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Abstract. NF-κ B is involved in the metastasis of malignant
cells. We have shown that NF-κ B activation is involved in
the pulmonary metastasis of LM8 cells, a highly metastatic
subclone of Dunn murine osteosarcoma cells. Recently, it was
determined that a newly identified type of polyubiquitin chain,
a linear polyubiquitin chain, which is specifically generated by
the linear ubiquitin chain assembly complex (LUBAC), plays a
critical role in NF-κ B activation. Here, we have evaluated the
roles of LUBAC-mediated NF-κB activation in the development
of lung metastasis of osteosarcoma cells. All three components
of LUBAC (HOIL-1L, HOIP and SHARPIN) were highly
expressed in LM8 cells compared to Dunn cells. Attenuation
of LUBAC expression by stable knockdown of HOIL-1L in
LM8 cells significantly suppressed NF-κB activity, invasiveness
in vitro and lung metastasis. Induction of intracellular adhesion
molecule-1 (ICAM-1) expression by LUBAC is involved in
cell retention in the lungs after an intravenous inoculation of
tumor cells. Moreover, we found that knockdown of LUBAC
decreased not only the number but also the size of the metastatic nodules of LM8 cells in the lungs. These results indicate
that LUBAC-mediated NF-κB activation plays crucial roles in
several steps involved in metastasis, including extravasation and
growth of osteosarcoma cells in the lung, and that suppression
of LUBAC-mediated linear polyubiquitination activity may be
a new approach to treat this life-threatening disease of young
adolescents.
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Introduction
Osteosarcoma is the most common primary malignant bone
tumor that mainly affects adolescents. Fortunately, a multidisciplinary approach including chemotherapy, wide resection
surgery and/or radiation therapy has greatly contributed to the
successful treatment of this life-threatening disease, especially
when it arises in the extremities. Recent studies have reported
excellent clinical results with 5-year overall survival rates of
70-80% (1,2). However, in patients with lung metastasis, which
is the most prevalent metastatic site of the sarcoma, the 5-year
survival rate remains only 20-30% (3,4). Thus, lung metastasis
of osteosarcoma is still raising challenging questions for both
researchers and clinicians, including the mechanism underlying
the selective metastasis of this sarcoma to the lungs. These questions must be answered in order to develop successful treatments
for metastatic osteosarcoma. Therefore, we have established a
mouse model to analyze the molecular events involved in the
development of lung metastasis (5).
In 1998, we established a highly metastatic cell line, lung
metastasis 8 (LM8), from parental Dunn murine osteosarcoma
cells through eight times cycles of in vivo selection according
to Fiddler's method (5). Nuclear factor-kappa B (NF-κB) was
constitutively activated in LM8 cells, and NF-κB-related genes
such as matrix metalloproteinase (MMP), vascular endothelial
growth factor (VEGF) and intracellular adhesion molecule-1
(ICAM-1) were up-regulated in LM8 cells as compared to the
parental Dunn cells (5-7). Since the constitutive activation of
NF-κB is related to the highly metastatic potential of LM8 cells,
we performed a therapeutic experiment using parthenolide
(PAL), a natural NF-κB inhibitor obtained from an herbal extract
(8). Lung metastasis of LM8 cells was significantly attenuated
without affecting the growth of primary tumors when PAL was
administered to mice concurrently with tumor inoculation.
