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Abstract. Background/Aim: Bone resolution due to tumor
invasion often occurs on the surface of the jaw and is
important for clinical prognosis. Although cytokines, such as
TNF-a are known to impair osteoblasts, the underlying
mechanism remains unclear. Protein myristoylation, a post-
translational modification, plays an important role in the
development of immune responses and cancerization of cells.
A clear understanding of the mechanisms underlying this
involvement will provide insights into molecular-targeted
therapies. N-myristoyltransferasel (NMT1), a specific enzyme
involved in myristoylation, is expressed in cancer cells and in
other normal cells, suggesting that changes in myristoylation
may result from the regulation of NMTI in cancer cells.
Materials and Methods: Using newly emerging state-of-the-art
techniques such as the Click-it assay, RNA interference, mass
spectrometry, immunoprecipitation, immunocytochemistry, and
western blotting, the expression of myristoylated proteins and
the role of TNF-a stimulation on NMTI1 and Sorbs2 binding
were evaluated in a murine osteoblastic cell line (MC3T3-El).
Results: The  expression of myristoylated proteins was
detected; however, TNF-a stimulation resulted in their
inhibition in MC3T3-E1 cells. The expression of NMTI1 also
increased. Immunoprecipitation and mass spectrometry
identified Sorbs2 as a novel binding protein of NMTI1, which
upon TNF-a stimulation, inhibited myristoylation. Conclusion:
The binding between NMTI and Sorbs2 can regulate
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myristoylation, and NMTI can be considered as a potential
target molecule for tumor invasion.

In gingival cancer, tumor invasion of the jaw is mainly
characterized by bone resolution. Appropriate evaluation and
determination of the margins are important factors regarding
clinical prognosis. Since delays in treatment can lead to poor
outcomes, a marker of invasion is required. Inflammation
caused by a tumor on the bone surface results in osteoblastic
impairment and osteoclast activation (1). The cytokines are a
major source of inflammation, with TNF-a being a potent
inflammatory cytokine released from tumor cells in response
to noxious stimuli (2). These inflammatory responses
suppress immune functions of osteoblasts (3). Although bone
resolution in response to TNF-a-induced inflammation results
from dysfunctional bone metabolism and the activation of
osteoclasts, its effect on osteoblasts remains unclear.

Post-translational modifications (PTM) are chemical
responses that play an important role in cellular functions (4).
These processes include phosphorylation, glycosylation,
ubiquitination, methylation, acetylation, and lipid synthesis.
Myristoylation, an irreversible reaction that occurs
ubiquitously in cells, is a type of PTM that plays an important
role in immune responses and cancer (5, 6). For example, it
is essential for the oncogenic activity of the Src protein,
which is a major molecule in cancer (7). In addition to cancer,
this lipid modification is related to immune disorders, such
as human immunodeficiency virus (HIV) infection and
fungus activation (8-10). Although PTM are important in
mediating the immune system, detection methods for
myristoylation have not been established compared to those
for other PTMs for a long time. However, a unique chemical
approach using binds between azide and alkyne called “click
chemistry” has been recently developed (11). This method is
safer compared to the traditional method using radioisotopes
and therefore, helps in conducting easy research on cellular
processes.

N-myristoyltransferase (NMT) is a catalytic enzyme
involved in myristoylation (12). Some isoforms (NMT1 and
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NMT?2) are expressed ubiquitously in cells, especially during
embryonic development, with NMT1 being the most
important (13). Given its functional importance, NMT1 is not
essential for the viability of mammalian cells, but is required
for embryonic cell development. NMT1 is highly expressed
in several cancers, including colorectal, breast, and oral
cancers (14-16). Inhibition of NMT1 through an NMT
inhibitor effectively inhibits myristoylation, highlighting a
potential novel drug target in clinical trials (17). However, the
expression and regulation of myristoylation in normal cells
in response to cytokines, such as TNF-a, remain unclear.
While changes in the expression of NMT1 lead to the
regulation of myristoylation, information regarding molecules
interacting and regulating NMT1 is still not well understood.

To this end, this study aimed to confirm whether the
expression of myristoylated proteins is suppressed by TNF-
a stimulation in osteoblasts, using newly emerging state-of-
the-art techniques.

Materials and Methods

Antibodies and reagents. Recombinant murine TNF-o was obtained
from Peprotech (Rocky Hill, NJ, USA); NMT-1 and Sorbs2 antibodies,
Sorbs2 and the control siRNA-A from Santa Cruz Biotechnology
(Dallas, TX, USA); PCLX-001, a specific NMT1 inhibitor, from MCE
(Monmouth Junction, NJ, USA); Click-iT cell Reaction Buffer Kit,
myristic acid azide, Alexa-alkyne 488, Alexa 532, and Lipofectamine
RNAIMAX Reagent from Invitrogen (Carlsbad, CA, USA).

