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TRAF4 promotes tumorigenesis of breast
cancer through activation of Akt
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Abstract. Increasing evidence suggests that tumor necrosis
factor receptor-associated factor 4 (TRAF4) is an oncogene
which is frequently overexpressed in many human carci-
nomas. Although TRAF4 was originally identified in breast
cancer, the underlying mechanism of TRAF4 in tumorigenesis
remains largely unknown. In the present study, we found that
TRAF4 was overexpressed in cancer cells, and RNA interfer-
ence (RNAi)-mediated gene knockdown of TRAF4 decreased
cell growth, cell migration and invasion. Next, we found that
TRAF4 promoted cell survival kinase Akt membrane recruit-
ment, which is essential for Akt activation. Furthermore, we
demonstrated a direct interaction between Akt and TRAF4.
Additionally, overexpression of constitutively activated Akt
reversed cell growth arrest in TRAF4 gene-silenced cells.
Taken together, our data indicate that TRAF4 plays an impor-
tant role in tumorigenesis of breast cancer through direct
interaction and activation of Akt, implying that TRAF4 may
be a potential molecular target for breast cancer prevention
and therapy.

Introduction

The tumor necrosis factor receptor-associated factor (TRAF)
family, consisting of seven members (TRAF1-7), is a group of
signaling adaptors which participate in various signaling path-
ways through binding of the tumor necrosis factor receptor
superfamily (1-3). Two decades since the TRAF family was
first cloned, marked progress in the understanding of the func-
tions of the TRAF family has been acquired. TRAF family
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members have now been suggested to be signal transducers,
modulating immune receptors, cytokine receptors, C-type
lectin receptors and adaptive immune receptors (3). Therefore,
the TRAF family has been demonstrated to contribute to the
pathology of a variety of human diseases including cancers,
autoimmune diseases and neurodegenerative diseases (4-6).
Considering the importance of the TRAF family, targeting
these molecules may lead to the development of therapeutic
intervention of TRAF-mediated human diseases.

Among the seven members, TRAF4 is a unique member of
the TRAF family, and is one of the conserved proteins during
evolution (7). TRAF4 is an important gene in the regulation of
anorganism's development and has been reported to be involved
in embryogenesis (8,9). In addition, research has demonstrated
that TRAF4 is required in central nervous system myelin
homeostasis (10). TRAF4 deficiency is embryonic lethal and
causes severe developmental abnormalities in the respiratory
system and axial skeleton in mouse models (11,12). Moreover,
dendritic cells from TR AF4-deficient mice showed reduced
cell migratory ability in vivo and in vitro (13). Interestingly,
TRAF4 is the first member of the TRAF family that has been
found to be overexpressed in cancers, and is now considered an
oncogene (14,15). TRAF4 was originally identified in a breast
cancer cDNA library by gene screening to play an impor-
tant role in the initiation and progression of primary breast
cancers (16,17). Studies have reported that TR AF4 has multiple
subcellular localizations including cytoplasmic, nuclear, and
membrane and have been described in the literature (16,18,19).
Particularly, the subcellular localization of TRAF4 in cancers
is mainly in the cytoplasm or nucleus (18). Moreover, breast
cancer patients with TRAF4 nuclear localization have poor
survival due to its ability to destabilize the p53 protein in the
nucleus (20).

As a signal transducer, studies have revealed that TRAF4
is engaged in several signaling pathways. Several studies have
shown that TRAF4 is recruited to different tumor necrosis
factor receptors and Toll-like receptors (21-23). It has been
reported that TRAF4 regulates the glucocorticoid-induced
NF-«kB signaling pathway, implying its role in modulating
the suppressive functions of Treg cells (24). TR AF4 promotes
MEKK4 oligomerization to mediate Jun N-terminal kinase
activation in embryos (25). In addition, TRAF4 is a negative
regulator of IL-17 signaling which is involved in regulating
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Th17-mediated disease (26). In spite of these findings, the
underlying mechanism of TRAF4 in tumorigenesis remains
largely unknown.