However, the administration of PAL 48 h after inoculation did
not suppress the lung metastasis of LM8. These results suggest
that NF-κB activity plays a crucial role in the initial colonization
of LM8 cells in the lungs.
NF-κB is a ubiquitous, dimeric transcription factor composed
of the Rel family proteins. In the resting state, NF-κB binds to
its inhibitor proteins (inhibitor κB: IκB) and is confined to the
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cytoplasm of cells. Exposure of cells to inflammatory cytokines,
such as tumor necrosis factor α (TNF-α) and interleukin-1κ
(IL-1κ), activates IκB kinase (IKK), which induces site-specific
phosphorylation of IκB followed by its proteasomal degradation.
The liberated NF-κB translocates into the nucleus and induces
the expression of target genes, including several premetastatic
and proangiogenic genes (9-12). Several laboratories have
demonstrated that NF-κB is constitutively activated in several
types of cancers (13-18). However, the precise mechanism
underscoring NF-κB activation in osteosarcoma cells remains
to be elucidated.
It has been recently demonstrated that a newly identified
type of polyubiquitin chain, a linear polyubiquitin chain, plays
a critical role in NF-κB activation (19-21). Linear polyubiquitin
chains are specifically generated by the linear ubiquitin chain
assembly complex (LUBAC), which is composed of HOIL-1L,
HOIP and SHARPIN. Upon stimulation with inflammatory
cytokines, including TNF-α or IL-1β, LUBAC specifically
recognizes and conjugates linear polyubiquitin chains onto
NEMO, which triggers the activation of IKK and subsequent
NF-κB activation (19). A mutation in Sharpin causes chronic
proliferative dermatitis (cpdm) in mice, which is characterized by
chronic dermatitis, impaired secondary lymphoid organ development, and osteopenia (21-23). Moreover, we have observed that
the induced expression of LUBAC enhances NF-κB activation
(20). Although linear polyubiquitin-induced NF-κB activation
is suggested to be involved in some diseases, there have been
no reports directly describing the relationship between LUBACmediated NF-κB activation and tumor progression. In the present
study, we demonstrate that LUBAC-mediated NF-κB activation
is involved in the lung metastasis of osteosarcoma cells.
Materials and methods
Cells and animals. We used a murine osteosarcoma cell
line (Dunn cells), a highly metastatic subclone of Dunn cells
(LM8), and a clone of LM8 cells that stably expresses luciferase (LC2LM8) provided by Dr Y. Yui from the Department
of Biology at the Osaka Medical Center of Cancer and
Cardiovascular Diseases (24). Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) containing 10% fetal
bovine serum (FBS) (Life Technologies, Gaithersburg, MD,
USA) in humidified air with 5% CO2 at 37˚C. To measure cell
growth rates, cells were seeded at a density of 2x104 cells per
6-well dish. The number of cells was counted manually every
24 h. C3H female mice, aged 5-8 weeks, were purchased from
Japan Oriental Yeast Co., Ltd. (Tokyo, Japan). All mice were
housed under specific pathogen-free conditions with a 12-h light
and dark cycle. The housing conditions and the experimental
protocol were approved by the Animal Care and Use Committee
of Osaka University.
Plasmids. The shRNA expression vector, pBluescriptKSH1-mHOIL-1L sh RNA was constructed by inserting
mHOIL-1L shRNA between the HindIII and BamHI sites of the
pBluescriptKS-H1 vector. The HOIL-1L shRNA-target sequence
is 5'-gatccccGCAGACGACAGAGATGCTAAAttcaagaga
TTTAGCATCTCTGTCGTCTGCtttttggaaa-3'. pCMV-sport6ICAM-1 was purchased from Open Biosystems (Huntsville,
AL, USA).