Cell culture and transfection. MC3T3-E1 cells were supplied by the
RIKEN Cell Bank. For stimulation, the cells were cultured with or
without TNF-a (20 ng/pl) as described previously (18). The cells
were transfected with siRNA using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol.

RNA interference. The siRNA duplexes against mouse Sorbs2 and
control (scrambled) siRNAs were synthesized by Eurofins Genomics
(Ebersberg, Germany). The sense strands of the siRNAs were as
follows: negative control, private; siSorbs2, 5-GAAGUCUAU
GCCCAAUCUALt-3’; 5’-UAGAUUGGGCAUAGACUUCHt-3". The
cells were transfected with siRNA using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. After incubation, the medium was replaced.

Click chemistry assay. Click chemistry assays were performed using
the Click-itTM cell Reaction Buffer, followed by incubation of
MC3T3-E1 cells with myristic acid for 12 h. Myristoylated proteins,
with or without TNF-a and PCLX-001 stimulation, were labeled
using Alexa-alkyne 488 or Alexa 532, and detected using a
fluorescence microscope (Biorevo BZ-9000, Keyence, Osaka,
Japan). For detection of the nuclei, the cells were stained with 4°,6-
diamidino-2-phenylindole.

Immunocytochemistry. The immunocytochemistry assay using the
anti-NMT1 antibody (1:100) in MC3T3-E1 cells was performed as
previously described (18). MC3T3-El cells were fixed with 3.7%
formaldehyde and 0.2% glutaraldehyde, blocked with 5% skim milk
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in PBS, and incubated overnight with the antibody. The cells were
incubated with Alexa Fluor 430-conjugated anti-rabbit IgG
(1:10,000; Invitrogen, Carlsbad, CA, USA) for 90 min at 37°C. The
detection was performed using a fluorescence microscope.

Western blotting. Western blotting was performed following
established protocols (18). Protein lysates from cell homogenates
were subjected to SDS-PAGE and transferred to nitrocellulose
membranes. Immunoreactive bands were visualized using computer-
assisted densitometry (MultilmagerlIMi-II600CB; Bio-Tools).

Mass spectrometry. Cell lysates from the homogenates were prepared
for mass spectrometry. Equal amounts of protein (30 pg) from each
sample were electrophoresed on 7.5% SDS-PAGE and stained with
Coomassie brilliant blue (Bio-Rad Laboratories). After washing with
PBS, the gel was cut, and the two samples were analyzed. For
protein identification using peptide mass fingerprinting (PMF),
protein spots were excised, digested with trypsin (Promega, Madison,
WI, USA), mixed with o-cyano-4-hydroxycinnamic acid in 50%
acetonitrile/0.1% trifluoroacetic acid (TFA), and subjected to Matrix-
Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF)
analysis (Microflex LRF 20, Bruker Daltonics). Spectra were
collected from 300 shots per spectrum over the m/z range 700-4,000
and calibrated by two-point internal calibration using trypsin
autodigestion peaks (m/z 842.5099, 2211.1046). A peak list was
generated using Flex Analysis 3.0. The threshold used for peak-
picking was as follows: 500 for minimum resolution of monoisotopic
mass and 6 for S/N. The search program MASCOT, developed by
Matrixscience, was used for protein identification by PMF (19). The
following parameters were used for the database search: trypsin as
the cleaving enzyme; a maximum of one missed cleavage;
iodoacetamide (Cys) as a complete modification; oxidation (Met) as
a partial modification; monoisotopic masses; and a mass tolerance
of +0.2 Da. The PMF acceptance criterium is probability scoring.

Immunoprecipitation. Immunoprecipitation assay was performed in
MC3T3-E1 cells using 2 pg anti-NMT 1 rabbit polyclonal antibody.
The lysate was incubated for 1 h with protein G-Sepharose beads.
The prepared samples were analyzed by western blotting as
described previously (18).

