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Abstract
Microphthalmia-associated transcription factor, Mitf, has been shown to be necessary for
regulating genes involved in osteoclast differentiation. Previously it was shown by others that Mitf
translocates from the cytoplasm to the nucleus upon M-CSF/RANKL signaling in osteoclasts.
Mitf’s movement is regulated by its interaction with 14-3-3 and the kinase C-TAK1. Here we
demonstrate that the related family member, Tfe3, does not shuttle from the cytoplasm to the
nucleus and does not interact with C-TAK1. We also demonstrate that overexpression of C-TAK1
inhibits the expression of Acp5 while a kinase dead C-TAK1 or a Mitf mutant that cannot interact
with C-TAK1 increased expression of Acp5. Finally, we show that the catalytic subunit of protein
phosphatase 2A is upregulated in osteoclasts with M-CSF/RANKL signaling indicating a possible
mechanism for dephosphorylating Mitf on its 14-3-3 binding site and allowing Mitf to be
translocated to the nucleus of osteoclasts.
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Introduction
Bone is a dynamic tissue whose balance is maintained by the osteoblasts, which are
responsible for the mineralization of bone and the osteoclasts, which are responsible for
resorbing bone. One of the most informative methods for identifying genes regulating
osteoclast involvement of bone development has been mouse mutants. Mutations in mice
that have global effects on osteoclastogenesis typically reside in genes encoding signaling
proteins or transcription factors required for osteoclast differentiation. One of these genes
identified that regulates osteoclast differentiation is the transcription factor, microphthalmia-
associated transcription factor (Mitf).

Mitf belongs to the MiT family of basic helix-loop-helix transcription factors that have been
shown to regulate gene expression in a variety of cell types including melanocytes,
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macrophages and osteoclasts [1]. The MiT family includes Mitf, Tfe3, Tfeb and Tfec [2;3].
Mitf’s ability to activate gene expression has been shown to be required for activating genes
necessary for osteoclast differentiation [4;5;6]. Weilbaecher et al. as well as others [7;8]
have shown that Tfe3 and Mitf are expressed in osteoclasts, where they form heterodimers.
It has also been shown that both Mitf and Tfe3 can activate Cathepsin K (Ctsk) [4] and that
they can synergistically activate the Acp5 promoter (encoding TRACP) [5].

In hetero- or homozygous mice, Tfe3 mutations do not have a detectable phenotype that is
associated with pigmentation, eye or bone development [9]. A few strong semidominant
Mitf mutations induce complete or partial osteopetrosis (in particular the Mitfmi mutations);
however loss of Mitf expression does not induce osteopetrosis. It has been suggested that the
phenotype of the Mitfmi is caused by the dominant negative action of this allele and its
interference with Tfe3 [1]. In homozygous Mitfmi mutant animals, osteoclasts express less
TRACP [5] and Cathepsin K mRNA [4]. Mice null for Tfe3 and Mitf develop osteopetrosis
[9]. The genetic data suggest that in osteoclasts Mitf and Tfe3 are functionally redundant
and that osteoclast differentiation requires expression of either Mitf or Tfe3 unlike the
biochemical data which suggested that they function as heterodimers.

Relatively little is known about proteins that interact with and potentially regulate the ability
of Mitf and Tfe3 to activate osteoclast promoters during M-CSF and RANKL signaling. To
identify proteins that interact with and regulate Mitf and Tfe3, we used a yeast two hybrid
system designed to identify proteins that interact with transactivation domains of
transcription factors such as Mitf [10]. Using this yeast two hybrid system, we had identified
POH1 [11] and C-TAK1 (Cdc25C associated kinase 1) as proteins that interact with the
activation domain of Mitf. C-TAK1 is a kinase that has been shown to phosphorylate
various proteins including Cdc25C phosphatase [12]. C-TAK1 has been shown to regulate
these proteins in vivo through the generation of 14-3-3 binding sites [13;14]. Disruption of
the 14-3-3 binding site in the proteins phosphorylated by C-TAK1 leads to aberrant protein
localization [12;13;14]. C-TAK1 not only phosphorylates these proteins, but also has been
shown to stably associate with them [12;14]. C-TAK1 recognizes the amino acid sequence
RsxS*xP, which is also a 14-3-3 binding site, and phosphorylates the S* [14;15].