Transfection and generation of stable HOIL-1L knockdown
clones. Transient transfection of LC2LM8 cells was performed
by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer's protocol. To establish HOIL-1L
knockdown of LM8 cells, LM8 cells were transfected with
pBluescriptKS-mHOIL-1L shRNA and pSV-Neo by using
Lipofectamine 2000 according to the manufacturer's instructions. Stably transfected clones were establishing with G-418
selection. The level of HOIL-1L expression was verified by
Western blotting with anti-HOIL-1L antibody.
Luciferase assay. Luciferase reporter plasmids pGL4.32-luc2PNF-κ B-RE-Hygro and pGL4.74-hRuc-TK were purchased
from Promega (Madison, WI, USA). Twenty-four hours after
transfection with the appropriate plasmids, cells were lysed, and
the luciferase activity was measured in a Lumat luminometer
(Berthold, Germany) by using the Dual-Luciferase Reporter
Assay Systems (Promega).
Assay of anchorage-independent growth. Soft agar assays were
performed as follows: a bottom layer of 0.6% agar DMEM with
20% FBS was first placed onto 6-well dishes. Then, 2x104 cells
were seeded in 0.24% top agar containing DMEM with 20%
FBS. The number of colonies that were >200 µm in diameter
were counted in five x40 microscopic fields from three dishes
after 7 days of cultivation.
Invasion assay. Invasion assays were performed by using modified Boyden chambers with a micropore membrane-coated
Matrigel (BD Biosciences, Bedford, MA, USA). Cells in DMEM
were added to the upper chamber, and the lower chamber was
filled with DMEM containing 10% (v/v) FBS. After incubation
for 22 h, non-invading cells on the upper surface were carefully
removed with a cotton swab. The filters were then fixed, stained
and photographed. Invasion was quantified by counting the
invading cells in five random fields per filter by microscopy.
Each clone was plated in duplicate for each experiment. We
repeated the assay four times.
Gelatin zymography. For the evaluation of MMP-2 and -9
activity, gelatin zymography with a gelatin zymo-electrophoresis
kit (Primary Cell, Hokkaido, Japan) was performed according to
the manufacturer's directions. Conditioned media from each cell
culture (1 ml/6-cm dish) were centrifuged to remove insoluble
material. Photographs were taken with a LAS3000 imaging
system (Fujifilm, Tokyo, Japan).
Western blotting. Samples were separated by SDS-PAGE
and transferred to PVDF membranes. After blocking in PBS
containing 0.1% Tween-20 and 5% skim milk, the membrane
was incubated with the appropriate primary antibodies, followed
by incubation with horseradish peroxidase-labeled anti-mouse
or anti-rabbit IgG antibodies (GE Healthcare, Buckinghamshire,
UK). The membrane was then visualized by using enhanced
chemiluminescence and analyzed with a LAS3000 imaging
system. Antibodies against HOIP, HOIL-1L, or SHARPIN have
been described (25). Antibodies against ICAM-1 and β-actin
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).
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In vivo metastasis assay. Lung metastasis of LM8 cells and two
HOIL-1L stable knockdown clones (Lu-1 and Lu-2) were evaluated as follows: a total of 106 LM8 cells, Lu-1 cells or Lu-2 cells
were suspended in 100 µl PBS and inoculated subcutaneously
into the backs of mice. All mice were sacrificed on day 28, and
primary tumors and lungs were collected for histological studies.
We measured the wet weight of the excised tumors and counted
the number and measured the size of metastatic nodules in the
lungs.
In vivo bioluminescence imaging. At 24 h after transfection with
appropriate plasmids, 1x106 LC2LM8 cells suspended in 100 µl
PBS were injected into the lateral tail vein of mice. At 1 and
24 h after injection, we imaged mice with the IVIS LuminaII
Imaging System (Caliper LifeSciences, Hopkinton, MA, USA).
Mice were injected intraperitoneally with D-Luciferin (Caliper
LifeSciences) 10 min prior to imaging. A region of interest (ROI)
of the same size and shape that covered the entire thoracic cavity
was applied to every image. Total flux (ps-1) in the ROI was
measured. Data were analyzed by using IVIS Living Image software (Caliper LifeSciences). Seven days after tail vein injection,
the mice were sacrificed, and the number of metastatic nodules
in the lungs was evaluated.
Histological analyses. The tumors derived from implanted cells
and the lungs were removed, fixed in 10% formalin, embedded
in paraffin, and then cut into 3-µm sections, followed by
staining with hematoxylin and eosin. The lungs were evaluated
microscopically to confirm the presence of lung metastasis.
Statistical methods. Results are presented as the average ±
standard deviation (SD) or as the average ± standard error of the
mean (SEM), as indicated in the figure legends. Between-group
statistical significance was determined by using the Student's
t-test or Fisher's exact test. A P<0.05 was considered statistically
significant.
Results
Increased expression of LUBAC in highly metastatic LM8
cells. We have previously observed that NF-κ B is involved in
the initial stage of lung metastasis of LM8 osteosarcoma cells
(7) and that the induction of LUBAC components enhances
NF-κ B activation (20). Therefore, we evaluated the expression levels of the LUBAC subunits (HOIP, HOIL-1L, and
SHARPIN) in Dunn and LM8 cells to investigate the potential
involvement of LUBAC-mediated NF-κ B activation in the
lung metastasis of osteosarcoma cells. As shown in Fig. 1A,
the amounts of all three subunits of LUBAC were increased in
LM8 cells as compared to their parental Dunn cells. We then
evaluated NF-κB activity in LM8 and Dunn cells with a luciferase reporter assay and found that the NF-κB activity of LM8
cells cultured in medium was higher than that of Dunn cells.
LM8 cells, but not Dunn cells, are capable of spontaneously
developing lung metastasis, although both cells form similarly
sized tumor masses at the inoculation site in mice (5). Thus,
these results suggest that increased LUBAC expression and
NF-κB activity are involved in the spontaneous lung metastatic
ability of LM8 cells.

