
ER status, progesterone receptor status, and HER2 status
(Supplementary Table S1). Taken together, the high expression
of TIG1 in human IBC patient tissues and cell lines and its
positive correlation with poor clinical outcome of IBC patients
indicated that TIG1 may contribute to the aggressiveness of
IBC.

Silencing endogenous TIG1 reduces proliferation of IBC
cells in vitro and inhibits tumor growth in a xenograft
model

To investigate the role of TIG1 in IBC progression, wefirst
assessed the effect of TIG1 silencing on IBC cell proliferation.
Proliferation of SUM149 TIG1 stable knockdown clones,
shTIG1-A and shTIG1-D, was decreased by 38% (P < 0.001)
and 25% (P¼ 0.001), respectively, compared with proliferation
of shControl cells (Fig. 2A and B). Time-course cell prolifera-

tion assays confirmed the reduced proliferation of shTIG1-A
and shTIG1-D cells when grown for 48 and 72 hours (Supple-
mentary Fig. S1A and S1B). Bromodeoxyuridine (BrdUrd)
incorporation in TIG1-depleted shTIG1-A and shTIG1-D cells
was decreased by 18.4% and 14.7%, respectively, compared
with that in shControl cells (Supplementary Fig. S1C).
Decreased cell proliferation was observed in TIG1 knockdown
KPL-4 cells (Supplementary Fig. S2A and S2B). We next eval-
uated the effect of TIG1 depletion on tumor growth in a
SUM149 xenograft model (8). Injection of shTIG1-A or
shTIG1-D cells resulted in much smaller tumors than did
injection of SUM149 or shControl cells. On day 45, the mean
tumor size from injection of shTIG1-A or shTIG1-D cells was
86% or 80%, respectively, smaller than the mean tumor size
from injection of SUM149 cells (P< 0.001; Fig. 2C). Immuno-
blotting analysis and immunofluorescence staining confirmed
the depletion of TIG1 in shTIG1-A and shTIG1-D tumors (Fig.
2D and E), indicating that the reduction in tumor size was
associated with depletion of TIG1. We also observed reduced
expressions of proliferation marker proliferating cell nuclear
antigen (PCNA) in tumor tissues from injection of shTIG1-A or
shTIG1-D cells (Fig. 2E). Taken together, silencing endogenous
TIG1 reducedin vitro proliferation of IBC cells and inhibited
tumor growth in an IBC xenograft model.

Silencing endogenous TIG1 reduces migration and
invasion of IBC cells in vitro

Because patients with IBC are at high risk of recurrence in
the form of metastatic disease, we investigated the effect of
TIG1 knockdown on cell migration and invasion. Compared
with migration and invasion of shControl cells, migration and
invasion of shTIG1-A cells were reduced by 41% (P< 0.001) and
49% (P < 0.001), respectively, and migration and invasion of
shTIG1-D cells were reduced by 39% (P< 0.001) and 48% (P<
0.001), respectively (Fig. 2F and G). We compared cell growth
rates and found that TIG1 depletion did not cause a significant
decrease in cell numbers within 24 hours (Supplementary Fig.
S1A and S1B). Migration and invasion assays were conducted
within 6 and 18 hours, respectively, indicating that the slower
rates of migration and invasion of TIG1-depleted cells were not
caused by slower cell division. Similar results were observed in
IBC KPL-4 cells (Supplementary Fig. S2C and S2D). To deter-
mine whether TIG1 knockdown affects the reorganization of
the actin cytoskeleton, we used rhodamine-phalloidin to stain
F-actinfilaments in SUM149, shControl, and TIG1 knockdown
cells. As shown in Fig. 2H, F-actinfilaments were arranged into
typical stressfibers in most of the parental or shControl cells.
However, very few or no stressfibers were observed in the TIG1
knockdown cells; instead, phalloidin staining was diffusely
distributed throughout the cytoplasm. Our data indicate that
TIG1 knockdown in SUM149 cells impaired stressfiber for-
mation. Moreover, TIG1-depleted shTIG1-A and shTIG1-D
cells lost the ability to grow into Matrigel and showed an
epithelial cell phenotype, which further supports the concept
that TIG1 regulates the invasion of IBC cells (Supplementary
Fig. S3). Taken together, these results indicated that silencing
endogenous TIG1 reduced migration and invasion of IBC cells
in vitro.