In the present study, we aimed to explore the biological
functions of TRAF4 in breast cancer cells. By using different
breast cancer cells, we found that TRAF4 was particularly
overexpressed. Knockdown of TRAF4 significantly inhib-
ited cell proliferation and decreased cell migration and the
invasion of breast cancer cells. More importantly, we identi-
fied that TRAF4 was capable of promoting Akt activation.
Furthermore, a direct interaction was observed between
TRAF4 and Akt which was essential for Akt membrane
recruitment. Additionally, overexpression of constitutively
active Akt reversed the cell growth arrest in TRAF4 knock-
down cells. Taken together, our data support the suggestion
that TR AF4 plays an important role in cancer cells through the
activation of Akt, and may be a potential candidate molecular
target for breast cancer prevention and therapy.

Materials and methods

Cell lines and cell culture. The human breast cancer cell lines
MCF-7, T47D and MDA-MB-468 were obtained from the
American Type Culture Collection (ATCC; Manassas, VA,
USA). All cells were maintained according to standard proto-
cols. Briefly, cells were maintained in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) to which 100 U/ml of penicillin G, 0.1 mg/ml
streptomycin sulfate and 0.25 yg/ml amphotericin B were
added. Human mammary epithelial cells (HMECs) and 293T
cells were cultured in DMEM containing 10% FBS and 1%
antibiotics. All cells were cultured at 37°C with 5% CO, in an
incubator (Life Technologies, Baltimore, MD, USA).

Plasmids and small interference RNA (siRNA) transfection.
Cells were seeded in a 6-well culture plate (2x10° cells/well)
under standard conditions. When the cells reached 80%
confluency, cell transfection was performed as per the stan-
dard protocols of the manufacturer. Briefly, plasmid DNA
[pPCDNA3.0-TRAF4, Myc-Aktl or constitutively active
(CA)-Aktl; Addgene] or siRNA (TRAF siRNA, sc-36713;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) was diluted
in 500 pl of DMEM with 5 ul Lipofectamine (Invitrogen,
Carlsbad, CA, USA), before being mixed and incubated at
room temperature for 15 min. The mixtures were then added
to the cells to a final volume of 3 ml medium and incubated for
36 to 48 h, before proteins were extracted for further analysis.

Bromodeoxyuridine (BrdU) assay. The BrdU cell prolifera-
tion assay kit (Millipore, Billerica, MA, USA) was used for
cell proliferation analysis as per the manufacturer's instruc-
tions. Briefly, cells in 96-well plates were transfected with
plasmids or siRNA for 24 h, then BrdU solution (10 pl/
well) was added and incubated for 2 h. The old medium was
discarded, the Fixing/Denaturing solution (100 ul/well) was
added and incubated at room temperature for 15 min. After
that, the supernatants were removed, and the prepared detec-
tion antibody solution (100 pl/well) was added for incubation
at room temperature for 1 h. Subsequently, plates were washed
three times with wash buffer, and the prepared horseradish
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peroxidase (HRP)-conjugated secondary antibody solution
(100 ul/well) was added and incubated for 30 min at room
temperature. Then, plates were washed, and tetramethylben-
zidine (TMB) substrate (100 ul) was added for incubation at
room temperature for 30 min. The amount of BrdU incorpora-
tion into the cells was measured at 450 nm by a microplate
reader (Bio-Rad, Hercules, CA, USA). Experiments were
performed in quintuplicate and repeated three times.

Cell invasion and migration assays. Cells (2x10°) were
suspended in a volume of 50 ul serum-free medium which
wrer then plated in the upper chamber of chemotaxis chambers
(Neuro Probe, Gaithersburg, MD, USA). Complete medium
(75 ul) was added to the lower chamber and incubated at 37°C
for 48 h; then, the inserts were removed and submerged in
PBS to remove the unattached cells, before being fixed and
stained by Diff Quick (IHC World, Bethesda, MD, USA).
After that, membranes were cut and mounted on slides. Images
were captured of the migrated cells (x20) on the underside of
the membrane, and 10 visual fields in each membrane were
randomly selected for cell number counting. For the invasion
assays, cells (5x10°) in 60 pl serum-free medium were plated
in the top compartment of Matrigel-coated invasion cham-
bers (8-um pore membrane). Fibroblast conditioned medium
(0.75 ml) was added to the bottom chambers, and cultures
were incubated at 37°C for 48 h. The membranes were fixed
and stained using Diff Quick. Images were captured of the
invaded cells (x20), and 10 visual fields in each membrane
were randomly selected for cell number counting. Each assay
was repeated 3 times independently.