Figure 1. Correlation of LUBAC expression with NF-κB activity in Dunn and
LM8 cells. (A) The expression of HOIL-1L/HOIP/SHARPIN was determined by
Western blotting using total cell lysates. (B) Luciferase reporter assay for NF-κB
transcriptional activity was performed as described in Materials and methods.
Representative data from three different experiments. Columns, mean; bars, SD.
*
Significant difference by the Student's t-test.

Involvement of LUBAC-induced NF-κB activation in anchorageindependent growth and invasiveness of LM8 cells in vitro. To
determine if the increased expression of LUBAC is involved in
enhanced NF-κB activity in LM8 cells, we generated HOIL-1L
knocked-down LM8 cells. As shown in Fig. 2A, the amount
of HOIL-1L in the two stably knocked down clones, Lu-1 and
Lu-2, was 17.5 and 10.8% of that in LM8 cells, respectively. We
have previously shown that the amount of HOIP and SHARPIN
was also decreased in HOIL-1L null cells, possibly because
of the destabilization of the other two subunits of LUBAC in
the absence of HOIL-1L (20,21). As expected, the amount of
HOIP and SHARPIN in Lu-1 and Lu-2 cells was significantly
reduced as compared to that in LM8 cells (Fig. 2A), indicating
that the knocked-down level of HOIL-1L in LM8 cells reduced
the amount of LUBAC. We next examined the NF-κB activity
by using luciferase reporter assays and found that the NF-κ B
activity of Lu-1 and Lu-2 cells cultured in medium was significantly attenuated as compared to that of the LM8 cells (Fig. 2B).
Although the proliferation of Lu-1 and Lu-2 cells in
DMEM supplemented with 10% FBS was not overtly affected
(Fig. 2C), the number as well as the size of colonies formed
in soft agar were significantly smaller in both Lu-1 and Lu-2
cells than in LM8 cells (Fig. 2D). These results indicate that the
LUBAC-mediated NF-κB activation pathway is involved in the
anchorage-independent growth of LM8 cells.
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Figure 2. Stable suppression of LUBAC expression with the HOIL-1L siRNA expression vector. (A) The LM8 cells were stably transfected with a HOIL-1L siRNA
expression vector. The expression of HOIL-1L/HOIP/SHARPIN was examined by Western blotting. (B) Luciferase reporter assay for NF-κ B transcriptional
activity. Representative data from three different experiments. (C) Cell growth curves of LM8, Lu-1 and Lu-2 cells. The number of cells was counted every day.
Representative data from three different experiments. (D) Anchorage-independent growth of LM8, Lu-1 and Lu-2 cells. The upper panel shows representative photos
of soft agar colonies formed by LM8, Lu-1 and Lu-2 cells. Scale bar, 200 µm. The lower panel shows the mean number of colonies in five x40 microscopic fields from
three different experiments. Columns, mean; bars, SD. *Significant differences compared with LM8 by the Student's t-test.

The cell invasiveness is one of the key characteristics that
seem to be tightly associated with the metastatic potential of
tumor cells. MMPs and ICAM-1 have been shown to be involved
in cell invasiveness (26-31).
Gelatin zymography revealed reduced MMP2 activity in
Lu-1 and Lu-2 cells, although MMP9 is not expressed in LM8
cells or their HOIL-1L-knockdown subclones (Fig. 3A and B).
Similarly, Western blot analyses showed that ICAM-1 expression was decreased in Lu-1 and Lu-2 cells (Fig. 3C). To examine
whether the reduced MMP2 activity and ICAM-1 expression of
Lu-1 and Lu-2 cells contributed to the decreased invasiveness in
extravasation, we performed a Matrigel invasion assay utilizing
a Boyden chamber. Fig. 3D and E show that the numbers of
Lu-1 and Lu-2 cells invading through the membrane-coated
Matrigel were significantly less than that of control cells.
Collectively, these results suggest that the LUBAC-mediated
NF-κ B activation pathway is involved in the invasiveness and
anchorage-independent growth of LM8 cells.