Figure 1. TIG1 is highly expressed in human IBC tissues and cell lines and
correlates with poor median survival of patients with IBC. A, the
expression of TIG1 was tested with Western blotting in three IBC cell
lines, 10 non-IBC cell lines, and a normal human mammary epithelial cell
line (MCF-10A). B, representative IHC staining of TIG1 protein in IBC
tissues (top) and normal breast tissue (bottom). Scale bars, 50 mm.
Quantitative results are shown in right panel. C, box plot of survival
(months) of patients with IBC with high or low TIG1 expression. Boxes
include values in the 25% to 75% interval; central lines represent the
median value; whiskers show the lowest and highest values. P¼ 0.0369.
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Figure 2. Silencing endogenous TIG1 in SUM149 IBC cells inhibits cell proliferation, migration, invasion in vitro, and tumor growth in a xenograft model.
A, SUM149 cells were transfected with control (shControl) or TIG1-targeted (shTIG1-A and shTIG1-D) shRNAs. Expression of TIG1 in parental
SUM149 cells and in the stable clones shControl, shTIG1-A, and shTIG1-D was analyzed by Western blotting. B, proliferation of TIG1 shRNA
knockdown cells was compared with that of control shRNA knockdown cells by using the Trypan blue exclusion assay. Experiments were
independently repeated three times. Bars, � SD. �, P < 0.001; ��, P ¼ 0.001. C, tumor growth of TIG1 knockdown shTIG1-A and shTIG1-D cells was
compared with that of SUM149 and shControl cells. For comparison of day 45 tumor volume between mice injected with shTIG1-A or shTIG1-D cells
and those injected with SUM149 cells, P < 0.001. Bars, � SD. D, expressions of TIG1 in tumor samples from each mouse were analyzed with Western
blotting. E, representative images of immuno� uorescence staining of tumor tissues with TIG1, Axl, and PCNA antibodies. Scale bar, 200 mm. The
relative � uorescence intensity from the images is shown in the bottom panel. Bars, � SD. F, shRNA-transfected SUM149 cells were analyzed for
Transwell migration by crystal violet staining (top); quantitative results are shown in the bottom panel. Experiments were independently repeated three
times. Bars, � SD. �, P < 0.001. G, shRNA-transfected SUM149 cells were analyzed for invasion through Matrigel by crystal violet staining (top);
quantitative results are shown in the bottom panel. Experiments were independently repeated three times. Bars, � SD. �, P < 0.001. H, SUM149 and
shRNA-transfected SUM149 cells were analyzed for actin organization by immuno� uorescence analysis using rhodamine-phalloidin (F-actin, red).
Nuclei were labeled with 40, 6-diamidino-2-phenylindole (DAPI; blue). Scale bar, 10 mm.
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TIG1 restoration rescues the effects of TIG1 depletion
cells

To further confirm the function of TIG1 in IBC cells, we
restored TIG1 expression in TIG1-depleted shTIG1-A cells
and found that the proliferation of TIG1-restored pCMV6-
TIG1 cells increased by 52.3% (P < 0.005), and their migra-
tion and invasion increased by 62.6% (P< 0.001) and 41.3%
(P ¼ 0.001), respectively, compared with shTIG1-A cells
(Fig. 3A–D). The rescue effect of TIG1 restoration con-
firmed the contribution of TIG1 to the proliferation and
invasion of IBC cells.