Results

Effect of TNF-a on the expression of myristoylated proteins
in MC3T3-El cells. We examined whether myristoylated
proteins were expressed in MC3T3-E1 cells using a click
chemistry assay. Compared to the control, myristoylated
proteins were detected around the nucleus (Figure 1A). To
confirm the involvement of myristoylation and NMT1, we
assessed the effect of PCLX-001, a specific NMT1 inhibitor.
Upon treatment, a dose-dependent decrease in the levels of
myristoylated proteins was observed (Figure 1B). To
investigate cellular behavior under inflammatory conditions,
the effect of TNF-a as an inflammatory cytokine, was
examined, and the expression of myristoylated proteins was
found to be decreased and some of them translocated to the
membrane (Figure 1C). The expression of myristoylated
proteins was induced by NMT1 in MC3T3-El1 cells, and our
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Figure 1. Effect of TNF-a on expression of myristoylated proteins in
MC3T3-El cells. (A) Myristoylated proteins as determined by click
chemistry assay in MC3T3-El cells treated with myristic acid with azide
(10 uM) for 12 h. For click chemistry, the cells were incubated with
Alexa-alkyne 488, fixed with 3.7% formaldehyde and 0.2%
glutaraldehyde, and then blocked with 1% BSA in PBS for detection.
The sample without myristic acid is indicated as a control. (B) Click
chemistry analysis of myristoylated proteins in MC3T3-EI cells treated
with or without PCLX-001. Blank is indicated as a control. (C) Click
chemistry analysis of myristoylated proteins in MC3T3-E1 cells treated
with or without TNF-a.

results suggested that TNF-a. is associated with the inhibition
and translocation of myristoylated proteins to the membrane.

Effect of TNF-a stimulation on the expression of NMTI in
MC3T3-EI cells. To confirm that NMT1 is a specific enzyme
for myristoylation, we examined the expression of NMT1 and
the effect of TNF-a on MC3T3-El cells using
immunocytochemistry. We found that NMT1 was expressed in
MC3T3-E1 cells and upon TNF-o stimulation, its expression
increased (Figure 2A). Furthermore, western blotting confirmed
that the expression increased in response to TNF-a stimulation
in a time-dependent manner (Figure 2B).

Effect of TNF-a stimulation upon NMT1 and Sorbs2 binding
in MC3T3-El cells. Treatment with TNF-a resulted in a
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Figure 2. Expression of NMTI1 in MC3T3-E1 cells in response to TNF-
a stimulation. (A) Immunocytochemistry analysis of NMTI in MC3T3-
El cells treated with or without TNF-a, and fixed with 3.7%
formaldehyde and 0.2% glutaraldehyde, blocked with 1% BSA in PBS,
and incubated with the NMT1 antibody (1:250). (B) NMT1 was detected
using anti-NMT1 antibody by western blotting analysis.

significant increase in the expression of NMT1; however,
this change was not likely associated with the suppression of
myristoylated proteins. Thus, we hypothesized that might be
an interaction between regulatory molecules and NMT1. To
elucidate this interaction, we investigated the binding of
NMT1 to other proteins using immunoprecipitation with an
anti-NMT1 antibody. Compared with the control, two
additional protein bands were observed in the TNF-a
stimulated sample after staining with Coomassie brilliant
blue (Figure 3A). Mass spectrometry was performed using
the sample isolated from the gel (Figure 3B). Although the
data revealed binding of several proteins, Sorbs2 was
identified as the most likely binding target. We performed
immunoprecipitation and detected Sorbs2 using western
blotting (Figure 3C). The results imply that NMT1 binds to
Sorbs2 upon TNF-a stimulation in MC3T3-E1 cells. These
results indicate the possibility that Sorbs2 plays an important
role in the suppression of myristoylation.

The expression and effect of Sorbs2 on myristoylation in
MC3T3-EI cells. To examine the expression and localization
of Sorbs2 in MC3T3-E1 cells, immunocytochemistry was
performed using an anti-Sorbs2 antibody. The expression
pattern was clearly spindle-like (Figure 4A). Additionally,
suppression of Sorbs2 using siRNA rescued myristoylation
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Figure 3. Effect of TNF-o. stimulation on the binding between NMTI and
Sorbs2 in MC3T3-El cells. (A) An equal amount of protein lysate from
cells treated with or without TNF-a homogenate was electrophoresed and
stained using Coomassie brilliant blue. The bands indicated by red boxes
were identified as specific interacting proteins. (B) Mass spectrometry
spectra are shown in 1 and 2. The analysis was performed using PMF and
the search program MASCOT. Based on the figures, both binding proteins
are identified as Sorbs2, including isoforms. (C) Protein extracts from cells
treated with or without TNF-a. were subjected to immunoprecipitation
using an anti-NMT1 antibody immobilized by Protein G Sepharose beads.

from TNF-a induced suppression (Figure 4B). These data
suggest that NMT1 and Sorbs2 are involved in TNF-a
stimulation via binding, which, in turn, is important for the
regulation of myristoylation in MC3T3-E1 cells.

