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Osteoblasts are bone-forming cells that produce large amounts of collagen type I and various bone matrix proteins. Although osteoblast
differentiation is highly regulated by various factors, it remains unknownwhether lysosomes are directly involved in osteoblast differentiation.
Here, we demonstrate the transcription factor EB (TFEB), a master regulator of lysosomal biogenesis, modulates osteoblast differentiation.
The expression levels of TFEB as well as those of endosomal/lysosomal proteins were up-regulated during osteoblast differentiation using
mouse osteoblastic MC3T3-E1 cells. By gene knockdown (KD) experiments with small interfering RNA (siRNA), TFEB depletion caused
markedly reduced osteoblast differentiation as compared with the control cells. Conversely, overexpression (OE) of TFEB resulted in
strikingly enhanced osteoblastogenesis compared to the control cells. By analysis of down-stream effectormolecules, TFEBKDwas found to
causemarked up-regulation of activating transcription factor 4 (ATF4) and CCAAT/enhancer-binding protein homologous protein (CHOP),
both of which are essential factors for osteoblastogenesis. In contrast, TFEB OE promoted osteoblast differentiation through reduced
expression ofATF4 andCHOPwithout differentiation agents. Given the importanceofATF4 andCHOP in osteoblastogenesis, it is clear that
the TFEB-regulated signaling pathway for osteoblast differentiation is involved in ATF4/CHOP-dependent signaling pathway.
J. Cell. Physiol. 231: 1321–1333, 2016. � 2015 Wiley Periodicals, Inc.

Osteoblasts are mononucleated bone-forming cells that
produce large amounts of collagen type I, which is a major
organic components, and small amounts of extracellular bone
matrix proteins, including osteocalcin and osteopontin
(Komori, 2006). Osteoblasts are derived from mesenchymal
stem cells, and their differentiation is highly regulated by
various hormones, cytokines, and transcription factors
(Greenblatt et al., 2013). Among these, the essential
transcription factors include runt-related transcription factor 2
(Runx2), Sp7/osterix, and activating transcription factor 4
(ATF4). Runx2 is the master transcription factor in osteoblast
differentiation, and it regulates the expression of major bone
matrix protein genes via the direct binding of an osteoblast-
specific cis-acting element, which is located at the promoter of
several osteoblast-specific genes including osteocalcin,
osteopontin, and collagen type I (Komori et al., 1997).
Meanwhile, osterix acts as a downstream target of Runx2
(Nakashima et al., 2002), with ATF4 acting as a cofactor of
Runx2 (St-Arnaud and Hekmatnejad, 2011). Namely, ATF4
binds to an osteoblast-specific element in the osteocalcin
promoter, and directly activates its transcription (Yang and
Karsenty, 2004; Yang et al., 2004). With these essential
transcription factors for osteoblast differentiation, the
expression patterns of various markers of osteoblasts are
controlled. For example, alkaline phosphatase (ALP) is known
to be an early-stage marker, and osteopontin is a middle-stage
marker, whereas osteocalcin is a marker for the late stage of
osteoblast differentiation. However, the detailed molecular
mechanisms of this process are still not fully understood.

Several studies have demonstrated that during osteoblast
differentiation, lysosomal functions are markedly enhanced in
cells. Harrison’s group reported that ascorbic acid-induced
osteoblasts display enhanced endocytosis, elevated
degradation ability of lysosomes, and increased total number of

lysosomes within the cells (Nabavi et al., 2008). These authors
speculated that the enhanced lysosomal functions during
osteoblast differentiation may be important for collagen
processing via removal of the COOH-terminal pro-peptide
from procollagen. Taniguchi et al. (2010) reported systematic
up-regulation of various lysosomal proteins in differentiated
osteoblasts. Indeed, proteomic and transcriptomic analyses of
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primary mouse osteoblasts revealed that the most prominent
increased cluster of proteins is that of endosomal/lysosomal
proteins, which are approximately 21% of the total up-
regulated (Taniguchi et al., 2010). The investigators assumed
that the enhanced endosomal/lysosomal proteins were
required for endocytosis or degradation of extracellular bone
matrix. However, whether the enhanced lysosome functions
are directly involved in osteoblast differentiation remains to be
elucidated.

Recently, the transcription factor EB (TFEB) has been
identified as a master regulator of lysosomal biogenesis
(Sardiello et al., 2009; Settembre et al., 2013). TFEB controls
the expression of various lysosome-related proteins, including
lysosomal hydrolases, lysosomal membrane proteins, and
autophagy-related genes (Sardiello et al., 2009; Settembre et al.,
2011). TFEB is a member of the MiTF/TFE family of basic helix–
loop–helix leucine zipper transcription factors (Martina et al.,
2014). TFEB directly binds to the coordinated lysosomal
expression and regulation (CLEAR) elements located at the
promoter region of various lysosomal genes, thereby inducing
their expression (Settembre et al., 2013; Settembre and
Medina, 2015). Therefore, TFEB causes a marked increase in
the total number of lysosomal proteins expressed (Sardiello
et al., 2009). These findings prompted us to investigate whether
TFEB is involved in osteoblast differentiation.

In this study, by introducing small interfering RNAs (siRNAs)
or gene overexpression systems, we demonstrate that TFEB
regulates osteoblast differentiation of mouse osteoblastic
MC3T3-E1 cells.