In this paper, we found Tfe3 expression, unlike Mitf expression, is only in the nucleus of
osteoclasts. We confirm that Mitf and demonstrate that Tfe3 can interact with 14-3-3, but
only Mitf’s interaction with 14-3-3 is phosphatase sensitive. We also verified the interaction
between Mitf and C-TAK1 as demonstrated by our yeast two hybrid results and Bronisz et
al. [15], but surprisingly we found that the related family member Tfe3 does not interact
with C-TAK1. We also show that C-TAK1 overexpression affects osteoclast gene
expression and formation of multinuclear TRAP-positive cells. Finally we observed that the
phosphatase PP2A is expressed in osteoclasts with M-CSF signaling and could be a potential
mechanism(s) that regulates Mitf subcellular location.

Materials and Methods
Cell Culture, Luciferase Assays and Transfections

293T and RAW 264.7 c4 maintenance and transfection was done as previously described
[11]. Osteoclasts were isolated from bone marrow of mice as previously described [16].

Antibodies and Chemicals
Antibodies used were as follow: FLAG (M2, Sigma), Mitf (21st century Biochemicals,
Malboro, Mass), Tfe3 (BD Biosciences), HA (Covance), PP2A (catalytic subunit, Cell
Signaling), pan 14-3-3 (Chemicon). M-CSF and RANKL were purchased from R & D
Systems (Minneapolis, MN) and used at 10 ng/mL (M-CSF) or 60 ng/mL (RANKL).
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Recombinant his-tagged 14-3-3 was purchased from Enzo Life Sciences (Plymouth
Meeting, PA). Okadaic acid (Sigma) was used at 20 nM and incubated with the cells 5 hours
before harvesting.

Protein and nucleic acid analysis
RNA was extracted and real-time RT-PCR was performed as previously described [17].
Immunoprecipitations and immunoblots were done as previously described [13].
Phosphatase assay was done as previously described [15].

Plasmids and Mutagenesis
FLAG Mitf was previously described [15]. Dr. Helen Piwnica-Worms generously provided
the HA-tagged CTAK plasmid. Dr. Deborah Morrison provided the plasmid encoding the
HA-tagged 14-3-3. Mitf (M105A, L178A, M105A/L178A, S100A, S173A and S100A/
S173A) and kinase dead CTAK mutant (D196N) were generated by QuikChange method
(Stratagene). All constructs were verified by DNA sequencing.

Statistical analysis
All experiments were run in triplicates and results are expressed as mean ± SD. Student’s t-
tests were used to compare data; p < 0.05 indicates significance.

Results
Mitf and Tfe3 are localized differently during osteoclast differentiation

It has been reported previously that in osteoclasts Mitf, upon M-CSF and RANKL
stimulation, translocates from the cytoplasm to the nucleus [15]. We wanted to confirm this
finding and determine if Tfe3, another member of the MiT family thought to play an
important role in osteoclast differentiation [9], also changes subcellular localization during
osteoclast differentiation. Osteoclasts were grown in the absence of M-CSF and RANKL for
4-6 h (0 RANKL, −M-CSF), stimulated with M-CSF for 24 h (0 RANKL, +M-CSF) or M-
CSF and RANKL (24 RANKL, +M-CSF) for 24 h. As shown in Figure 1, we were able to
detect Mitf exclusively in the cytoplasmic fraction of osteoclasts when both M-CSF and
RANKL were removed (lane 1). By 24 h of stimulation with M-CSF and RANKL, we
detected Mitf exclusively in the nuclear fraction (lanes 5-6). Unlike Mitf, we could only
detect Tfe3 in the nuclear fraction of osteoclasts even when both M-CSF and RANKL
stimulation were removed (see Figure 1, lane 4-6). As loading controls and to ensure
complete fractionation, the blots were reprobed with α-tubulin, which is a cytoplasmic
protein and lamin A/C, which is a nuclear protein. These data suggest that Mitf and Tfe3
subcellular localization is regulated differently during osteoclast differentiation. These
findings are intriguing since it has been suggested based on mouse models that Mitf and
Tfe3 have redundant functions in osteoclasts [9].