cells, we next examined the metastatic behavior of LM8, Lu-1
and Lu-2 cells in the spontaneous metastatic model. Four weeks
after inoculation of the cells into the backs of mice, we sacrificed
the mice and examined metastatic lesions in their lungs and the
weight of the primary tumors in their backs. Lung metastasis was
observed in all mice (15/15) inoculated with LM8 cells, whereas
lung metastasis was found in 23% (4/17) or 0% (0/14) of mice
inoculated with Lu-1 or Lu-2 cells, respectively. The representative histology of lungs of mice inoculated with LM8, Lu-1 or
Lu-2 cells is shown in Fig. 4A. The average number of metastatic
nodules per lung was 21.3±8.9, 1.2±0.8 or 0 in mice inoculated
with LM8, Lu-1, or Lu-2 cells, respectively (Fig. 4B). Metastatic
nodules of Lu-1 cells were smaller than those of LM8 cells
(Fig. 4C). The primary tumor wet weight of mice inoculated with
Lu-1 cells was significantly lower than that of mice inoculated
with LM8 or Lu-2 cells (Fig. 4D). These data suggest that the
LUBAC-mediated NF-κB activation pathway plays critical roles
in the lung metastasis of LM8 cells.

Reduction of LUBAC attenuates the lung metastasis of LM8
cells. To determine if the attenuated LUBAC-mediated NF-κB
activation activity affected the metastatic potential of LM8

Inhibition of LUBAC-mediated NF-κB activation decreases
cell retention in the lungs. To elucidate the specific steps of the
metastatic process to which LUBAC-mediated NF-κ B activa-
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Figure 3. Suppression of LUBAC-induced NF-κB activation inhibits invasiveness of LM8 cells. (A) Gel zymography is shown. (B) Densitometric analysis of
MMP-2 is shown. Representative data from three different experiments. (C) The
upper panel shows a representative blot. The lower panel shows a quantitative
analysis of relative ICAM-1 expression normalized by β-actin and calculated
by densitometry (n=3). (D) Invasion assay. Representative cells invade through
the Matrigel and membrane. (E) The invasion was quantified as described in
Materials and methods. Columns, mean; bars, SD. *Significant differences as
compared with LM8 by the Student's t-test.

tion contributes, we examined the effect of decreased LUBAC
function on the ability of tumor cells to extravasate into the lung.
To do so, we utilized LC2LM8 cells, a clone of LM8 cells
that stably expresses luciferase. LC2LM8 cells transiently
transfected with HOIL-1L siRNA expressing vector or control
empty vector were injected into the tail vein. An in vivo
imaging system was used to monitor the lungs 1 and 24 h after
the injection. Western blot analyses confirmed that the expression levels of not only HOIL-1L but also HOIP and SHARPIN
were reduced in HOIL-1L knocked-down cells as compared to
control LC2LM8 cells (Fig. 5A). One hour after the inoculation
of cells, no significant difference in the intensities of bioluminescence in the lung was observed between mice injected with
LC2LM8 cells transfected with HOIL-1L siRNA and control
vector. However, the intensity of bioluminescence in the lung
was significantly reduced in mice injected with HOIL-1L
siRNA LC2LM8 (siHOIL-1L) cells as compared with mice
injected with control empty vector (control) LC2LM8 cells
24 h after inoculation (Fig. 5B and C). Seven days after inoculation, metastatic lesions in the lungs were assessed under a
microscope. While many metastatic lesions were identified in
the lungs of mice injected with control LC2LM8 cells (average,

98±24 per lung), only a few metastatic lesions were observed
in the mice injected with siHOIL-1L LC2LM8 cells (average,
3±2 nodules per lung) (Fig. 5D and E).
We then analyzed the mechanism underlying the strong
inhibition of tumor cell retention to the lung by suppression of
LUBAC-mediated NF-κ B activation. We focused on ICAM-1
because the elevated expression of ICAM-1 has been observed
in some cancers with distant metastases, and ICAM-1 is one
of the target genes of NF-κ B (12). As expected, ICAM-1
expression in LC2LM8-HOIL-1L-silenced cells was lower
than that in LC2LM8 control cells (Fig. 5A), suggesting the
involvement of ICAM-1 in lung metastasis of LM8 cells. Since
the transient introduction of ICAM-1 expression vector into
LC2LM8-HOIL-1L siRNA cells transiently induced ICAM-1
expression (Fig. 5A), we then injected ICAM-1-expressing
LC2LM8-HOIL-1L siRNA (siHOIL-1L+ICAM-1) cells into
mice. One hour after injection into mice, siHOIL-1L+ICAM-1
cells could be observed in the lung region at a level comparable
to siHOIL-1L and control LC2LM8 cells. However, in sharp
contrast to siHOIL-1L LC2LM8 cells, a significant amount of
siHOIL-1L+ICAM-1 LC2LM8 cells remained in the lungs, and
the intensities of bioluminescence in the lungs of mice injected