Receptor tyrosine kinase Axl is a functional partner of
TIG1

To investigate the underlying mechanism by which TIG1
promotes tumor growth and invasion of IBC cells, we com-
pared gene expression profiles between SUM149 cells trans-
fected with control siRNA and SUM149 cells transfected with
siRNA-targeting TIG1 using DNA microarray analysis. We
selected, as candidates, 19 representative genes related to

proliferation, migration, and invasion from 183 probe sets with
at least two-fold change in expression (P< 0.005, two-samplet
test; Supplementary Table S2 and Supplementary Fig. S4). We
further validated the downregulation of one candidate, recep-
tor tyrosine kinase Axl, in TIG1-depleted shTIG1-A and
shTIG1-D cells at the mRNA (Fig. 4A, left) and protein levels
(Figs. 4A, right and 5B) and in tumors produced by injection of
TIG1-depleted cells (Fig. 2E).

To test whether Axl is a potential functional partner of TIG1,
we restored Axl expression in TIG1-depleted shTIG1-A cells
and found that it rescued the reduction in proliferation (19.0%
rescued;P< 0.005), migration (87.4% rescued;P< 0.001), and
invasion (79.1% rescued;P < 0.001) of shTIG1-A cells due to
TIG1 silencing (Fig. 4B–E and Supplementary Fig. S5A and
S5B). Furthermore, depletion of Axl (shAxl-D and shAxl-E cells)
has the same effects on the proliferation [38.5% reduced by
shAxl-D (P< 0.005) and 48.8% reduced by shAxl-E (P¼ 0.001)],
migration [32.7% reduced by shAxl-D (P < 0.001) and 31.7%
reduced by shAxl-E (P<0.001)], and invasion [36.7% reduced by
shAxl-D (P<0.001) and 39.8% reduced by shAxl-E (P<0.001)] of
SUM149 cells as those of TIG1 depletion (Fig. 4F–I). Given that

Figure 3. Restoration of TIG1
expression rescues the
proliferation, migration, and
invasion of shTIG1-A cells. A,
control vector pCMV6-Vec or TIG1
expression vector pCMV6-TIG1
was transfected into TIG1-silenced
shTIG1-A cells. Stable clones
(pCMV6-Vec and pCMV6-TIG1)
were selected with puromycin and
neomycin. The restoration of TIG1
was analyzed by Western blotting.
B, proliferation of the cells in A was
measured by counting viable cells
using the Trypan blue exclusion
assay. Bars, � SD. �, P < 0.005.
C, the cells in A were analyzed for
Transwell migration by crystal
violet staining (top); quantitative
results are shown in the bottom
panel. Bars, � SD. �, P < 0.001.
D, the cells in A were analyzed for
Matrigel invasion by crystal violet
staining (top); quantitative results
are shown in the bottom panel.
Bars, � SD. �, P ¼ 0.001.
Experiments in B, C, and D were
independently repeated three
times.
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cells increased the expression of Axl in a dose-dependent
manner (Fig. 5C). Degradation of Axl has been proven to be
metalloproteinase and proteasome dependent (22). Treatment
with the proteasome inhibitor MG-132 fully restored Axl
expression in TIG1-depleted shTIG1-A and shTIG1-D cells
(Fig. 5D), indicating that TIG1 can stabilize Axl proteinin vivo
by inhibiting its proteasome-dependent degradation.

TIG1 regulates invasion of IBC cells through the Axl
signaling pathway

Enhanced expression of matrix metalloproteinase (MMP)-9
is required for Axl-mediated invasion bothin vitro andin vivo,
and NF-kB signaling is found to be involved in Axl-enhanced
MMP-9 activation (23). As shown in Fig. 5E, the MMP-9
level in TIG1-silenced clones, shTIG1-A and shTIG1-D, were

