocking their proliferation [34]. These find-
ings suggested that NF-κB might be dispensable for MSC self-
renewal. Several studies have shown the involvement of JNK in
MSC proliferation; for example, JNK signaling is involved in FGF2-
[35] and PDGF-induced proliferation [36], and treatment with
SP600125 has been shown to inhibit the cytokine-induced prolifera-
tion. However, importantly, these studies also showed that JNK inhi-
bition could not induce complete inhibition of cell proliferation, but
only canceled the effect of cytokines.

It has been reported that Tak1 can also activate ERK and
p38MAPK [37]. ERK is especially known as a strong mitogen in
various cells, including stem cells. We observed that cell prolifer-
ation activity of BMMSCs was suppressed to 50% compared with
that of the control. This result was consistent with that of siRNA
experiment. Inhibition of p38MAPK or Akt also affected BMMSC
proliferation, although the suppressive effects of p38MAPK and
Akt inhibition on cell proliferation were not critical. Consistently,
previous studies have shown that MSCs can repopulate under
suppression of ERK [35], p38MAPK [38], and Akt [39].

In contrast to the above molecules, Tak1 inhibition with
5zox inhibited BMMSC proliferation almost completely, with-
out affecting cell viability. This suggests that Tak1 plays a
prominent role in the proliferation of BMMSCs, and its activity
is likely mediated by a different mechanism from the well-
studied models such as MAPKs.

In this context, we focused on Yap1/Taz, which fulfill the
following requirements as a regulator of the BMMSC prolifera-
tion: abundantly expressed in various stem cells including
BMMSCs [40], directly involved in cell proliferation, and can
function independently of proliferation-related kinases such as
ERK [41] and JNK [42].

In the nucleus, Yap1 and Taz form a complex with tran-
scription factors, most prominently the TEA domain family
members (TEADs), and strongly activate gene expression
[43, 44] to induce cell proliferation. As expected, interaction

between Tak1 and Yap1/Taz was observed in proliferating
BMMSCs. Binding of Tak1 to Yap1/Taz was dependent on
phosphorylation modification and dephosphorylation of Tak1
by 5zox treatment disrupted the protein–protein interaction
between Tak1 and Yap1/Taz.

We then hypothesized that the interaction between Tak1 and
Yap1/Taz regulates the degradation of Tap1/Taz. In previous stud-
ies, it has been demonstrated that Yap1 is negatively regulated by
large tumor suppressor 1 (LATS1) and 2, which in turn phosphory-
late Yap1 and induce recruitment of the ubiquitin ligase complex
and subsequent degradation via the ubiquitin proteasome path-
way [45–47]. Taz is also regulated by phosphorylation and subse-
quent ubiquitin-proteasomal degradation [24, 47].

Under 5zox treatment condition, we found that Yap1 phos-
phorylation on the Ser397 residue increased. Phosphorylation of
YAP1Ser397 is modified by LATS and this induces recruitment of
the SCFβ-TrCP E3 ubiquitin ligase, and leads to ubiquitylation and
degradation of Yap1 [24, 48]. In mouse cells, phosphorylation on
Ser397 residue and subsequent cytoplasmic retention and deg-
radation were induced not only by Latz, but also by latz-
independent Fak/Cdc42/Pp1a cascade [25]. Consistent with
these findings, immunoblot with anti-Ubiquitin (Ub) antibodies
showed that Yap1 was highly ubiquitinated under 5zox treat-
ment condition. Although we could not observe the phosphory-
lation status of Taz because of antibody availability, an increase
in ubiquitination-modification under 5zox treatment was also
detected in Taz protein. From these, we concluded that Tak1
provided stability for Yap1 and TAZ by blocking the degradation
marks and subsequent ubiquitination-proteasomal degradation
of Yap1/Taz. In previous studies, Tak1 was reported to be addi-
tionally activated by mechanical stresses [49, 50]. Interestingly,
the proliferation of BMMSCs is enhanced by fluid flow, fluid
shear, and cyclic tensile strains. Furthermore, it has also been
revealed that cyclic strain increases the activity of YAP1 [51].
Therefore, it is possible that the Tak1-Yap1 molecular axis dem-
onstrated here serves as a common signaling cascade in mito-
genic reactions in BMMSCs.