Materials and Methods
Antibodies (Abs) and reagents

Anti-TFEB (sc-11009) and anti-XBP-1 (sc-8015) were purchased
from Santacruz Biotechnology, CA. Anti-Smad1 (#6944), anti-P-
Smad1/5 (#9516), anti-ATF4 (#11815), anti-Bcl-2(#2870), anti-
CHOP (#5554), anti-Bcl-2 interacting mediator of cell death (Bim)
(#2819), anti-B-cell lymphoma extra-large (Bcl-xL) (#2762), anti-
cleaved caspase-3 (#9661), anti-rab5 (#3547), and anti-rab7
(#9367) antibodies (Abs) were purchased from Cell Signaling
Technology, Danvers, MA. Anti-BMPR1A antibody (ab38560) was
from Abcam (Cambridge, UK). Anti-b-actin Ab (A5060) was from
Sigma–Aldrich (St. Louis, MO). Anti-cathepsin B and anti-cathepsin
D Abs were prepared as described previously (Yanagawa et al.,
2007; Tsukuba et al., 2013). Recombinant human bone
morphogenic protein (BMP)-2 was purchased from R&D Systems
(Minneapolis, MN). Synthetic StealthTM siRNA for TFEB mRNA
and StealthTM RNAi negative control oligo were purchased from
Invitrogen (Invitrogen, Carlsbad, CA).

Cell culture

Murine osteoblastic MC3T3-E1 cells (RBRC-RCB1126) were
provided by the RIKEN BRC through the National Bio-Resource
Project of the MEXT, Japan. MC3T3-E1 cells were cultured in a-
minimal essential medium (a-MEM) (Wako Pure Chemicals,
Saitama, JAPAN, Code: 135-15175; bicarbonate buffered with l-
glutamine) containing 10% fetal bovine serum (FBS) with 100U/ml
penicillin and 100mg/ml streptomycin. For osteoblast
differentiation, cells were stimulated with a-MEM containing
50mg/ml ascorbic acid, 5mM b-glycerophosphate, and 1mM
dexamethasone or 100 ng/ml BMP-2.

Alkaline phosphatase (ALP) activity

Cells were fixed with 4% paraformaldehyde and were stained to
analyze osteoblast differentiation by ALP activity using Naphtol
AS-MX phosphate, and Fast Blue BB (Sigma–Aldrich) according to
the standard histochemical procedure.

Western blot analysis

Cells were rinsed twice with ice-cold PBS and lysed in a cell lysis
buffer [50mM Tris–HCl (pH 8.0), 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 150mM NaCl, 1mM PMSF, and a
proteinase inhibitor cocktail]. The protein concentration of each
sample was measured using BCA Protein Assay Reagent (Thermo
Pierce, Rockford, IL). After SDS-PAGE, proteins were blotted
onto polyvinylidene difluoride membranes. The blots were
blocked with 3% skim milk/TBS with 0.1% Tween-20 for 1 h at
room temperature, and probed with various Abs overnight at 4°C.
After washing with TBS/0.1% Tween-20 three times, the
membranes were incubated with horseradish peroxidase-
conjugated secondary Abs (anti-rabbit IgG, Cat. No. 7074, and
anti-mouse IgG, Cat. No.7076, fromCell Signaling Technology; and
anti-goat IgG, Cat. No. sc-2020, from Santacruz Biotechnology) for
1 h at room temperature. Finally the immunoreactive bands were
detected with ECL-Plus (GE Healthcare Life Sciences, Tokyo,
Japan) using an LAS4000 Mini (Fuji Photo Film, Tokyo, Japan).

Reverse transcription and real-time quantitative PCR

Total RNA was extracted using TRIzol Reagent (Invitrogen).
Reverse transcription was performed using oligo(dT)15 primer
(Promega, Madison, WI) and Revertra Ace (Toyobo, Osaka,
Japan). Quantitative real-time PCR was performed using an
MX3005PQPCR system (Agilent Technology, La Jolla, CA). cDNA
was amplified using Brilliant III Ultra-Fast SYBR QPCR Master Mix
(Agilent Technology) according to the manufacturer’s
instructions. Primers are indicated in Supplemental Table S1.

Small interfering RNA

Knockdown (KD) of mouse TFEB was performed using the
following sequences: UGUCUAGCAGCCACCUGAACGUGUA
or control siRNA (Invirogen). Briefly, MC3T3-E1 cells were plated
at a density of 5� 104 cells/well in 6-well plates and were cultured
in antibiotic-free media. The siRNA was transfected into MC3T3-
E1cells using Lipofectamine RNAiMAXTM transfection reagent
(Invitrogen). BLOCK-iTTM Alexa Fluor Red Fluorescent Oligo was
used to optimize the delivery of the siRNA. The cells were
incubated with 60 pmol of siRNA for 24 h, followed by isolation of
total RNA for RT-PCR after 3 days.

Plasmid construction and transfection of mouse TFEB
into MC3T3-E1 cells

cDNA encoding a full open reading frame of mouse TFEB (mTFEB)
was purchased from ATCC (SOC46115). We used the following
pairs of oligonucleotides with restriction enzyme sites
(underlined) for PCR amplification of full-length mTFEB: 50-
CTTGAATTCATGGCTCAGCTCGCTCAGTGG-30 (EcoRI-
mTFEB sense primer) and 50-CCACTCGAGCAGAACATCAC-
CCTCCTCCAT-30 (mTFEB-XhoI antisense primer). After
digestion with EcoRI and XhoI, this fragment was inserted into
FLAG tagged-pcDNA3 (Nishishita et al., 2013). Five micrograms of
plasmidwas transfected intoMC3T3-E1 cells by using SuperFectTM

Transfection Reagent (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. After 48 h, cells that overexpressed
mTFEB were selected using 1mg/ml of G418-sulfate (Wako). The
medium including G418-sulfate was changed every 2 or 3 days.
About 3 weeks later, several cloned cells were obtained. Cells that
were transfected with only pcDNA3 were used as a control.

Annexin V staining

Cells were washed with PBS prior to the use of the Annexin V-
fluos1 staining kit fromRoche Biodiagnostics (RocheDiagnostics).
According to the manufacturer’s protocol, 20ml of Annexin V-
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fluos were diluted in 1ml of incubation buffer, and 100ml of this
mixture was added directly to the cells. After incubation for
20min, cells were analyzed with a confocal laser scanning
microscope. (LSM780 META; Carl Zeiss, Jena, Germany).

