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Tumor necrosis factor receptor associated factor 4 (TRAF4) is a RING domain E3 ubiquitin
ligase that mediates the ubiquitination of various proteins and plays an important role in
driving tumor progression. By studying the relationship between TRAF4 and Eg5, a
member of the kinesin family that plays a critical role in spindle assembly, we
demonstrated that TRAF4 regulated Eg5 ubiquitination and contributed to Eg5-
mediated breast cancer proliferation and inhibited breast cancer apoptosis. TRAF4 and
Eg5 were both highly expressed in breast cancer and their protein level was positively
correlated. Relying on its Zinc fingers domain, TRAF4 interacted with Eg5 in the cytoplasm
of breast cancer cells. TRAF4 was a mitosis-related protein, and by up-regulating the
protein level of Eg5 TRAF4 participated in spindle assembly. Loss of TRAF4 resulted in
monopolar spindles formation, but loss of function could be rescued by Eg5. Relying on its
RING domain, TRAF4 up-regulated Eg5 protein levels by inhibition of Eg5 ubiquitination,
thus stabilizing Eg5 protein level during mitosis. Furthermore, we found that Smurf2, a
TRAF4-targeted ubiquitination substrate, mediated the regulation of Eg5 ubiquitination by
TRAF4. TRAF4 inhibited the interaction between Smurf2 and Eg5, and down-regulated
the protein level of Smurf2 by promoting its ubiquitination, thereby inhibited the Smurf2-
catalyzed ubiquitination of Eg5 and up-regulated Eg5 protein levels. We also demonstrate
that TRAF4 plays an important role in promoting cell proliferation and in inhibiting cell
apoptosis induced by Eg5. In summary, our study suggests a new direction for
investigating the role of TRAF4 in driving breast cancer progression.
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INTRODUCTION

The tumor necrosis factor receptor-associated factor (TRAFs)
family was originally identified as an adaptor or transducer
protein that couples TNF receptors and Toll/interleukin-1
family members to signaling pathways (1, 2). The family
members share a C-terminal TRAF homology domain, which
mediates their interaction with the TNF receptor super family,
thereby activating signal pathways such as NF-kB and MAPK,
and participating in the regulation of cell apoptosis, immune
response and other life activities (3–6). TRAFs are expressed
differently in different human tissues and diseases. Studies have
confirmed that TRAF2, TRAF4 and TRAF6 are highly expressed
in malignant tumor tissues and play an important role in
promoting tumor progression (7, 8).

TRAF4 is a special member of the TRAFs family, since TRAF4
interacts weakly with a few TNF-R family (3–6). TRAF4 protein was
discovered in breast cancer-derived metastatic lymph nodes (9).
Follow-up studies have found that TRAF4 is overexpressed in a
variety of tumor tissues and plays an important role in promoting
tumorigenesis and regulating tumor cell proliferation, apoptosis,
migration, invasion and other biological behaviors (10–14). It has
been reported that TRAF4 can enhance the nuclear protein level of
PRMT5 in breast cancer cells, thereby promoting the proliferation
of breast cancer cells (15). In endometrial cancer, TRAF4 activates
the PI3K/AKT signaling pathway and promotes tumor proliferation
and migration (16). Like other family members with the exception
of TRAF1, TRAF4 contains a RING domain, which has E3
ubiquitin ligase activity, and participates in regulating the
ubiquitination of multiple proteins (17). Ramesh et al. have found
that TRAF4 enhances the kinase activity of the NGF receptor TrkA
by promoting its ubiquitination, thereby promotes the invasion and
metastasis of prostate cancer (18). In addition, it has been reported
that TRAF4 participates in regulating tumor microenvironment.
TRAF4 promotes the epithelial-mesenchymal transition of non-
small cell lung cancer and enhances the proliferation and invasion
of tumor cells (19). Xu et al. have found that TRAF4 interacts with
many apoptosis-related proteins (20), but the relevant mechanism is
still unclear.

To further investigate the putative function of TRAF4, a
yeast-two hybrid screen and immunoprecipitation/mass
spectrometry were performed by Rozan et al., and several
candidate interacting proteins were identified, including
mitosis-associated protein Eg5 (21).