414

TOMONAGA et al: AN ESSENTIAL ROLE OF LUBAC IN TUMOR METASTASIS

Figure 4. Reduction of LUBAC attenuates the lung metastasis of LM8
cells. (A) Representative H&E-stained sections of lungs removed from each
experimental group. (B) The total number of lung metastatic nodules in each
individual mouse was counted under the microscope. Columns, mean; bars,
SEM. *Significant difference as compared with LM8 by the Student's t-test.
(C) Distribution of metastatic nodule size after LM8 or Lu-1 cell orthotopic
implantation. Columns, total number of each group. *Significant difference
by Fisher's exact test. (D) Primary tumor weight of each experimental group.
Columns, mean; bars, SEM. *Significant difference compared with LM8 by the
Student's t-test.

with siHOIL-1L+ICAM-1 LC2LM8 cells is comparable to that
in mice injected with control LC2LM8 cells at 24 h after inoculation (Fig. 5B and C). The average number of metastatic nodules
per lung was not significantly different between mice injected
with siHOIL-1L+ICAM-1 LC2LM8 cells and mice injected
with control LC2LM8 cells (Fig. 5D and E). Collectively, these
results strongly suggest that enhanced expression of ICAM-1 is
involved in the extravasation of LM8 osteosarcoma cells to the
lungs, which results in the formation of metastatic nodules. This
metastatic pathway appears to be at least partially provoked by
the LUBAC-mediated NF-κB activation pathway.
Discussion
Lung metastasis of osteosarcomas is regarded to be an example
of hematogenous metastasis. Hematogenous metastasis of malignant tumors is a multistep event. First, tumor cells are detached
from primary lesions and migrate into the blood stream. Then, the
cancer cells adhere to blood vessels of distant organs, extravasate
and colonize to form a metastatic lesion. The capacity of malignant cells to adhere to the vascular endothelium in distant organs
is an essential step in the formation of metastatic nodules. Various

adhesive molecules including ICAM-1 have been identified as
responsible molecules for invasion, extravasation and metastasis
(32). Clinical studies have shown that the expression level of
ICAM-1 in malignant cells in patients correlates positively with
primary tumor progression and the occurrence of metastasis
(33-36). Moreover, recent studies showed that ICAM-1 on melanoma cells could promote anchoring of entrapped melanoma
cells to the lung endothelium and the subsequent development of
lung metastasis (37,38). Inhibition of ICAM-1 function by siRNA
or blocking antibodies has been reported to result in a strongly
decreased metastatic potential (39,40). The lung microenvironment is specific with many alveolar capillaries consisting of
lung microvascular endothelial cells. Since the lung endothelial
cells express lymphocyte function antigen-1 (LFA-1), which is a
specific ligand for ICAM-1 (41), ICAM-1 is regarded to be one
of the candidate molecules to induce adhesion and extravasation,
which are initial steps in lung metastasis. Indeed, we have shown
that ICAM-1 is involved in the initial steps of lung metastasis
of LM8 cells by using an experimental metastasis model with
intravenously inoculated tumor cells (Fig. 5).
It has been well established that ICAM-1 expression is
induced by NF-κ B (12). We have also shown that continu-
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Figure 5. Inhibition of LUBAC-mediated NF-κB activation decreases cell retention in the lung through ICAM-1. (A) The expression of HOIL-1L and ICAM-1 was
analyzed by Western blot analysis. (B) The representative bioluminescence imaging in vivo of control, siHOIL-1L and siHOIL-1L+ICAM-1 LC2LM8 at 1 and 24 h
after intravenous inoculation. Bioluminescence is presented as a pseudoscale: red, highest photon flux; blue, lowest photon flux. Quantification of bioluminescence
obtained from each group (n=10) is shown. (C) Quantification of bioluminescence imaging signal intensity in the three groups at 1 and 24 h after inoculation.
Quantified values are shown in total flux. (D) Representative H&E-stained sections of lungs at 7 days after inoculation. (E) Total numbers of lung metastatic nodules
in individual mice were counted under the dissection scope. Columns, mean; bars, SD. *Significant differences as compared with the control group by the Student's
t-test.