Membrane fractionation. Cells were starved for 24 h in
DMEM containing 0.1% FBS in 6-well plates. Epidermal
growth factor (EGF) (50 ng/ml) was added and incubated for
30 min. After that, the membrane and cytosolic fractions were
extracted using the Membrane Protein Extraction Kit (Sangon,
Shanghai, China) according to the manufacturer's instruc-
tions. Briefly, cells were washed with wash buffer at least three
times. Then, 1 ml of extract buffer containing DTT (1 ug/
ml) was added and homogenized under an ice-cold condition
followed by centrifugation (14,000 rpm) at 4°C for 10 min.
The supernatants were collected, bathed at 37°C for 10 min,
then centrifuged (13,000 rpm) at room temperature for 5 min.
The samples were divided into 2 layers. The bottom layer,
containing cytoplasmic proteins, was collected and stored
for further analysis. The bottom layer, containing membrane
proteins, was dissolved in 500 pl of ice-cold sterile water for
5 min at 4°C, followed by a water bath at 37°C for 5 min. After
centrifugation (13,000 rpm) at room temperature for 5 min, the
bottom layer was collected and dissolved in ice-cold sterile
water again following the above steps. Finally, the membrane
extracts were collected, and the protein concentration was
measured using the BCA kit (Pierce, Rockford, IL, USA). For
SDS-PAGE analysis, a total of 100 ¢l membrane protein was
mixed with 0.9 ml acetone, incubated in an ice-cold condi-
tion for 20 min followed by centrifugation (10,000 rpm) for
20 min. The supernatants were removed, and 100 ul of loading
buffer and 2 pl of B-mercaptoethanol were added to dissolve
the sediments for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis.
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Figure 1. TRAF4 is overexpressed in human breast cancer cells. TRAF4 pro-
tein expression profiles in normal human mammary epithelial cells (HMECs)
and human breast cancer cell lines MCF-7, T47D and MDA-MB-468 were
examined by western blot analysis.

Co-immunoprecipitation. The cells were lysed and centri-
fuged, and extracts were then collected. Protein A-Sepharose
beads (Amersham Biosciences AB, Uppsala, Sweden) mixed
with a mouse monoclonal anti-Flag (Sigma, St. Louis, MO,
USA), or mouse IgG as a control, were incubated at 4°C in
500 pl of lysis buffer for 1 h. Cell extracts were added to the
prepared antibody-bead mixture and incubated at 4°C for 2 h.
Then, the bead complexes were collected and washed for a
total of three times. Then, the protein complexes were eluted
from the beads using glycine buffer (pH 2.5), and separated by
SDS-PAGE and examined by western blotting.

Western blot analysis. Proteins were extracted from cells,
and concentrations were measured using the BCA kit. A
total of 20 ug protein was separated by 12% SDS-PAGE
electrophoresis followed by electro-blotting onto a nitrocel-
lulose membrane (Amersham, Little Chalfont, UK). Then,
the membrane was incubated in Tris-buffered saline (TBS)
containing 2% non-fat dry milk to block non-specific binding
at room temperature for 1 h. The membrane was then washed
with TBS and incubated with primary antibodies [antibodies
against TRAF4, GAPDH, myc-tag, a-tubulin and E-cadherin
(all from Santa Cruz Biotechnology), phosphorylated
Akt (Serd73), total Akt and Aktl (all from Cell Signaling
Technology, Danvers, MA, USA) diluted (1:1,000)] in the
blocking buffer overnight at 4°C. Subsequently, the membrane
was washed with TBS. After that, the membrane was incu-
bated in horseradish peroxidase (HRP)-conjugated secondary
antibodies (Boster Corporation, Wuhan, China) diluted in
blocking buffer for 1 h. Finally, the membrane was washed
followed by the addition of 4-chloro-1-naphthol (4-CN; 1 ml)
with TBS (9 ml) containing 6 pl of H,O,, which was used for
protein visualization.