The mitotic spindle is a complex organelle consisting of
microtubules, motor proteins, nonmotor microtubule-associated
proteins, and various other signaling molecules. The formation of
a bipolar spindle is crucial for faithful chromosome segregation,
ensuring the accurate transmission of genetic information (22).
Eg5, a member of the kinesin family, plays a critical role in this
process (23, 24). In prophase Eg5 is enriched at spindle poles,
while in metaphase and anaphase, Eg5 localizes to antiparallel
overlap microtubules in the midzone (25). By cross-linking
and sliding of anti-parallel microtubules, Eg5 helps to generate
an outward force, which is essential for centrosome separation
and bipolar spindle assembly during early mitosis (26–29).
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Eg5 inhibition results in the formation of monopoles and cells
apoptosis (30, 31).

In addition to its role in spindle assembly, Eg5 has been
reported to play a role in tumorigenesis (32), and Eg5 is highly
expressed in various tumor tissues and cells (33–36). Inhibition
of Eg5 suppresses tumor growth (37), whereas over-protein level
of Eg5 leads to chromosomal mis-segregation and genomic
instability in transgenic mice (23). Therefore, exploring the
molecular mechanism of the regulation of Eg5 protein level
has important implications.

These results suggest that TRAF4 plays an important role in
mitosis spindle assembly by regulating Eg5. TRAF4 up-regulates
Eg5 protein levels by inhibiting Eg5 ubiquitination, thus
preventing Eg5 degradation (and associated mitotic defects),
and in doing so TRAF4 promotes breast cancer cell
proliferation and inhibits breast cancer cell apoptosis.
MATERIALS AND METHODS

Patients and Tissue Samples
Breast cancer tissue samples were obtained from patients at the
First Affiliated Hospital of China Medical University. Prior
informed consent was obtained. All procedures were
conducted with the approval of the Ethics Review Committee
at the First Affiliated Hospital of China Medical University. All
tumor specimens were surgically resected. None of the patients
had received chemotherapy or radiotherapy before tumor
excision. The pathologic diagnoses were independently
identified by three pathologists, based on the World Health
Organization guidelines.

Immunohistochemistry
Surgically removed tumor specimens were fixed in 10% neutral
formalin and embedded in paraffin. The specimens were then cut
into 4-mm thick sections and baked in an oven at 70°C for 2 h.
The tissue sections were dewaxed in xylene, absolute ethanol,
gradient alcohol, and distilled water, and then boiled in 0.01M
citrate buffer (pH 6.0) at high temperature and pressure for
2min. Endogenous peroxidase activity was blocked with 0.3%
hydrogen peroxide, and non-specific binding was blocked with
5% normal goat serum for 30min at 20°C. Tissue sections were
then incubated with TRAF4 rabbit polyclonal antibody (H2818,
1:100, Santa Cruz Biotechnology) and Eg5 rabbit polyclonal
antibody (ab37814, 1:100, Abcam) at 4°C overnight.
Immunochemical reactions were developed using an Elivision
super HRP (mouse/rabbit) immunohistochemistry kit (Maixin-
Bio, Shenzhen, China) and 3,3-diaminobenzidine (DAB). The
nuclei were stained with hematoxylin, and then the sections were
dehydrated in ethanol before mounting. TRAF4 and Eg5 protein
level levels were evaluated based on the percentage of positive
cells (PP) and staining intensity (SI) within the whole tissue
section. Staining intensity was evaluated semi-quantitatively
using the immune response score (IRS) and calculated using
the equation: IRS = PP × SI. PP:0 = no staining; 1 = 1–25%; 2 =
26–50%; 3 = 51–75%; and 4 = 76–100%. SI: 0 = no staining; 1 =
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weak; 2 = moderate; 3 = strong staining. Each case was then
defined as negative (IRS < 3), low protein level (3 = < IRS < 6), or
high protein level (6 = < IRS ≤ 12).