MitoSOX red staining

To monitor mitochondrial superoxide, MitoSOX Red (5mm,
Invitrogen) was loaded onto MC3T3-E1 cells at 37 °C for 10min
followed by two washes. 0.5mM NAC was used as a reactive
oxygen species (ROS) scavenger. Imaging of MitoSOX was
performed with LSM780 META.

Nitro blue tetrazolium (NBT) test

In order to evaluate ROS, theNBT test was performed. Briefly, the
functional activity of cells was examined by determining their ability
to reduce the yellow-colored dye to a deep blue product,
formazan. Cells were washed with PBS twice, followed by addition
of 200ml of 0.2% nitro blue tetrazolium and incubation at 37 °C for
45min. After aspiration of the supernatant, cells were dissolved
with KOH andDMSO and activity was measured with amicroplate
reader (Bio-Rad iMarkTM, Hercules, CA) at 570 nm.

Statistical analysis

All values are expressed as the means� standard deviations (SD)
for three independent experiments. The Tukey–Kramer method
was used to identify differences between concentrations when
ANOVA indicated a significant difference (�P< 0.05 or
��P< 0.01).

Results
TFEB and endosomal/lysosomal proteins are increased
during osteoblast differentiation

Previous studies reported that the expression levels of various
endosomal/lysosomal proteins were increased during ascorbic
acid-induced osteoblast differentiation (Nabavi et al., 2008;
Taniguchi et al., 2010). Therefore, we first examined the
mRNA expression levels, induced by 50mg/ml ascorbic acid,
5mM b-glycerophosphate, and 1mM dexamethasone, of the
typical endosomal/lysosomal genes, such as cathepsin B
(encoded by Ctsb), cathepsin D (encoded by Ctsd), Rab5A
(encoded by Rab5A), and Rab7A (encoded by Rab7A) in murine
osteoblastic precursor MC3T3-E1 cells (Fig. 1A). When the
cells were stimulated for 2 or 4 days, the mRNA expression
levels of Ctsb, Ctsd, Rab5A, and Rab7A were gradually up-
regulated, as confirmed by the major osteoblast-differentiation
marker ALP (encoded by Alpl) (Fig. 1A). Under these
conditions, the mRNA levels of TFEB (encoded by Tfeb) were
also significantly increased (Fig. 1A). Similarly, western blot
analysis of the stimulated MC3T3-E1 cells showed that the
protein levels of TFEB as well as those of cathepsins B and D
were significantly increased after 2 or 4 days of stimulation
(Fig. 1B and C).

Similar results were observed when MC3T3-E1 cells were
stimulated with BMP2 (Fig. 1D). Upon BMP2 stimulation, the
mRNA expression levels of Tfeb were also up-regulated
(Fig. 1D). We also determined the mRNA levels of Tfeb and
various osteoblast markers in BMP2-stimulated and
unstimulated cells (Supplemental Fig. S1), or stimulated by
ascorbic acid, b-glycerophosphate, and dexamethasone and
unstimulated cells (Supplementary Fig. S2). The expression of
TFEB gradually increased over time, whether cells were
cultured in the presence or absence of BMP2 (Supplemental
Fig. S1). These results suggest that lysosomal biogenesis
mediated by TFEB may be involved in osteoblast
differentiation.

TFEB knockdown (KD) prevents osteoblast
differentiation of MC3T3-E1 cells

To investigate whether TFEB is involved in osteoblast
differentiation, we performed gene knockdown (KD)
experiments with siRNA. When MC3T3-E1 cells were
transfected with siRNA of a control or TFEB, the mRNA level
of TFEB in the cells after 4 days of stimulation was reduced to
approximately 13% (Fig. 2A). In addition, the protein level of
TFEB in TFEB-KD cells wasmarkedly decreased (Fig. 2B andC).
Under these conditions, ALP activity was also markedly
decreased in TFEB-KD cells compared with the control cells
(Fig. 2D).

We further compared the mRNA levels between the
control and TFEB-KD cells of various osteoblast differentiation
markers, such as Alpl, osteocalcin (encoded by Bglap), collagen
type I (encoded by Col1A1), Runx2 (encoded by Runx2), osterix
(encoded by Sp7), osteopontin (encoded by Spp1), and
receptor activator of nuclear factor kappa-B ligand (RANKL,
encoded by Tnfsf11) (Fig. 2E). The expression levels of Alpl,
Bglap, Runx2, Sp7, Spp1, and Tnfsf11 were all significantly
decreased in TFEB-KD cells compared with control MC3T3-E1
cells, although the expression of Col1A1 was slightly, but not
statistically significantly, decreased in TFEB-KD cells (Fig. 2E).
These results indicate that TFEB depletion causes delay or
impairment of osteoblast differentiation.

TFEB KD affects BMP2-induced Smad1/5-dependent
pathway

Next, we investigated the involvement of TFEB in the
intracellular signaling that mediates the differentiation of
MC3T3-E1 cells induced by BMP2 (Fig. 3). We analyzed by
western blotting the BMP2-induced phosphorylation of
Smad1/5 on intracellular signaling pathways during the
osteoblast differentiation of MC3T3-E1 cells. The expression
of TFEB in control cells was clearly detected, whereas its
expression in TFEB-KD cells was barely detectable (Fig. 3).
The expression levels of Smad1 after 30min of stimulation in
TFEB-KD MC3T3-E1 cells were slightly lower than those in
control cells after 1 or 2 days of stimulation (Fig. 3). The
phosphorylation levels of Smad1/5 in TFEB-KD cells were
clearly lower than the levels in control cells (Fig. 3). It should
be noted that the phosphorylation levels of Smad1/5 in TFEB-
KD cells and control cells after 1 or 2 days of stimulation
were markedly different from levels at day 0. In contrast with
Smad1, the protein levels of BMPR1A, a bone morphogenetic
protein receptor, were unchanged between TFEB-KD cells
and control cells (Fig. 3). These findings indicate that TFEB
depletion affects the Smad1-dependent pathway in BMP2-
stimulated MC3T3-E1 cells. It should be noted that the
protein and phosphorylation levels of Smad1 in TFEB-KD
cells were slightly lower than those in control cells, indicating
that TFEB-KD caused down-regulation of Smad1 even in the
absence of BMP2. The detailed mechanisms of TFEB induced
by BMP2 are shown in Fig. 8.