Mitf and Tfe3 both interact with 14-3-3 protein
Overexpression of 14-3-3 in a transgenic mouse model was shown to increase the
cytoplasmic localization of Mitf [15]. Since we detected a difference in localization of Mitf
and Tfe3 during the initiation of osteoclast differentiation, we wanted to test if Tfe3 interacts
with 14-3-3. We overexpressed a HA-tagged 14-3-3, with either a FLAG-Mitf or FLAG-
Tfe3 in 293T cells. Cell lysates were immunoprecipitated with an antibody that recognized
either the FLAG-tagged Mitf or Tfe3 and analyzed by immunoblot for the presence of HA-
tagged 14-3-3 protein. As was previously reported, we observed that 14-3-3 is a binding
partner of Mitf (Figure 2A, lane1)[15]. We also determined that Tfe3 and 14-3-3 interact
(Figure 2A, lane 5), as was predicted based upon sequence similarity with other 14-3-3
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interacting proteins [18]. We next wanted to determine which amino acids are necessary for
Mitf to interact with 14-3-3. A loss of interaction between Mitf and 14-3-3 was obseved
when both serines at amino acid residues 100 and 173 were mutated to alanine (Figure 2A,
lanes 2-4). Comparable results were obtained when we used recombinant his-tagged 14-3-3
instead of HA-tagged 14-3-3 (data not shown). We were also able to detect an interaction by
immunoprecipitation between endogenous 14-3-3, Mitf and Tfe3 in RAW 264.7 c4 cells
stimulated with M-CSF (Figure 2B).

Tfe3 does not interact with C-TAK1
Previous work has shown that Mitf interacts with the kinase C-TAK1 [15]. C-TAK1 is
thought to phosphorylate Mitf, creating a 14-3-3 binding site. Since Tfe3 was detected in the
nucleus fraction of osteoclasts and an interaction between Tfe3 and 14-3-3 was observed, we
wanted next to determine if Tfe3 (like Mitf) interacts with C-TAK1. To do this, we
overexpressed HA-CTAK1, FLAG-Mitf or FLAG-Tfe3 in 293T cells. Cell lysates were
immunoprecipitated with an antibody to the FLAG-tagged Mitf or Tfe3 and analyzed by
immunoblot for the presence of HA-tagged CTAK1. We found FLAG-Mitf but not FLAG-
Tfe3 in the presence of the HA-tagged CTAK1 (Figure 2C, lanes 1 and 2).

Tfe3’s interaction with 14-3-3 is not phosphorylation dependent
14-3-3 binds to specific phospho-serines or threonines in their binding partner. C-TAK1 is
the kinase shown to phosphorylate the serine or threonine in the 14-3-3 site. It has been
shown that Mitf’s interaction with 14-3-3 is phosphorylation dependent [15], so we wanted
to determine if Tfe3’s interaction with 14-3-3 is also phosphorylation dependent. Treatment
of transfected cells with the phosphatase inhibitor, okadaic acid, increased the interaction
between Mitf and 14-3-3 but did not change the interaction between Tfe3 and 14-3-3 (Figure
2D, lanes 1, 3, 4, and 6). Dephosphorylation of Mitf with alkaline phosphatase reduced
binding to 14-3-3 but it did not affect Tfe3’s interaction with 14-3-3 (Figure 2D, compare
lanes 1, 2, 4, and 5).