Cell lines and Cell Culture
The non-tumorigenic mammary epithelial cell line MCF-10A,
and the breast cancer cell lines MCF-7, MDA-MB-231, SK-BR-3,
and MDA-MB-453 were obtained from the Shanghai Cell Bank
of the Chinese Academy of Sciences (Shanghai, China) and
identified by short tandem repeat (STR) DNA analysis. MCF-
10A cells were cultured in 1:1 Dulbecco’s modified Eagle’s
medium (DMEM)/F12 (Gibco, Waltham, MA, USA)
supplemented with 5% serum, 10mg/mL insulin (Sigma-
Aldrich Co, St. Louis, MO, USA), and 20 ng/mL epidermal
growth factor (EGF). MCF-7, SK-BR-3 and MDA-MB-453 cells
were cultured in DMEM (Gibco, Waltham, MA, USA)
supplemented with fetal bovine serum (FBS). MDA-MB-231
cells were cultured in L15 (Gibco, Waltham, MA, USA)
supplemented with 10% FBS. All cells were cultured at 37°C in
a humidified incubator with 5% CO2.

Plasmid, si-RNA, and Transfection
Plasmids for full-length TRAF4 (wild type, WT) were purchased
from MiaolingBio (Wuhan, China), TRAF4 Zinc fingers domain
deletion mutant (TRAF4 DZn) provided by Dr. Bert W. O’
Malley. Plasmids for TRAF4 RING domain deletion mutant
(TRAF4 DR), TRAF4 TRAF domain deletion mutant (TRAF4
DT) and HA-ubiquitin were purchased from Addgene
(Cambridge, USA). Plasmids for Eg5 were purchased from
OriGene (Rockville, MD, USA). TRAF4 si-RNA, Smurf2 si-
RNA, and Eg5 si-RNA were purchased from RiboBio
(Guangzhou, China). Eg5 sh-RNA were purchased from
GenePharma (Suzhou, China). Cells were transfected with
plasmids using the Attractene Transfection Reagent or with si-
RNA using HiPerFect Transfection Reagent (Qiagen, Hilden,
Germany) according to the manufacturer’ s protocols. The
empty plasmid and scrambled sequences were used as controls.

Western Blot Analysis
Total protein was extracted from cell lines using lysis buffer
(Thermo Fisher Scientific), containing a protease and
phosphatase inhibitor cocktail (Beyotime, Shanghai, China), and
quantified using the Bradford method. Next, 40 µg of protein was
subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (8%), and the separated proteins were
transferred to polyvinylidene fluoride membranes (EMD
Millipore, Billerica, MA, USA). After blocking with 5% non-fat
milk in PBS, the membranes were incubated overnight at 4°C with
primary antibodies against: TRAF4 (H2818, 1:100, Santa Cruz
Biotechnology), Eg5 (1:1000), Smurf2 (F0641, 1:100, Santa Cruz
Biotechnology), HA (TA180128S, 1:1000, Origene), a-tubulin
(ab52866, 1:1000, Abcam), Caspase-3 (M005851F, 1:1000,
Abmart), Bcl-2 (T40056F, 1:1000, Abmart), Bax (T40051F,
1:1000, Abmart), Ki67 (550609, 1:1000, BD Pharmingen),
GAPDH (AF0006, 1:2000, Beyotime) and b-actin (1:2000,
Beyotime). Next, the membranes were incubated with secondary
HRP-conjugated antibody, anti-mouse immunoglobulin G (IgG),
Frontiers in Oncology | www.frontiersin.org 3
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Biotechnology) at 37°C for 2h. Finally, antibody binding
wasvisualizedusing electro-chemiluminescence (Thermo Fisher
Scientific), and quantified using ImageJ (National Institute of
Health, Bethesda, MD, USA).

Co-Immunoprecipitation
Cell lysates were obtained as described above and precleared by
rocking for 2h at 4°C with 20 mL (50% slurry) agarose A/G beads.
After the beads were removed, the lysates were incubated with
the appropriate antibodies (1–2 mg antibodies per 200 mg
protein) at 4°C overnight. Next, 20 mL(50% slurry) agarose A/
G beads was added and the samples were rocked for 6 h at 4°C.
Finally, the immune complexes were washed with cell lysis buffer
and protein bands were detected using immunoblotting assays.