Figure 5. TIG1 interacts with Axl and stabilizes Axl in vivo and regulates invasion of IBC cells through the Axl signaling pathway. A, interaction between
endogenous TIG1 and Axl in SUM149 cells was examined with immunoprecipitation by using anti-TIG1 antibody, followed by Western blotting using
anti-Axl antibody (left). Reciprocal immunoprecipitation is shown in the right panel. B, TIG1 colocalized with Axl in SUM149 cells. The colocalization of TIG1
with Axl was examined with confocal microscopy. TIG1 and Axl were immuno� uorescently stained as green and red, respectively. Nuclei were counterstained
with 40, 6-diamidino-2-phenylindole (DAPI; blue). Scale bars, 10 mm. The boxed areas are shown in insets. C, ectopic expression of TIG1 increased the
protein level of Axl. 293T cells were cotransfected with 1 mg of pCMV6-Axl plasmid plus different amounts of pCMV6-TIG1 plasmid. Then the expression level
of Axl was examined with Western blotting by using anti-Axl and anti-Myc antibodies. D, proteasome inhibitor MG-132 restored Axl expression in
TIG1-depleted cells. SUM149, shControl, shTIG1-A, and shTIG1-D cells were not treated or were treated with 10 mmol/L MG-132 for 6 hours and then
harvested for Western blotting by using anti-Axl, anti-TIG1, and anti-tubulin antibodies. E, expression of MMP-9 was compared between TIG1 knockdown
cells (shTIG1-A and shTIG1-D), parental SUM149 cells, and shControl cells by using Western blotting. F, silencing TIG1 decreased the nuclear translocation
of p65 of NF-kB. The cytoplasmic and nuclear fractions of SUM149, shControl, shTIG1-A, and shTIG1-D cells were prepared, and the protein level
of p65 in these fractions was examined with Western blotting. Lamin B anda-tubulin served as markers of nuclear and cytoplasmic fractions, respectively. IgG,
immunoglobulin G.
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significantly lower than those in parental SUM149 or shControl
cells. We also found that the nuclear accumulation of p65, an
indicator of activation of NF-kB regulation, was significantly

abolished in TIG1-depleted shTIG1-A and shTIG1-D cells (Fig.
5F). Taken together, the impact of TIG1 depletion on down-
stream molecules MMP-9 and NF-kB of the Axl signaling

Table 1. TIG1 expression positively correlates with Axl expression in IBC patient samples

TIG1 Expression

Low High Total

Axl Expression Low 12 (17.4%) 9 (13.0%) 21 (30.4%)
High 6 (8.7%) 42 (60.9%) 48 (69.6%)

Total 18 (26.1%) 51 (73.9%) 69 (100.0%)

NOTE: Expression patterns of TIG1 and Axl in IBC patient samples were determined and summarized. The correlation between TIG1
and Axl was analyzed using Spearman rank correlation coef� cient (P < 0.005).

Figure 6. Axl inhibitor SGI-7079
inhibited the proliferation, migration,
and invasion of IBC cells. A, SGI-
7079 inhibits the Axl signaling
pathway in SUM149 cells. SUM149
cells were serum-starved overnight
and treated with 0 (vehicle) and 1
mmol/L SGI-7079 for 5 hours. The
phosphorylationofAxl atY702upon
Gas6 (400 ng/mL) stimulation for 20
minutes was analyzed by Western
blotting. B, SUM149 inhibits the
proliferation of SUM149 and KPL-4
cells. SGI-7079 IC50 in SUM149 and
KPL-4 cells was measured after 72
hours of treatment using the
CellTiter-Blue cell viability assay.
IC50 in SUM149 and KPL-4 cells
was 0.43 mmol/L and 0.16 mmol/L,
respectively. C, SGI-7079 induces
sub-G1 arrest in SUM149 and KPL-
4 cells. SUM149 (top) and KPL-4
(bottom)cells were treated withSGI-
7079 at indicated concentration for
48 hours, and FACScan analysis
was conducted to detect the cell-
cycle distribution. D, SGI-7079
treatment inhibits growth of
SUM149 and KPL-4 cells in soft
agar. SUM149 and KPL-4 cells were
plated in soft agar with SGI-7079 at
indicated concentration. Colonies
were stained with 4 mg/mL MTT for
1 hour and then counted with
GelCount. Bars, � SD. �, P < 0.05;
��, P< 0.001. E, SGI-7079 treatment
inhibits the migration and invasion
of SUM149 cells. SUM149 cells
were treated with SGI-7079 at
indicated concentration and then
subjected to Transwell migration
and Matrigel invasion assays. Left,
representative images of crystal
violet staining. Right, quantitative
results. Bars, � SD.
�, P < 0.01; ��, P < 0.001. All
experiments were repeated three
times independently.
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