ously activated NF-κB is related to the high incidence of lung
metastasis of LM8 cells (6-8). LUBAC-induced linear polyubiquitination plays crucial roles in NF-κB activation, and induced
expression of LUBAC augments NF-κB activation (19-21). We
have observed that enforced expression of all three components
of LUBAC is involved in the induction of ICAM-1 expression in LM8 cells, which leads to the generation of metastatic
nodules in the lung, at least in part. In addition to a reduction
of the number of metastatic nodules in the lung, the size of
the metastatic nodules of Lu-1 cells, in which the expression
of LUBAC was attenuated, was much smaller than those of
control LM8 cells (Fig. 4B and C); this was also the case with
LC2LM8 cells treated with siRNA for HOIL-1L or HOIL-1L
and ICAM-1 (Fig. 5D and data not shown). These results suggest
that the attenuation of NF-κB activation by the suppression of
LUBAC expression also plays a role in the growth of tumor
cells in the lung after extravasation. We have demonstrated
that the suppression of LUBAC in LM8 cells also reduced the
anchorage-independent growth capacity of osteosarcoma cells.
Since suppression of NF-κ B activation by the introduction of
IκBα an inhibitor of NF-κB activation, to A549 cells suppressed

both anchorage-independent growth and lung metastasis of the
lung cancer cells (43), substantial suppression of NF-κ B may
attenuate the growth of malignant cells in metastatic lesions in
the lung. The observation that suppression of NF-κB activation
by NF-κB decoy oligonucleotide reduced the size of the metastatic nodules of LM8 cells in the lung is consistent with our
results (7). It has been recently shown that the introduction of
SHARPIN, a component of LUBAC, enhanced the anchorageindependent growth of CHO cells, although the amounts of
the other components of LUBAC were not determined (42).
Collectively, LUBAC-induced NF-κ B activation might be
involved not only in the attachment of LM8 cells to the lung,
but also in the other aspects of metastasis after extravasation,
such as invasion activity and/or anoikis resistance, in our experimental model.
We have observed that the expression of all three components of LUBAC was augmented in LM8 cells, which plays
crucial roles for lung metastasis of the sarcomas. Our extensive
attempts to establish Dunn cells that overexpress all three
components of LUBAC by introducing expression vector
cDNAs have been unsuccessful (data not shown). Moreover,
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the agents that induce the expression of LUBAC components
have not been identified. Thus, the mechanism underlying the
enhanced expression of LUBAC components in LM8 cells
remains unknown. We speculate that excessive overexpression
of LUBAC is toxic for Dunn cells and that LM8 cells could
acquire the ability to allow LUBAC overexpression during their
establishment. It is possible that the overexpression of LUBAC
results in constitutively activated NF-κB, which contributes to
the highly metastatic potential of osteosarcoma cells. Therefore,
it will be interesting to elucidate how the overexpression of
LUBAC is regulated in LM8 cells and to examine whether
there are correlations between the expression of LUBAC and
the metastasis of malignant tumors, including osteosarcoma, in
future clinical studies.
In conclusion, we show here that transcriptional activity
of NF-κB is regulated by LUBAC in osteosarcoma cells. Our
analysis demonstrates that a reduction in LUBAC drastically
suppresses the metastatic abilities of osteosarcoma cells including
cell invasiveness and lung metastasis. We have provided the first
experimental evidence indicating that the activation of NF-κB
by LUBAC could exert a biological effect in an animal model
of human malignancy. We have previously shown that TNF-αinduced activation of JNK was not overtly impaired in embryonic
fibroblasts (MEFs) from mice lacking HOIL-1L or SHARPINnull cpdm mice, although TNF-α-induced NF-κB activation
was severely impaired in MEFs from those mice (19,20). These
results suggested that the suppression of LUBAC activity mainly
attenuates NF-κB activation without overtly affecting other
signaling pathways. Therefore, LUBAC could provide a new
therapeutic approach to treat this most common malignant bone
tumor threatening the lives of children and young adolescents.
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