Discussion

Myristoylation is important for adapting to the extracellular
environment and maintaining homeostasis (20). Therefore,
its functional abnormalities can lead to serious diseases, such
as infection and cancer. NMT1 is highly expressed in cancer
cells and plays an important role in the regulation of
myristoylation. Recent reports have suggested that
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myristoylation is involved in the suppression of fungal
activity and HIV-related immune dysfunction. Fungal plasma
membrane and pH sensing are involved in the
microenvironment (21). In this study, Sorbs2 was identified
as a novel protein that binds to NMT1, providing insight into
the mechanism of membrane trafficking in the immune
system. Considering its important role in the generation of
immune responses and cancer, a deeper understanding of its
regulatory mechanism will aid in the development of novel
targeted therapies. Although the effect of myristoylation on
inflammatory stimulation in osteoblasts has not yet been
investigated, it is thought to be important in bone
immunology during inflammation or tumor invasion. While
this PTM is an interesting aspect of immune and cancer
activation, its molecular mechanism in osteoblasts remains
unclear. In this study, using a new approach based on click
chemistry, which is useful for myristoylation, we showed
that myristoylated proteins are expressed in osteoblasts.
Furthermore, alterations in their expression in response to
TNF-o stimulation, suggests that the immune system is
influenced by inflammatory stimulation. Despite extensive
research on bone resolution resulting from the invasive
growth of oral cancer, effective preventive or long-term
treatment strategies have not yet been proposed (22). Recent
reports have revealed that osteoclast activation related to
tumor invasion results from an inflammatory response
induced by cytokines (23). However, little is known about
the mechanisms underlying osteoblast inhibition. In addition
to myristoylated proteins, the expression of NMTI, a
catalytic enzyme of myristoylation, has been confirmed in
osteoblasts. Contrary to the suppression of myristoylated
proteins, NMT1 expression was found to increase upon
TNF-a stimulation. These finding led us to hypothesize that
this interaction could modulate the function of NMTI.
NMT1 is known to be expressed not only in cancer cells but
also in eukaryotic cells, such as T cells, and to play an
important role in immune suppression during HIV infection
in host cells (24). In Candida albicans, NMT1 plays an
important role in immune function, rendering it a potential
target for therapeutic interventions (25). Similarly, the
expression of NMT1 induced by TNF-a suggested a model
in which NMTI1 plays a central role in suppressing the
function of osteoblasts.

Sorbs2 functions as an adaptor protein that coordinates the
operation of multiple regulatory mechanisms that converge
upon the actin cytoskeleton (26). In addition, its expression
has been confirmed in the cardiac muscle (27), where
knockout of Sorbs2 in cardiomyocytes led to dilated
cardiomyopathy in mice (28). In some cases, cardiac disease
is associated with immune dysfunction, such as ease of
infection or diabetes metabolism, which may explain the
expression of Sorbs2 in the heart. In contrast, Sorbs2 also
plays an important role as a tumor suppressor in pancreatic
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Figure 4. The expression and effect of Sorbs2 on myristoylation in MC3T3-El cells (A) The expression of Sorbs2 was confirmed using
immunocytochemistry with an anti-Sorbs2 antibody. (B) Immunocytochemistry-based analysis of myristoylated proteins in MC3T3-El cells

transfected with siSorbs2 or negative control siRNA with TNF-a.

cancer (29). Thus, Sorbs2 plays a role in connecting cells
that are essential for immunosuppression in cancer. However,
the bone commonality remains unclear. In this study, we
demonstrated its expression in MC3T3-El cells, thereby
suggesting that binding to NMT1 is important for inhibition
of myristoylation in response to TNF-a stimulation. These
findings indicate the potential of NMT1 as a target molecule
for tumor invasion and for understanding its regulation via
the interaction between NMT1 and Sorbs2. The immune
system is normally composed of cell-to-cell networking, and
myristoylation further establishes this aspect because of its
relation to cell adhesion.

Conclusion

Taken together, our findings suggest that dysfunction in
membrane trafficking via the interaction between Sorbs2 and
myristoylation by NMT1 is involved in immune regulation.
We showed a schematic representation of the regulatory
mechanisms underlying protein myristoylation via the
binding interaction between NMT1 and Sorbs2 in MC3T3-
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Figure 5. Schematic representation of the proposed mechanism. TNF-o.
stimulation promotes NMTI expression and binding to Sorbs2. This
binding between NMTI and Sorbs2 suppresses protein myristoylation,
suggesting that Sorbs2 can act as a suppressor protein during its
interaction with NMT1 .
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El cells (Figure 5). As a result, bone resolution may also
decrease in the surface osteoblasts, as supported by our study
findings using osteoblast cell lines. However, additional
investigations are necessary to confirm whether experiments
conducted using cultured cells are consistent with in vivo
experiments, thereby establishing translational relevance.
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