Amino terminus of Mitf is necessary for C-TAK1 interaction
Using site-directed mutagenesis, we mapped the Mitf amino acid residues necessary for
Mitf’s interaction with C-TAK1. C-TAK1 substrates contain the following motif
RxxSΦxxxΦ [14] where x is any amino acid and Φ is a hydrophobic amino acid. Mitf
contains two C-TAK1 motifs. One is found from amino acid residues 97-105 and the other
motif is located at amino acid residues 170-178. We determined that the methionine of Mitf
at amino acid residues 105 and the lysine at amino acid residue 178 were necessary for
Mitf’s interaction with C-TAK1 (Figure 3A, lane 4). It was previously found that Mitf
amino acid residue 178 is necessary for Mitf’s interaction with C-TAK1 [15]. The model
that both methionine at 105 and the lysine at 178 are required for the Mitf/C-TAK1
interaction may explain why Tfe3 cannot bind to C-TAK1 since the methionine at residue
105 in Mitf is not present in Tfe3 [19].

Interaction between C-TAK1 and Mitf regulates the activation of Mitf
To further characterize the activity of C-TAK1, RAW 264.7 c4 cells were transfected with
wild type C-TAK1. Cells were then stimulated with M-CSF or M-CSF and RANKL for 5
days. Total RNA was isolated and real-time RT-PCR was performed to measure Acp5 gene
expression. In mock-transfected RAW 264.7 c4 cells stimulated with M-CSF and RANKL,
we detected a 6-fold increase in Acp5 gene expression, but only a 2-fold increase with the
transfection of wild type C-TAK1 (Figure 3B). Transfection of the kinase dead C-TAK1
mutant D196N increased Acp5 gene expression by 4-fold compared to M-CSF-treated cells
and approximately 4-fold increase in Acp5 gene expression compared to M-CSF/RANKL-
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treated cells (Figure 3C). When the Mitf point mutant M105A/L178A a mutant we
determined did not interact with C-TAK1, we observed a similar increase (i.e., 4-fold) in
Acp5 gene expression, which is comparable to what we observed when we transfected the
D196N C-TAK1 mutant. However, M-CSF/RANKL-treated cells with the M105A/L178A
Mitf mutant we observed a 6-fold increase in Acp5 gene expression (Figure 3D).

C-TAK1 inhibits differentiation of RAW 264.7 cells
Since C-TAK1 inhibited Mitf’s activation of osteoclast genes, we next asked whether C-
TAK1 overexpression inhibited differentiation of RAW 264.7 cells. The RAW 264.7
preosteoclast cell line was transfected with full-length C-TAK1, C-TAK1 D196N mutant,
FLAG-Mitf or the FLAG-MItf M105/L178A mutant (Figure 3A) and grown in presence of
both M-CSF and RANKL for 7d to induce formation of multinuclear cells. As shown in
Figure 3D, full length C-TAK1 significantly inhibited (2.5 fold) formation of TRAP positive
cells compared to when the kinase dead C-TAK1 were overexpressed in RAW 264.7 c4
cells. Compared to FLAG-Mitf, FLAG-Mitf M105/L178A enhanced (1.5 fold) formation of
TRAP positive cells when overexpressed in RAW 264.7 c4 cells.

Inhibition of PP2A activity regulates Mitf target genes
Previous work has shown that M-CSF stimulation of macrophages increases expression of
the catalytic subunit of protein phosphatase 2A (PP2A, [20]). For other substrates of C-
TAK1, PP2A has been shown to be necessary to dephosphorylate the protein phosphorylated
by C-TAK1 and prevent the substrate from binding to 14-3-3 protein [21]. It has not been
previously shown in osteoclasts that M-CSF stimulation leads to an upregulation of PP2A.
To determine if M-CSF stimulation of osteoclast precursors up-regulates the catalytic
subunit of PP2A, osteoclast precurors were grown in the absence of M-CSF or stimulated
with M-CSF or M-CSF/RANKL for 1 to 3 days. Cytoplasmic and nuclear extracts were
made from the stimulated osteoclast precursors and analyzed with an antibody that
recognizes the catalytic subunit of PP2A. We detected an increase in expression of the
catalytic subunit with M-CSF stimulation and when the osteoclast precursors were
stimulated with M-CSF and RANKL for one day in the cytoplasmic fraction of osteoclasts.
Expression in the cytoplasm would allow PP2A to interact with Mitf when osteoclasts were
stimulated with M-CSF. PP2A activity could be the mechanism that releases Mitf/C-
TAK1/14-3-3 and allows Mitf to translocate to the nucleus when osteoclasts are stimulated
with M-CSF/RANKL.