Until now, several studies suggest that induction of quies-
cence confers enhanced stress tolerance in somatic stem cells.
As a result of the elevated expression of antistress molecules
such as glutathione peroxidase 3 (GPX3), sulfiredoxin, and
thioredoxin reductase 1 (TXNRD1), quiescent somatic stem cells
are protected from various stress molecules including ROS [52].
It has been demonstrated that the induction of a quiescent
state in human MSCs via serum deprivation enhances their via-
bility when implanted in vivo [53].

To date, a variety of approaches to induce quiescence in vitro
have been reported: anchorage deprivation, growth to confluence
and contact inhibition, mitogen deprivation [53], and nutrient/
amino acid limitation [54]. Although these approaches result in
reversible quiescence in somatic cells and stem cells, the effi-
ciency of these treatments is highly dependent on the condition
and quality of the cells, and they sometimes lead to irreversible
changes. For example, the blockade of cell adhesion induces
anoikis in BMMSCs [55], and serum or mitogen deprivation leads
to premature aging [56] or cell death [57]. Recently, it was
reported that quiescence may be triggered by culture on soft
substrates [58, 59]. However, this method needs complicated pro-
cesses to induce reentry into active cell cycling status. Thus, alter-
native approaches to establish reversible quiescence in MSCs are
preferable for actual therapeutic use. As expected, pretreatment
with 5zox clearly improved survival of the transplanted BMMSCs

www.StemCells.com ©2019 The Authors. STEM CELLS published by

Wiley Periodicals, Inc. on behalf of AlphaMed Press 2019

Onodera, Teramura, Takehara et al. 1603



in the muscle injury models. The 5zox pretreated BMMSCs
showed lower ROS levels compared with untreated cells from the
transplanted site, indicating that 5zox treatment provides stress
tolerance, at least for oxidative stress, also in vivo and contributes
to the higher survival rate of the transplanted cells. It is known
that transplanted MSCs are hardly engrafted when the cells are
heterotopically transplanted [60]. To observe the effect of 5zox
treatment on engraftment of BMMSCs, we performed IBMT of
the BMMSCs, expecting that the original environment of the
BMMSCs provide longer engraftment. Approximately, 1% cells
(untreated) remained in the BM tissues on day 28 after transplan-
tation. Notably, the 5zox treatment improved the engraftment
rate of the BMMSCs; 5% of the transplanted cells remained on
day 28 after transplantation. Furthermore, 40% of the EGFP+ frac-
tion maintained PDGFRα and Sca1 expression even on day 28 after
transplantation when the BMMSCs were pretreated with 5zox.
These findings indicate that 5zox treatment not only improved
survival and engraftment rate of BMMSCs, but also contributed
to the maintenance of stem cell characteristics of the transplanted
BMMSCs in the recipients. Interestingly, the microarray analysis
and subsequent qRT-PCR-based validation suggested that 5zox
treatment enhances gene expression of various cytokines involved
in wound healing and immunomodulation, which are important
therapeutic role of BMMSCs (Supporting Information Fig. S9).
Although detailed analysis such as confirmation of protein expres-
sion is essential, it is possible that the improved cell survival and
engraftment observed in the 5zox pretreated cells were
supported through the expression of these cytokines. We believe
that further characterization of the 5zox-treated cells and longer-
term follow-up of the engraftment/survival rate after transplanta-
tion in future will expand the therapeutic potential of BMMSCs.

CONCLUSION

In the present study, we show that Tak1 is a crucial molecule
for the activation of cell cycling in BMMSCs. Inhibition of Tak1

leads to synchronization in quiescence both in vitro and in vivo.
Tak1 can be activated by various growth factors, and, in turn, it
activates cell cycling of BMMSCs through stabilization of Yap1/
Taz. The quiescent induction by Tak1 inhibition provides stress
tolerance and improved engraftment properties to the
BMMSCs. Thus, Tak1 is an important molecule not only for clari-
fying stem cell self-renewal, but also for improving the thera-
peutic effect of BMMSCs.
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