TFEB KD increased expressions of ATF4 and CHOP in
BMP2-induced osteoblastic cells

Since osteoblasts are known to secrete large amounts of
extracellular matrix proteins, osteoblast differentiation is
mediated by the unfolded protein response (UPR) in
endoplasmic reticulum (ER) stress. During osteoblast
differentiation, BMP2 triggers up-regulation of various UPR
transducers in osteoblasts. Therefore, we hypothesized that
there is a relationship between the induction of TFEB and
up-regulation of UPR transducers during osteoblast
differentiation.
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Fig. 1. Increased expression of TFEB during osteoblast differentiation. (A) MC3T3-E1 cells were stimulated with 50mg/ml ascorbic acid, 5mM
b-glycerophosphate, and 1mM dexamethasone for 2 or 4 days. Quantitative RT-PCR determination of mRNA expression of TFEB (encoded by
Tfeb), alkaline phosphatase (encoded by Alpl), several lysosome marker genes, such as cathepsin B (encoded by Ctsb), cathepsin D (encoded by
Ctsd), Rab5A (encoded by Rab5A), and Rab7A (encoded by Rab7A) in MC3T3-E1 cells at the indicated time. Expression levels were normalized
to b-actin and expressed relative to expression at 0 day. The data are represented as mean�SD of values from three independent
experiments. ��P< 0.01 for the indicated comparisons. (B) MC3T3-E1 cells were incubated with a-MEM containing 50mg/ml ascorbic acid, 5mM
b-glycerophosphate, and 1mM dexamethasone for 2 or 4 days. Cell lysates with equal amounts of protein were subjected to SDS-PAGE, followed
by western blotting with Abs to cathepsins B and D. b-actin was used as a loading control. The data are representative of three independent
experiments. (C) Densitometric analysis for the quantification of protein in cell lysates. The arbitrary density unit was defined as the relative
chemiluminescence intensity measured by ImageJ. The data are indicated as representative of three independent experiments. �P< 0.05,
��P< 0.01 for the control. (D) MC3T3-E1 cells were incubated with a-MEM containing 100ng/ml BMP-2 for 2 or 4 days. Quantitative RT-PCR
determination of mRNA expression of TFEB (encoded by Tfeb), alkaline phosphatase (encoded by Alpl) in MC3T3-E1 cells at the indicated time.
The data are represented as mean�SD of values from three independent experiments. ��P< 0.01 for the indicated comparisons.
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We examined the effects of TFEB on the mRNA levels of
various UPR transducers, such as ATF4 (encoded by Atf4),
ATF6 (encoded by Atf6), OASIS (encoded by Creb3l1), CHOP
(encoded by Ddit3), and eukaryotic translation initiation factor
2-alpha kinase 3 (PERK, encoded by Eif2ak3), in BMP2-induced
osteoblastic MC3T3-E1 cells after 2 or 3 days of stimulation
(Fig. 4). When we compared the expression of the UPR
transducers in the control and TFEB-KD cells, themRNA levels
of Atf4 and Ddit3 in TFEB-KD cells were about 2.2- and 3.0-fold
higher than those in control MC3T3-E1 cells at 2 days after
BMP2 induction (Fig. 4A). Although the mRNA level of Eif2ak3
was 1.2-fold higher than that in control MC3T3-E1 cells at

2 days after BMP2-induction, those of Creb3l1 and Atf6 were
indistinguishable between the control and TFEB-KD cells
(Fig. 4A). After 3 days of BMP2 stimulation, the mRNA levels of
Atf4 and Ddit3 in TFEB-KD cells remained about 2.2- and 2.7-
fold higher than those in control MC3T3-E1 cells (Fig. 4B).
Moreover, the mRNA levels of Atf6, Creb3l1, and Eif2ak3 in
TFEB-KD cells were significantly higher than those in control
cells (Fig. 4B). Under BMP2-minus (mock) conditions, we found
that the mRNA levels of all of the UPR transducers such as Atf4,
Atf6, Creb3l1, Ddit3, and Eif2ak3 in TFEB-KD cells were
significantly higher than those in control cells (Supplementary
Fig. S3). It should be noted that both ATF4 and CHOP are

Fig. 2. Knockdown (KD) of TFEB in MC3T3-E1 cells after stimulation with BMP-2. MC3T3-E1 cells were transfected with either a control
siRNA or a TFEB-specific siRNA. After incubation for 24h, cells were cultured for an additional 4 days in the presence of 100ng/ml BMP-2.
(A) KD efficiency was measured by a quantitative RT-PCR determination of mRNA levels of TFEB. (B) Cell lysates with equal amounts of
protein were subjected to SDS-PAGE, followed by western blotting with Abs to TFEB. (C) Densitometric analysis for the quantification of
protein in cell lysates. The arbitrary density unit was defined as the relative chemiluminescence intensity measured by ImageJ. The data are
indicated as representative of three independent experiments. ��P< 0.01 for the control. (D) After fixation, ALP staining was performed.
(E) Quantitative RT-PCR determination of mRNA expression of TFEB (encoded by Tfeb) and osteoblast differentiation marker genes, alkaline
phosphatase (encoded by Alpl), osteocalcin (encoded by Bglap), collagen type I (encoded by Col1A1), osteopontin (encoded by Spp1), osterix
(encoded by Sp7), RANKL (encoded by Tnfsf11), and Runx2 (encoded by Runx2) in MC3T3-E1 cells. The data are represented as mean�SD of
values from three independent experiments. �P< 0.05, ��P< 0.01 for the control.
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known to be not only stress inducers but also modulator
proteins for osteoblast differentiation (Saito et al., 2011;
Takayanagi et al., 2013). To confirm the protein levels of TFEB
and lysosomal proteins, such as cathepsins B and D, between
the control and TFEB-KD cells, we performed a western blot
analysis. At 4 days after BMP2 stimulation, the expression levels
of cathepsins B and D in TFEB-KD cells were apparently
decreased in comparison with the control cells (Fig. 4C and D).
Under these conditions, the expression levels of ATF4 and
CHOP were markedly higher than those in the control cells
(Fig. 4C and D). However, the protein levels of XBP1, a
transcription factor of IRE1, were not different between the
control and TFEB-KD cells (Fig. 4C and D).