If PP2A activity releases Mitf from 14-3-3 so that it can enter the nucleus, we would expect
that expression from genes that Mitf targets during osteoclast differentiation should be
affected. We inhibited PP2A activity using okadaic acid, an inhibitor with substantial
preference for PP2A over PP1 [22]. Osteoclast cultures were treated with M-CSF, M-CSF/
RANKL or M-CSF/RANKL/ okadaic acid and real-time RT-PCR was done to measure gene
expression of the Acp5 and Ctsk. We detected a 7-fold increase of the Acp5 promoter when
cells were treated with M-CSF/RANKL but only a 2-fold increase when the cells were
treated with M-CSF/RANKL/OA (Figure 4B). A significant decrease in Ctsk expression was
also observed when the osteoclasts were treated with okadaic acid (Figure 4B).

Discussion
In this study, we determined that, unlike previously demonstrated for Mitf, that the related
family member Tfe3 does not shuttle from the cytoplasm to the nucleus with M-CSF/
RANKL signaling. We have shown that both Mitf and Tfe3 interact with 14-3-3. We also
demonstrated that only the Mitf/14-3-3 interaction is phosphatase sensitive. Other proteins
such as human telomerase (hTERT) and the Exoenzyme S cytotoxin have been shown to
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interact with 14-3-3 in a phosphorylation-independent manner and are primarily dependent
on hydrophobic residues [23]. In the case of hTERT, the failure to bind to 14-3-3 prevents
hTERT localization to the nucleus [24]. It was shown that 14-3-3 binding to hTERT masked
the nuclear export signal enhancing nuclear localization of hTERT [24]. Based on the data
with hTERT and the fact that we detect 14-3-3 protein in the nucleus of osteoclasts (data not
shown), we hypothesize that Tfe3’s interaction with 14-3-3 may keep Tfe3 localized to the
nucleus. It will be important to map the domain of Tfe3 that interacts with 14-3-3 to further
determine the mechanism of interaction between 14-3-3 and Tfe3.

We were able to confirm the interaction between Mitf and C-TAK1 as previously reported,
but where unable to detect an interaction between Tfe3 and C-TAK1. We further
demonstrated that Mitf requires both the methionine at residue 105 and lysine at residue 178
to interact with C-TAK1. We hypothesize that Tfe3 cannot interact with C-TAK1 because
the methionine at residue 105, which is conserved only in the MiT family member Mitf, is
not present in the Tfe3 sequence [19]. Another C-TAK1 substrate, KSR1, contains two
serines that are phosphorylated by C-TAK1 and are necessary for KSR1 to bind to 14-3-3
[14]. Based on our data, we conclude that both sites are necessary for Mitf’s ability to
interact with C-TAK1, and since Tfe3 lacks one of the two sites may explain why Tfe3 does
not interact with C-TAK1.

Other proteins that interact with 14-3-3, such as KSR1 and HDAC7, interact with protein
phosphatase 2A, which dephosphorylates the phosphoserines that bind 14-3-3, and allow the
protein to shuttle out of the cytoplasm [22;25]. We showed that upon M-CSF stimulation,
and the first day of stimulation with RANKL, that PP2A expression is increased in the
cytoplasm of osteoclasts. We also demonstrated that treatment of osteoclasts with okadaic
acid, an inhibitor of PP2A, decreased gene expression of Mitf target genes Acp5 and Ctsk.
We hypothesize that PP2A is responsible for allowing Mitf to move from the cytoplasm to
the nucleus of osteoclasts.