Statistical analysis. Data are expressed as means + standard
deviation (SD). The statistical significance of differences
between two groups was determined by the Student's t-test,
and among multiple groups was determined by one-way
ANOVA. P<0.05 was considered to indicate a statistically
significant difference. All statistical analyses were performed
using SPSS 11.5 Software (SPSS Inc., Chicago, IL, USA).

Results
TRAF4 is specifically overexpressed in human breast cancer

cells. To verify the expression profiles of TRAF4 in human
breast cancer, we delineated the protein expression level of
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Figure 2. Effects of TRAF4 on cell proliferation. (A) Overexpression of
TRAF4 in HMECs. Control, cells without treatment; vector, cells transfected
with null vectors; TRAF4, cells transfected with TRAF4 overexpression
vectors. (B) Proliferation of HMECs was analyzed by BrdU assay after 24
and 48 h of vectortransfection. (C) Knockdown of TRAF4 in MCF-7 breast
cancer cells. Control, cells without treatment; Scramble siRNA, cells trans-
fected with nonspecific scramble siRNA; TRAF4 siRNA, cells transfected
with TRAF4 target siRNA. (D) Proliferation of MCF-7 cells was detected
by BrdU assay 24 and 48 h after siRNA transfection. "P<0.05 vs. negative
control or positive control denotes a statistically significant difference.

TRAF4 in different breast cancer cell lines in vitro. The results
showed that, compared with the normal human mammary
epithelial cells (HMECs), TRAF4 was particularly overex-
pressed in the human breast cancer cell lines MCF-7, T47D
and MDA-MB-468 (Fig. 1). The data indicate that TRAF4 has
a critical role in human breast cancer development.

TRAF4 promotes cancer cell proliferation. To investigate
the role of TRAF4 in breast cancer cells, we applied the
TRAF4 overexpression vector or the TRAF target siRNA to
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Figure 3. Effect of TRAF4 knockdown on tumor cell migration and invasion. Analysis of TRAF4 silencing on cell migration and invasion of MCF-7 cells.
Data are expressed as mean + standard deviation (SD), and differences were analyzed by one-way ANOVA. The means were obtained from three individual

experiments. "P<0.05.
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Figure 4. Effect of TRAF4 on Akt activation. Effect of TRAF4 knockdown on EGF-induced Akt phosphorylation in (A) MCF-7 and (B) T47 breast cancer
cells. TRAF4 was silenced by siRNA and cells were starved for 24 h. Then, EGF (50 ng/ml) was added and incubated for 30 min. Finally, cells were harvested
for western blotting. (C) Examination of Akt membrane recruitment in siRNA-transfected MCF-7 cells. Cells were starved and treated with EGF (50 ng/ml)
for 30 min. Membrane and cytosolic fractions were isolated and analyzed by western blot analysis.

generate TRAF4-overexpressing or stable knockdown cell
lines. We first generated TRAF4-overexpressing cells by
transfecting HMECs with the TR AF4 overexpression vectors
(Fig. 2A). The BrdU assay was used to determine the effects
on cell proliferation. The results showed that overexpression
of TRAF4 significantly promoted the proliferation of HMECs
following transfection (Fig. 2B), whereas TRAF4 knockdown
significantly inhibited cell proliferation in the breast cancer
cell line MCF-7 (Fig. 2C and D). Similar results were obtained
in the siRNA-transfected T47D and MDA-MB-468 cell lines
(data not shown). These results imply that TRAF4 plays an
important role in cancer cell proliferation.

Knockdown of TRAF4 impairs tumor cell migration and inva-
sion. To further explore the function of TRAF4 in cancer cells,

the role of TRAF on cell migration and invasion was deter-
mined. Knockdown of TRAF4 in MCF-7 cells significantly
decreased the cell migratory and invasive abilities (Fig. 3A
and B). Furthermore, the same results were obtained when
using the T47D and MDA-MB-468 cell lines (data not shown).
Overall, the data suggest that TR AF4 has various tumorigenic
roles.