Since up-regulation of ATF4 and CHOP is associated with
cell death, we examined whether there were differences in the
expression levels of various apoptosis effectors, such as anti-
apoptotic (Bcl-xL, Bcl-2), and pro-apoptotic (Bim) effectors
and cleaved caspase 3 between the control and TFEB-KD cells
(Fig. 4C and D). The expression level of Bim was apparently
diminished, whereas the protein levels of Bcl-2, and cleaved
caspase 3 were reduced (Fig. 4C and D). The expression level
of Bcl-xL was unchanged (Fig. 4C and D). These results indicate
that TFEB depletion induces increases in the expressions of
ATF4 and CHOP, but slight or no expressions of ATF6, OASIS,
PERK, and XBP1 during osteoblast differentiation, and that
TFEB-KD only slightly affects the expressions of apoptosis-
regulated proteins.

TFEB KD induces an early stage of apoptosis by increased
ROS generation and mitochondrial abnormalities in
BMP2-induced osteoblastic cells

We next examined whether ROS are increased in TFEB-KD
cells.When the cells were stimulated with BMP2 for 3 days, the
ROS level in the TFEB-KD cells was slightly but significantly
higher than that in the control MC3T3-E1 cells (Fig. 5A). In
addition, TFEB-depleted cells were stained with MitoSOX, an
indicator of superoxide production in the mitochondria of live
cells (Fig. 5B). TFEB-KD cells showed MitoSOX-positive
mitochondria within the cells (Fig. 5B). Treatment of the

control and TFEB-KD cells with N-acetyl cysteine (NAC), an
ROS scavenger, completely blocked MitoSOX staining in the
mitochondria (Fig. 5B).

To confirm whether or not TFEB-KD cells undergo
apoptosis, both the control and TFEB-KD cells were stained
with annexin V, an indicator of apoptosis in the plasma
membrane (Fig. 5C). TFEB-KD cells exhibited a clear staining
pattern with FITC-labeled annexin V, whereas the control cells
did not (Fig. 5C). These results imply that TFEB-KD cells
undergo apoptosis. Considering the findings that the protein
levels of ATF4 and CHOP were up-regulated, those of Bcl-xL,
Bcl-2, Bim, and cleaved caspase 3 were slightly decreased
(Fig. 4), it is likely that TFEB-KD cells display a phenotype of
early stage of apoptosis.

TFEB overexpression (OE) enhances BMP2-induced
osteoblast differentiation

To investigate whether TFEB overexpression (OE) promotes
osteoblast differentiation, we transfected MC3T3-E1 cells with
vectors containing TFEB or the control. After 4 days of
stimulation with BMP2, quantitative real-time PCR analysis
showed that the mRNA level of Tfeb in TFEB-OE MC3TC-E1
cells was 1.8-fold higher than that in control-transfected
MC3TC-E1 cells (Fig. 6A). The protein expressions were also
confirmed by western blot analysis. The expression of TFEB
was about 2.7-fold increased in TFEB-OE cells compared with
the control cells (Fig. 6B and C). Under these conditions, ALP
staining revealed that TFEB-OE cells displayed a stronger dark
staining pattern than the control cells, indicating that TFEB-OE
promotes osteoblast differentiation to a greater extent than
the control expression (Fig. 6D). We further examined the
expression levels of various osteoblast differentiation markers
between the control and TFEB-OE MC3T3-E1 cells after 2
(Fig. 6E) or 4 days (Fig. 6F) of stimulation. The levels of markers
such as Alpl, Bglap, Runx2, Sp7, and Spp were significantly up-
regulated in TFEB-OE MC3T3-E1 cells (Fig. 6E). The levels of
Col1A1 were indistinguishable between the control and TFEB-
OEMC3T3-E1 cells after 2 days, whereas the level of Tnfsf11 in
TFEB-OE cells was significantly lower than that in the control
(Fig. 6E). However, the levels of all markers in TFEB-OE cells
were significantly higher than those in the control (Fig. 6F). It
should be noted that the mRNA levels of Alpl in TFEB-OE
MC3T3-E1 cells was more than 100-fold up-regulated
compared with that in the control cells after 2 days after
stimulation (Fig. 6E), and Bglap in TFEB-OEMC3T3-E1 cells was
approximately 100-fold up-regulated compared with that in the
control cells (Fig. 6F) after 4 days of stimulation. These results
indicate that TFEB OE accelerates osteoblast differentiation.