In a knockout mouse model, it was shown that Mitf and Tfe3 serve redundant roles in
osteoclast differentiation [9]. Even though null mice for all the different combinations of
family members were generated, only null mice for both Mitf and Tfe3 have an osteopetrotic
phenotype. This data indicates that the functional MiT family unit in osteoclasts is a Mitf or
Tfe3 homodimer. Why then are two related proteins that serve redundant roles in osteoclast
differentiation apparently being regulated differently? Tfe3 expression, unlike Mitf
expression, is up-regulated during macrophage differentiation [26]. It was further shown that
Tfe3 regulates expression of MafB, a master regulator of macrophage, but not osteoclast
differentiation [27]. Our data suggests that the different subcellular regulation of Mitf and
Tfe3 may be due to the different roles that they play during osteoclast and macrophage
differentiation.
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Figure 1. Nuclear localization of Mitf and Tfe3
Representative immunoblot of Mitf and Tfe3 lysates from bone marrow derived-osteoclasts.
M-CSF and RANKL were removed for 4-6 h, stimulated with M-CSF or M-CSF and
RANKL for 24 hours, and immunoblotted.
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Figure 2. Mitf and Tfe3 bind to 14-3-3 and C-TAK1
(A) The HA-tagged 14-3-3 construct and the FLAG-tagged Mitf constructs were expressed
in 293T cells and complexes from whole-cell lysates were immunoprecipitated with anti-
FLAG antibody and analyzed by immunoblot with the indicated antibodies. (B) RAW 264.7
c4 cells were stimulated with 10 ng/mL M-CSF for 24 hours. Cell lysates were
immunoprecipitated with an antibody that recognizes IgG (lane 1), Mitf (lane 2) or Tfe3
(lane 3) and analyzed by immunoblot with an antibody that recognizes 14-3-3. (C) HA-
tagged C-TAK1 construct and FLAG-tagged Mitf or Tfe3 were expressed in 293T cells and
complexes from whole-cell lysates were immunoprecipitated with FLAG antibody and
analyzed by immunoblot. (D) FLAG-Mitf or Tfe3 coexpression with HA-14-3-3. Cell
lysates were untreated, treated with 20 nM okadaic acid before harvesting, or the whole-cell
lysate was treated with 40 U/μl CIAP.
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Figure 3. C-TAK1 inhibits Mitf’s ability to activate transcription
(A) The HA-tagged C-TAK1 construct and the FLAG-tagged Mitf point mutants were
transfected in 293T cells and complexes from whole-cell lysates were immunoprecipitated
with FLAG antibody and analyzed by immunoblot with the indicated antibodies. Real-time
RT-PCR from (B) RAW 264.7 c4 cells that were either mock transfected, transiently
transfected with full length C-TAK1 **p<0.001 vs. M-CSF mock transfected, **p<0.003 vs.
M-CSF C-TAK1 transfected or (C) full length C-TAK1 containing the D196N mutant or
Mitf mutant M105A/L178A. Cells were stimulated with M-CSF or M-CSF and RANKL for
5 days. **p<0.0015 vs. RANKL mock transfected, ***p<0.0001 vs. RANKL mock
transfected. (D) RAW 264.7c4 cells were either mock-transfected or transfected with wt
full-length C-TAK1, D196N C-TAK1, wt FLAG-Mitf or FLAG-Mitf M105/L178A. Cells
were cultured in M-CSF and RANKL for 7 d. The number of multinuclear cells (greater
than 2 nuclei/cell) was counted and the results of two experiments performed in triplicate are
shown. **p<0.007 vs. D196N and **p<0.008 vs. FLAG-Mitf.
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Figure 4. Expression of PP2A in osteoclasts
(A) Representative immunoblot of lysates from bone marrow-derived osteoclasts were M-
CSF and RANKL was removed for 4-6 h, stimulated with M-CSF or M-CSF and RANKL
for up to 72 h and immunoblotted against the catalytic subunit of PP2A, α-tubulin and lamin
A/C. (B) Real-time RT-PCR analysis of osteoclasts treated with or without 20 nM oakdaic
acid 6 h before harvest for expression of Acp5 ***p<0.0002 vs. M-CSF treated,
***p<0.0005 vs. RANKL treated or cathepsin K, ***p<0.0001 vs. M-CSF treated, *p<0.01
vs. RANKL treated.
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