TRAF4 increases Akt membrane recruitment and activation.
To further investigate the underlying mechanism of TRAF4
in tumorigenesis, we aimed to identify the signaling pathway
in which TRAF4 is involved. A previous study demonstrated
that TRAF family members such as TRAF6 (27) are involved
in the Akt pathway. As the TRAF family members share
similar functional domains, we investigated whether TRAF4
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Figure 5. Detection of the interaction between TRAF4 and Akt. (A) Myc-Aktl and TRAF4 expression vectors were co-transfected into 293T cells. At 24 h
after transfection, cell lysates were collected and immunoprecipitated with an anti-Myc antibody. (B) MCF-7 cells were starved and treated with EGF (50 ng/
ml) for 30 min. Cell extracts were immunoprecipitated with an anti-TRAF4 or IgG antibody. Western blot analysis was performed to detect target proteins

with the indicated antibodies.
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Figure 6. Effect of overexpression of constitutively active Akt on cell proliferation in TRAF4-knockdown cells. (A) CA-Aktl plasmids were co-transfected
with TRAF4 siRNA in MCF-7 cells. Cell extracts were collected at 48 h, and western blotting was performed to detect the protein levels. (B) BrdU assay was
used to determine cell proliferation in the CA-Aktl and TRAF4 siRNA co-transfected cells. “P<0.05 denotes a significant difference.

is capable of activating Akt. Upon EGF treatment, Akt phos-
phorylation (Ser473) was upregulated in the control cells.
However, EGF-induced phosphorylation of Akt was markedly
inhibited in the TRAF4-knockdown MCF-7 (Fig. 4A) and
T47D breast cancer cells (Fig. 4B). Akt membrane recruit-
ment is critical for Akt activation. We next examined whether
TRAF4 plays an important role in Akt membrane transloca-
tion. The results showed that knockdown of TRAF4 caused
Akt cytosolic accumulation, and the phosphorylation of Akt
was markedly disturbed both in the cytoplasm and membrane
(Fig. 4C). The data imply that TRAF4 plays an important role
in Akt membrane recruitment in breast cancer cells.

TRAF4 displays an interaction with Akt. To explore the under-
lying mechanism of TRAF4 in regulating Akt, we examined
whether a direct interaction is observed between the two
proteins. Myc-Aktl and TRAF4 were co-transfected in 293T
cells and immunoprecipitated with the anti-Myc antibody. The
results showed that the TRAF4 protein was only detected in
the immunoprecipitation complex from the Myc-Aktl and
TRAF4 co-transfected cells (Fig. 5A). Next, we aimed to
determine the interaction of endogenous Aktl and TRAF4
in the MCF-7 cells. The results showed that endogenous Akt

interacted with TRAF4 in breast cancer cells and the interac-
tion was enhanced upon EGF treatment (Fig. 5B). These data
indicate that TRAF4 undergoes an interaction with Akt in
breast cancer cells.

TRAF4 promotes cell proliferation through Akt. To further
confirm the function of TRAF4 in the Akt signaling pathway,
we transfected constitutively activated Aktl (CA-Aktl) into
TRAF4-knockdown MCEF-7 breast cancer cells. The results
showed that transfection of CA-Aktl significantly upregulated
the phosphorylation of Akt in the TRAF4-knockdown cells
(Fig. 6A). Cell growth arrest induced by TRAF4 silencing
was reversed by CA-Aktl transfection (Fig. 6B). These data
suggest that TRAF4 regulation on cell proliferation is depen-
dent on Akt activity.

Discussion

Breast cancer is currently the second leading cause of
cancer-related death, and is the most commonly diagnosed
cancer in women worldwide (28). Although a better under-
standing of the biological mechanisms that underlie breast
cancer development has been achieved with the development
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of advanced molecular biology techniques in recent years, a
major current challenge in the treatment of breast cancer is
to discover novel and effective targets that can complement
current therapies. In the present study, we demonstrated that
TRAF4 plays an important role in the activation of the Akt
signaling pathway in breast cancer. Considering the impor-
tant function of TRAF4 in the development of breast cancer,
TRAF4 may be regarded as a potential target for breast cancer
therapy.