BMP2 stimulation in osteoblasts affects expression levels
of ALP, OCL, ATF4, and CHOP

To evaluate the involvement of ATF4 and CHOP in TFEB-
mediated osteoblast differentiation, we measured the
expression levels of the UPR transducers, including ATF4,
ATF6, CHOP, OASIS, and PEAK in both the control and TFEB-
OE cells after 2 days of BMP2 stimulation. Unexpectedly, the
level of Atf4 in TFEB-OE cells was significantly higher than that
in the control cells (Fig. 7A). Also, the level ofDdit3 in TFEB-OE
cells was slightly but not statistically significantly higher than
that in the control cells, although the level of Creb3l1 in TFEB-
OE cells was significantly lower than that in the control cells
(Fig. 7A). The protein levels of ATF4 and CHOP were
apparently increased in TFEB-OE cells compared with the
control cells (Fig. 7B and C). These results indicate that under
BMP2 induced conditions, both ATF4 and CHOP are up-
regulated in TFEB-OE cells as compared with the control cells.
The discrepancy in the expression levels of ATF4 and CHOP

Fig. 3. Effects of TFEB KD on the BMP2-induced signaling
underlying osteoblast differentiation. The control or TFEB-KD
MC3T3-E1 cells were incubated with 100ng/ml rhBMP-2 for the
indicated time. Cell lysates with equal amounts of protein were
subjected to SDS-PAGE, followed by western blotting with Abs to
total Smad1/5, p-Smad1/5 or BMPR1A. b-Actin was used as a
loading control. The data are representative of three independent
experiments.
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Fig. 4. Effects of TFEB KD on the unfolded protein response (UPR) transducers and apoptosis regulated proteins. Quantitative RT-PCR
determination of mRNA expression of TFEB (encoded by Tfeb), ATF4 (encoded by Atf4), ATF6 (encoded by Atf6), CHOP (encoded by Ddit3),
OASIS (encoded by Creb3L1), and eukaryotic translation initiation factor 2-alpha kinase 3 (PERK, encoded by Eif2AK3) in BMP2-induced
osteoblastic MC3T3-E1 cells for (A) 2 or (B) 3 days. The data are represented as mean�SD of values from three independent experiments.
�P< 0.05, ��P< 0.01 for the control. (C) Cell lysates with equal amounts of protein were subjected to SDS-PAGE, followed by western blotting
with Abs to CTSD, CTSB, TFEB, ATF4, CHOP, XBP1, Bcl-xL, Bcl-2, Bim, and cleaved caspase 3. (D) Densitometric analysis for the
quantification of protein in cell lysates. The arbitrary density unit was defined as the relative chemiluminescence intensity measured by
ImageJ. The data are representative of three independent experiments. �P< 0.05, ��P< 0.01 for the control.
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between TFEB-KD and TFEB-OE cells is due to BMP2
induction. In fact, this notion was confirmed by the next
experiments under normal conditions without any
differentiation reagents. As shown in Fig. 7D, the mRNA levels
of Atf4, Atf6, Creb3l1, andDdit in TFEB-OE cells was significantly
lower than that in the control cells in normal conditions,
although the levels of Eif2ak3 between TFEB-OE cells and
control cells were comparable.

In the absence of stimulation reagents, TFEB-OE
promotes osteoblast differentiation through markedly
increased expression of ALP, and reduced expressions of
ATF4 and CHOP

Previous studies have shown that endogenous CHOP plays a
dual role in the regulation of committed osteoblast
differentiation, dependent on the presence or absence of BMP2
(Shirakawa et al., 2006; Pereira et al., 2007). CHOP inhibits
osteoblast differentiation by acting as a dominant-negative
inhibitor of C/EBPb, but concomitantly works as an activator of
BMP signaling in osteoblastic cells (Shirakawa et al., 2006;
Pereira et al., 2007). These findings suggest that BMP2
treatment may induce excessive expressions of ATF4 and
CHOP in osteoblastic MC3T3-E1 cells. Therefore, we
examined the effects of TFEB-OE or TFEB-KD cells on
osteoblast differentiation without stimulation reagents,
including BMP2 and ascorbic acid. Surprisingly, TFEB-OE cells
exhibited markedly enhanced ALP activity compared with the
control cells, when both cells were cultured for 4 or 10 days
under normal culture conditions lacking stimulation reagents
(Fig. 8A and B). Quantitative real-time PCR analysis revealed
that the mRNA levels of Atf4 and Ddit3 in TFEB-OE cells were
decreased relative to the control cells, whereas the differences
in mRNA level ofDdit3 between the control and TFEB-OE cells
was not statistically significant (Fig. 8C). Conversely, the
mRNA levels of Atf4 and Ddit3 were up-regulated in TFEB-KD
cells as compared with the control cells (Fig. 8D). The protein
expression of ATF4 in TFEB-OE cells were slightly decreased
relative to expression in the control cells, whereas expressions
of CHOP were indistinguishable between the control and
TFEB-OE cells (Fig. 8E–G). However, both the expression
levels of ATF4 and CHOP in TFEB-KD cells were markedly
higher than those in the control cells (Fig. 8E–G).

We also measured the expressions of the osteoblast
markers in the absence of stimulation reagents by quantitative
real-time PCR. The mRNA levels of the various markers were
significantly up-regulated in TFEB-OE MC3T3-E1 cells, as
compared with control cells (Fig. 8H). In particular, the
expression levels of Alpl and Bglap in TFEB-OE cells were about
17-fold and 55-fold higher than the controls, respectively
(Fig. 8H). Conversely, the expressions of various markers such
as Alpl, Bglap, and Sp7 were markedly diminished in TFEB-KD
cells as compared with control cells (Fig. 8I). In addition, the
levels of Spp1, Tnfsf11, and Runx2 in TFEB-KD cells were
apparently reduced, although the differences were not
statistically significant (Fig. 8I). Unexpectedly, the mRNA level
of Col1A1 was enhanced in TFEB-KD MC3T3-E1 cells relative
to that in the control cells (Fig. 8I). These results indicate that in
the absence of BMP2, TFEB OE promotes osteoblast
differentiation through markedly increased expression of ALP.