Immunofluorescence Staining
Breast cancer cells were cultured in 24-well plates for 24 h. The
cells were fixed in 4% paraformaldehyde for 15min, and then
treated with 0.2% Triton X-100 for 15min to ensure
permeabilization. After blocking in 3% BSA for 1h at room
temperature, the cells were incubated overnight at 4°C with
primary antibodies against: TRAF4 (5100900, 1:100, BD
Pharmingen), Eg5 (1:100), and a-tubulin (1:100). Next, the
cells were incubated with a tetramethylrhodamine-labeled
secondary antibody for 2h at room temperature in the dark.
The nuclei were then stained with DAPI. Finally, representative
images were captured using an Olympus LH100-3 microscope
(Olympus, Tokyo, Japan).

Cell Proliferation and Colony
Formation Assays
Cell viability was measured by the mitochondrial reduction of 3-
[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay. Cells (3,000 cells/well) were seeded in 96-well
plates in medium containing 10% FBS. Samples were treated
with MTT solution (10 mL/well) for 4 h. The medium was
aspirated from each well and 150mL DMSO was added. The
absorbance was then measured at 490nm using a microplate
reader. The OD value of a blank was subtracted from the
absorbance obtained at each given time. We then calculated
the relative ratio, and used these values to plot the cell
proliferation curve. For colony formation experiments, cells
(1,000/dish) were seeded in 40mm dishes and incubated for
10–15 days. The cells were then fixed with methanol and stained
with crystalviolet. The number of colonies with >50 cells
was counted.

Animal Experiments
MCF-7 Cells stably transfected with TRAF4 or co-transfected with
TRAF4 and Eg5 sh-RNA were selecting by G418 and Puromycin.
Female BALB/c nude mice between five and six weeks of age
(Charles River, Beijing, China) were randomly divided into three
groups, with five mice in each group and subcutaneously in
oculated with 1×107/0.2mL MCF-7, MCF-7/TRAF4 or MCF-7/
TRAF4-shEg5 cells. Measured and recorded the tumor volume
every 3 days (Tumor volume=1/2 length×width2). The animal
May 2022 | Volume 12 | Article 855139
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study was reviewed and approved by the Animal Research Ethics
Comittee of China Medical University.

Statistical Analyses
The Pearson chi-square test and Fisher’s exact test were used to
analyze the relationship between TRAF4 and Eg5 protein level.
Differences between the groups were analyzed using a paired t-
test. Differences with P-values <0.05 were considered statistically
significant. All experiments were performed at least three times.
RESULTS

The Protein Level of TRAF4 and Eg5
are High in Breast Cancer, and are
Positively Correlated
To explore the association between TRAF4 and Eg5 in human
breast cancer, we compared the protein level of Eg5 and TRAF4 in
normal breast tissue (NBT) (n=16) and in breast cancer tissue
(BCT) (n=78). As shown in Table 1, TRAF4 and Eg5 were either
negative or only weakly expressed in normal breast epithelial cells.
However, the protein level of both proteins were high in breast
cancer cells (Figure 1A). We analyzed the association between the
protein level of TRAF4 and the Eg5 and found that the protein
level of Eg5 and TRAF4 are positively correlated (r=0.7423,
p<0.0001; Figure 1B; Table 2). To confirm these results, we
detected the protein level of Eg5 and TRAF4 in matched normal
and breast cancer fresh tissues from 16 patients. Consistent with
the previous results, the protein level of Eg5 and TRAF4 were high
in breast cancer tissues (in comparison with matched normal
tissues), and a positive correlation between them was observed
(p<0.05, Figure 1C). When we compared Eg5 and TRAF4 protein
level in a non-malignant breast epithelial cell line (MCF-10A) and
in breast cancer cell lines (MDA-MB-231, SK-BR-3, MCF-7and
MDA-MB-453), we obtained a similar result (Figure 1D). These
results indicate that the protein level of TRAF4 and Eg5 are both
high in human breast cancer tissues and breast cancer cell lines,
and positively correlated, which suggests that TRAF4 and Eg5may
play a promoting role in the occurrence and development of
breast cancer.