Our data revealed that TRAF4 was overexpressed in breast
cancer cell lines. Moreover, RNAi-mediated knockdown of
TRAF4 significantly inhibited cell proliferation, invasive
and migratory abilities of breast cancer cells. These results
suggest that TRAF4 plays an important role in human breast
cancers. Although TRAF4 overexpression in a wide range of
human cancers has been verified (14), TRAF4 overexpression
in squamous cell carcinoma of the head and neck has an anti-
tumor effect through the induction of cell apoptosis and the
suppression of colony formation (29,30). It has been demon-
strated that TRAF4 is a p53-regulated pro-apoptotic gene in
p53 temperature-sensitive cells (31). In contrast, a recent study
demonstrated that TRAF4 was a downstream gene of steroid
receptor coactivator 3 (SRC-3), which is an oncogenic nuclear
receptor coactivator that increases p53 destabilization leading
to resistance to cytotoxic stress and poor prognosis in breast
cancer patients (20). Therefore, it seems that TRAF4 over-
expression has different outcomes in different cancers. The
apparent discrepancy implies that TRAF4 may have different
biological functions upon stimulation and cell type.

More recently, TRAF4 has been suggested to participate
in breast cancer migration through destabilizing tight junc-
tions in mammary epithelial cells (32). Wang et al showed
that Smad ubiquitin regulatory factors (Smurfs) promoted
the ubiquitination of TRAF4 which is essential for the proper
localization of TR AF4 to tight junctions in confluent epithelial
cells (33). In prostate cancer, TRAF4 expression was found
to be regulated by tumor-suppressor microRNA-29a, and an
inverse correlation was identified in tumor tissues from radical
prostatectomy (34). In addition, Zhang et al demonstrated that
TRAF4 promotes the transforming growth factor (TGF)-p
signaling pathway, which contributes to the pathogenesis of
breast cancer (35). All of these data indicate that TRAF4 plays
a critical role in tumorigenesis. In the present study, we found
that TRAF4 regulated the activation of Akt in breast cancer
cells. Our data are consistent with a more recent study which
indicated that TRAF4, possessing ubiquitin-protein ligase
activity, activates Akt through the ubiquitination of Akt in
lung cancer (36).

It is well-known that the Akt pathway is closely related to
tumorigenesis by regulating cell growth and survival, cell cycle
and metabolism (37-39). Akt is deregulated in many types
of cancer, including breast cancer, and contributes to cancer
cell growth and survival, and resistance to chemotherapy or
radiotherapy (40,41). Akt activation is dependent on the phos-
phorylation of Thr308 and Ser473 upon various stimuli such
as insulin and epidermal growth factor (EGF) (42). Studies
suggest that Akt recruitment to the membrane upon growth
factor stimuli is essential for activation (27,43). In the present
study, we found that TRAF4 regulated Akt membrane recruit-
ment in breast cancer cells upon EGF stimulation, whereas
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knockdown of TRAF4 caused a decline in Akt membrane
recruitment and activation. We further revealed a direct interac-
tion between TRAF4 and Akt, which was the basis for TRAF4
in promoting Akt membrane recruitment. In accordance with
this, Li et al demonstrated that TRAF4 functions as an E3
ligase which regulates Akt ubiquitination and activation (36).
Previous studies suggest that Lys63-mediated ubiquitination
of Akt is necessary for Akt activation (44). However, we did
not further investigate the ubiquitination of Akt by TRAF4
activity in breast cancer cells. Whether TRAF4 promotes Akt
activation by ubiquitination in breast cancer cells therefore
remains uncertain. Additionally, we found that overexpression
of constitutively active Aktl reversed the cell growth arrest
caused by TRAF4 knockdown, implying that TRAF4 regu-
lates cell growth through the Akt signaling pathway.

Taken together, we found that TRAF4 promoted Akt
activation in human breast cancer cells. Given the important
roles of Akt in regulating tumorigenesis, targeting TRAF4 to
inhibit activated Akt in breast cancer is a potential therapeutic
strategy for the prevention and treatment of human breast
cancers.
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