Discussion

In this study, we demonstrated that the expression levels of
TFEB as well as endosomal/lysosomal proteins were up-
regulated during osteoblast differentiation. TFEB-KD cells
showed markedly reduced osteoblast differentiation as
compared with the control cells, as evidenced by the decrease
in ALP staining, and decreased expressions of several

Fig. 5. Effects of TFEB KD in BMP2-induced osteoblasts on apoptosis
andROSgeneration. (A)MC3T3-E1 cells were stimulatedwith 100ng/ml
BMP-2 for 3 days. The ROS levels were determined by Nitro Blue
Tetrazolium (NBT) test method. ��P< 0.01 for the control. (B and C)
MC3T3-E1 cells were cultured on glass cover slips, and stimulated with
100mM BMP-2 for 4 days. (B) The cells were stained with MitoSOXTM

Red reagent for 10min. The samples were visualized by confocal laser
microscopy. (C) The cells were stained with FITC-labeled annexinV for
5min. The samples were visualized by confocal laser microscopy.
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osteoblast differentiation markers. Conversely, TFEB OE
resulted in strikingly enhanced osteoblastogenesis relative to
the control cells. Concerning down-stream effector molecules,
TFEB KD showed marked ATF4 and CHOP up-regulation,
whereas TFEB OE promoted osteoblast differentiation
through reduced expressions of ATF4 and CHOP without

differentiation agents. Given the importance of ATF4 and
CHOP in osteoblast differentiation, we propose that the TFEB-
mediated signaling pathway for osteoblast differentiation is
involved in ATF4/CHOP-dependent signaling pathway.

The present study establishes that lysosomal biogenesis
mediated by TFEB is closely related to osteoblast

Fig. 6. Overexpression (OE) of TFEB in MC3T3-E1 cells after stimulation with BMP-2. MC3T3-E1 cells were transfected with either a control
or a TFEB-expression vector. After incubation for 24h, cells were cultured for additional 4 days in the presence of 100mM BMP-2. (A) OE
efficiency was measured by a quantitative RT-PCR determination of mRNA levels of Tfeb. ��P< 0.01 for the control. (B) Cell lysates with equal
amounts of protein were subjected to SDS-PAGE, followed by western blotting with Abs to TFEB. (C) Densitometric analysis for the
quantification of protein in cell lysates. The arbitrary density unit was defined as the relative chemiluminescence intensity measured by
ImageJ. The data are representative of three independent experiments. ��P< 0.01 for the control. (D) After fixation, ALP staining was
performed. (E and F) Quantitative RT-PCR determination of mRNA expression of TFEB (encoded by Tfeb) and osteoblast differentiation
marker genes, alkaline phosphatase (encoded by ALPL), collagen type I (encoded by Col1A1), osteocalcin (encoded by Bglap), osteopontin
(encoded by Spp1), osterix (encoded by Sp7), RANKL (encoded by Tnfsf11), and Runx2 (encoded by Runx2) in MC3T3-E1 cells at 2 (E) or 4 days
(F) after stimulation. The data are represented as mean�SD of values from three independent experiments. �� P< 0.01 for the control.
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differentiation. In previous studies, however, physiological
roles for the enhanced lysosomal function during osteoblast
differentiation were believed to be related merely to protein
degradation (Nabavi et al., 2008). Enhanced lysosomal function
during osteoblast differentiation is important for the

processing of type I collagen. Alternatively, the up-regulation of
endosomal/lysosomal proteins in differentiating osteoblasts is
important for the degradation of aberrant or denatured
collagens and/or remodeling of bone matrix proteins.
However, this study showed that TFEB KD prevented

Fig. 7. Relationship between TFEB OE and various UPR transducers in MC3T3-E1 cells. (A) Quantitative RT-PCR determination of mRNA
expression of TFEB (encoded by Tfeb) and ATF4 (encoded by Atf4), ATF6 (encoded by Atf6), CHOP (encoded by Ddit3), OASIS (encoded by
Creb3L1), and eukaryotic translation initiation factor 2-alpha kinase 3 (PERK) (encoded by Eif2AK3) in BMP2-induced the control MC3T3-E1 or
TFEB-OE cells for 2 days. The data are represented as mean�SD of values from three independent experiments. ��P< 0.01 for the control.
(B) Under the same culture conditions as described in (A). Cell lysates with equal amounts of protein were subjected to SDS-PAGE, followed
by western blotting with Abs to TFEB, ATF4, CHOP. (C) Densitometric analysis for the quantification of the protein in the cell lysates. The
arbitrary density unit was defined as the relative chemiluminescence intensity measured by ImageJ. The data are representative of three
independent experiments. ��P< 0.01 for the control. (D) Quantitative RT-PCR determination of mRNA expression of TFEB and ATF4, ATF6,
CHOP, OASIS, and eukaryotic translation initiation factor 2-alpha kinase 3 in the control MC3T3-E1 or TFEB-OE cells with normal culture
medium without any differentiation reagents for 2 days. The data are represented as mean�SD of values from three independent
experiments. ��P< 0.01 for the control.
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osteoblast differentiation, whereas TFEB OE enhanced
osteoblast differentiation. Based on these results, we propose
that lysosomal biogenesis regulated by TFEB is essential for
osteoblast differentiation.

Lysosome biogenesis regulated by TFEB is reported to be
required for cell differentiation of some cell types other than
osteoblasts (Martina et al., 2014). In osteoclasts, bone
resorbing cells, TFEB is required for normal osteoclast function