TRAF4 Interacts With Eg5 and
Up-Regulates Eg5 Protein Level
Eg5 was previously identified as a candidate TRAF4 interacting
protein through a yeast-two hybrid screen (22). To confirm
Frontiers in Oncology | www.frontiersin.org 4
that this interaction also occurred in breast cancer cells, we
firstly investigated the location of TRAF4 and Eg5 in MDA-
MB-231, SK-BR-3, MCF-7 and MDA-MB-453 breast cancer
cells, and found both TRAF4 and Eg5 have cytoplasmic
localization in these cells (Figure 2A). Then we extracted
proteins from MCF-7 and MDA-MB-231 cel ls and
performed co-immunoprecipitation using antibodies against
TRAF4 or Eg5 followed by immunoblotting. The results
demonstrated that TRAF4 co-immunoprecipitated with Eg5
in both MCF-7 and MDA-MB-231 cells (Figure 2B). To
further investigate the effect of the interaction between
TRAF4 and Eg5, we transfected TRAF4 protein level vector
into MCF-7 and MDA-MB-231 cells and detected the Eg5
protein level through western blot analysis, the results showed
that the protein level of Eg5 was up-regulated. Furthermore,
transfection of TRAF4 si-RNA resulted in a reduction in Eg5
protein protein level (Figure 2C). The above results
demonstrate that TRAF4 and Eg5 interact with each other in
the cytoplasm of breast cancer cells. TRAF4 up-regulates the
protein level of Eg5, which suggests that Eg5 is a downstream
protein of TRAF4, and the cancer-promoting effect of TRAF4
may be achieved by regulating the protein level of Eg5.

TRAF4 is Involved in Spindle Assembly
Through Regulating the Protein Level
of Eg5
Since Eg5 is a mitotic associated protein, we investigated whether
TRAF4 also plays a role during mitosis. We detected the protein
level of TRAF4 and Eg5 in MCF-7 cells released from double
thymidine block (DTB) for different periods of time. As observed
with Eg5 (Figure 3A), the protein level levels of TRAF4 exhibited
a slight increase 8–10 h after DTB release, suggesting that TRAF4
may be a cell cycle regulated protein. We further investigated the
location of these two proteins in mitotic MCF-7 cells, and found
that TRAF4 was localized with Eg5 throughout every stage of
mitosis (Figure 3B).

We then detectected the protein level of Eg5 in thymidine
synchronized MCF-7 cells which were transfected with or
without TRAF4 si-RNA. The results showed that the protein
level of Eg5 during 8-10h after DTB release was significantly
reduced in TRAF4-depleted cells comparing with in control cells
(Figure 3C). These data indicate that TRAF4 mainly positively
regulates the protein level of Eg5 protein during mitotic phase,
and may be involved in the regulation of cell mitosis by up-
regulating the protein level of Eg5.

As previously stated, Eg5 drives bipolar spindle assembly by
participating in centrosome separation, and inhibition of Eg5 causes
monopolar spindle formation (23, 24). To confirm this result, we
transfected Eg5 si-RNA into MCF-7 cells (Figure S1) and
performed immunofluorescent staining using an antibody against
a-tubulin to examine the mitotic spindle. We observed a higher
frequency of monopolar spindle formation (Figures 3D, E). Since
we have verified that TRAF4 regulated the protein level of Eg5
protein during mitotic phase, we hypothesized that TRAF4 plays a
role in spindle assembly. We transfected TRAF4 si-RNA into MCF-
7 cells and performed immunofluorescent staining using an
antibody against a-tubulin to examine the mitotic spindle. We
TABLE 1 | The protein level of TRAF4 and Eg5 in tissue.

TRAF4 Eg5

Number Negative Positive Negative Positive

Normal Breast
Tissue

16 12 4
(25.00%)

15 1 (6.25%)

Breast Cancer
Tissue

78 21 57
(73.08%)

17 61
(78.21%)
Fisher’s exact test (TRAF4 p < 0.001; Eg5 p < 0.0001).
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observed a higher frequency of single spindle formation, which
could be partially rescued by co-transfection ofthe Eg5 protein level
vector (Figures 3D–F). These results provide evidence that TRAF4
participates in spindle assembly through regulating the protein level
of Eg5.
Frontiers in Oncology | www.frontiersin.org 5
TRAF4 Up-Regulates Eg5 by Inhibiting Eg5
Ubiquitination
Next, we investigated the mechanism by which TRAF4
regulating Eg5. To identify the potential interaction domain of
TRAF4 and Eg5, we transfected wild type TRAF4, RING domain
deleted (TRAF4DR); Zinc fingers domain deleted (TRAF4DZn)
or TRAF domain deleted (TRAF4DT) mutants into MCF7, and
carried out co-immunoprecipitation experiment. As shown in
Figure 4A, TRAF4 with RING domain deletion mutant and
TRAF4 with TRAF domain deletion mutant could still interact
with Eg5, while TRAF4 with Zinc fingers domain deletion
mutant could not be dragged down by Eg5 antibody. These
results suggested that Zinc fingers domain of TRAF4 was
essential for the interaction between TRAF4 and Eg5.