Fig. 8. Effects of TFEB on differentiation of MC3T3-E1 cells under unstimulated conditions. (A and B) MC3T3-E1 cells (control and TFEB-OE
cells) were cultured with normal culture medium without any differentiation reagents. After additional culture for 4 (A) or 10 days (B). After
fixation, APL staining was performed. (C and D) Quantitative RT-PCR determination of mRNA expression of TFEB (encoded by Tfeb), ATF4
(encoded by Atf4), and CHOP (encoded by Ddit3) in unstimulated- MC3T3-E1 cells after 4 days culture. The data are represented as
mean�SD of values from three independent experiments. �P< 0.05, ��P< 0.01 for the control. (C) The control cells and TFEB-OE cells;
(D) the control cells and TFEB-KD cells. (E) Cell lysates (4 days of culture) with equal amounts of protein were subjected to SDS-PAGE,
followed by western blotting with Abs to TFEB, ATF4, CHOP. (F and G) Densitometric analysis for the quantification of protein in cell lysates.
The arbitrary density unit was defined as the relative chemiluminescence intensity measured by ImageJ. The data are representative of three
independent experiments. �P< 0.05, ��P< 0.01 for the control. (H and I) Quantitative RT-PCR determination of mRNA expression of TFEB
(encoded by Tfeb) and osteoblast differentiation marker genes, alkaline phosphatase (encoded by Alpl), collagen type I (encoded by Col1A1),
osteocalcin (encoded by Bglap), osteopontin (encoded by Spp1), osterix (encoded by Sp7), RANKL (encoded by Tnfsf11), and Runx2 (encoded
by Runx2) in the control or TFEB-OE MC3T3-E1 cells at the indicated time. The data are represented as mean�SD of values from three
independent experiments. �P< 0.05, ��P< 0.01 for the control. (H) control and TFEB-OE cells; (I) control and TFEB-KD cells.
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(Ferron et al., 2013). Mice lacking osteoclast-specific deletion
of TFEB showed impaired expression of lysosomal genes, and a
reduced bone resorbing ability, indicating that TFEB is required
for lysosomal biogenesis in osteoclasts (Ferron et al., 2013).
Concerning the signaling pathway in osteoclasts, the RANKL-
PKCb-TFEB signaling cascade is necessary for the lysosomal
biogenesis. In CD4þ T cells, TFEB directly binds to the
promoter of the gene encoding CD40 ligand, which is required
for a T cell-dependent antibody response, and promotes its
expression, thereby affirming the critical role of TFEB in T cell
function and humoral immunity (Huan et al., 2006). Thus, in
spite of the different effector molecules present in various cell
types, lysosome biogenesis regulated by TFEB plays an
important role in the differentiation of some cells.

TFEB KD increased expressions of ATF4 and CHOP,
whereas TFEB OE decreased expressions of ATF4 and CHOP
in the absence of stimulation reagents. These findings indicate
that TFEB negatively regulates the expression levels of ATF4
and CHOP during osteoblast differentiation. ATF4 is a member
of the ATF/cAMP-responsive element-binding protein (CREB)
family (Yang and Karsenty, 2004). ATF4 is essential for the late
phase of osteoblast differentiation under the transcriptional
control of several major osteoblastic genes, including
osteocalcin, RANKL, and Esp (embryonic stem cell
phosphatase) (Yoshizawa et al., 2009). ATF4-deficient mice
exhibit a marked reduction or delay in the mineralization of
bones (Yang et al., 2004; Makowski et al., 2014). Meanwhile,
ATF4 is a key factor regulating certain cell stress responses,
such as ER stress, amino acid starvation, autophagy, and
apoptosis (Averous et al., 2004; Ohoka et al., 2005). CHOP,
which is one of the ATF4 target genes, is a member of the basic
Zip family of transcription factors. CHOP is up-regulated by
various stress responses, including ER stress, amino acid
starvation, autophagy, and apoptosis (Oyadomari and Mori,
2004; Yamaguchi and Wang, 2004; Malhotra and Kaufman,
2007). Similar to ATF4-deficient mice, CHOP-null mice also
display decreased bone formation, indicating defects in
osteoblastic functions in vivo (Pereira et al., 2006). However,
transgenic mice overexpressing CHOP controlled by the
osteocalcin promoter showed reduced bone formation and
causes osteopenia, indicating that CHOP overexpression
causes delayed osteoblast differentiation and apoptosis of the
cells (Pereira et al., 2007). Considering that both the deficiency
and OE of CHOP induce decreased bone formation and
osteoblastic defects, it is likely that a moderate amount of
ATF4/CHOP promotes osteoblast differentiation, while
lacking or enhanced expression of ATF4/CHOP results in
inhibition of osteoblast differentiation. Consistent with this
notion, Shirakawa et al. (2006) proposed the dual function of
CHOP in osteoblast differentiation. Namely, heterologously
expressed CHOP blocks osteoblast differentiation accessing
Runx2, whereas endogenous CHOP promotes BMP2-induced
osteoblastogenesis. Therefore, a quantitative alteration in
ATF4/CHOP expression may regulate osteoblast
differentiation.

TFEB depletion caused partially apoptotic phenotypes, such
as increased ROS generation, enhanced mitochondrial
oxidative stress, and annexinV-positive staining. In particular,
after 2 days of BMP2-stimulation, TFEB KD led to up-regulation
of ATF4 and CHOP only, but after 3 days of BMP2 stimulation,
up-regulation of all of the included ER stress inducers was
observed. These findings indicate that BMP2 induction plus
TFEB deficiency results in excessive cellular stress. Therefore,
we speculate that TFEB is required for attenuating ER stress
during osteoblastogenesis.When ER stress occurs, unfolded or
aggregated proteins are accumulated in the ER. Accumulation
of aggregated proteins in the ER induces elimination of the
proteins through autophagy/lysosomes. Consistent with our
notion, Ishida et al. (2009) have previously reported that

misfolded procollagen aggregated in the ER is eliminated by
autophagy/lysosome systems. Moreover, selective elimination
mechanisms of the ER by autophagy/lysosome systems in yeast,
termed “ER-phagy,” have been proposed (Bernales et al., 2007;
Lipatova et al., 2013; Schuck et al., 2014). Therefore, it is
reasonable to speculate that TFEB is required for the enhanced
elimination of the abnormal aggregates of collagens in the ER by
autophagy/lysosomes, and in the case of depleted TFEB that
excessive ER stress may inhibit osteoblast differentiation,
resulting in the induction of apoptosis.

In conclusion, TFEB is essential for osteoblast differentiation.
TFEB KD increased expressions of ATF4 and CHOP, whereas
TFEBOE decreased expressions of ATF4 and CHOP in spite of
the lack of BMP2, implying that TFEB negatively regulates the
expression levels of ATF4 and CHOP during osteoblast
differentiation. Identification of TFEB as an osteoblast
differentiation factor is critical for the development of new
therapies for bone diseases.
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