To confirm which domain of TRAF4 was responsible for up-
regulating Eg5, we transfected wild type TRAF4 or domain-
A B

D

C

FIGURE 1 | TRAF4 and Eg5 are highly expressed in breast cancer and there is a positive correlation between TRAF4 and Eg5 protein level levels. (A)
Immunohistochemical analysis demonstrating the protein level and localization of TRAF4 and Eg5 in normal breast tissue (NBT) and breast cancer tissue (BCT).
Bar, 20mm. (B) The protein level of Eg5 was positively correlated with TRAF4 protein level levels in breast cancer patient tissue. Bar, 20mm. (C) Protein level and
correlation of TRAF4 and Eg5 in 16 breast cancer patient tissues and paired normal tissues, as detected by western blot. a-tubulin was used as an internal
control. ****p < 0.0001. (D) protein level of TRAF4 and Eg5 in non-malignant breast epithelial cell line MCF-10A and breast cancer cell lines MDA-MB-231, SK-
BR-3, MCF-7 and MDA-MB-453, as analyzed by western blot. GAPDH was used as an internal control. Data represent mean ± SD (n = 3). (*p< 0.05, **p<0.01).
TABLE 2 | Correlation between TRAF4 and Eg5 protein level in breast
cancer tissue.

TRAF4

Negative/Low High

Eg5 Negative/Low 31 3
High 5 39
Pearson’s chi-square test (r=0.7423, p < 0.0001).
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deleted mutants into MCF-7, and detected the protein level of
Eg5 by western blot. The results showed that either over-
expressing wild type TRAF4 or TRAF4DT could up-regulated
Eg5 protein, while TRAF4DZn could not regulate Eg5 protein
protein level levels, and to our surprise, RING domain deleted
also resulted in TRAF4 losing the function of up-regulating the
protein level of Eg5 (Figure 4B).

Since RING domain of TRAF4 has E3 ligase activity and is
involved in the regulation of Eg5 protein level. We determined
whether TRAF4 regulated Eg5 through affecting its
ubiquitination. We transfected HA-ubiquitin and TRAF4
protein level vectors or TRAF4 si-RNA into MCF-7 cells and
performed a ubiquitination assay. Eg5 ubiquitination levels
were then detected by co-immunoprecipitation using an
antibody against Eg5, followed by western blot analysis using
antibodies against HA. Compared with the control group,
over-protein level of TRAF4 reduced Eg5 ubiquitination.
Moreover, inhibition of TRAF4 enhanced the ubiquitination
of Eg5 (Figure 4C). These data indicated that TRAF4 inhibited
Frontiers in Oncology | www.frontiersin.org 6
the ubiquitination of Eg5. To confirm this result, we
transfected TRAF4 specific si-RNA into MCF-7 cells treated
with DMSO or MG-132, and detected Eg5 protein levels
through western blot analysis. We found that when the
proteasome-dependent pathway was blocked, the down-
regulation of Eg5 caused by TRAF4 knockdown was greatly
weakened (Figure 4D).

In order to explore the significance of the inhibition of Eg5
ubiquitination by TRAF4 during mitosis, we transfected TRAF4
si-RNA into thymidine synchronized MCF-7 cells, and released
them in the G2/M phase. Then we carried out cycloheximide
protein tracking experiments to detected the half-life of Eg5
during mitosis. The result showed that the Eg5 protein started to
decrease at 60 minutes in the control group, while after depleting
TRAF4 the time was advanced to 30 minutes (Figure 4E). These
results indicate that depleting TRAF4 leads to a reduction of Eg5
half-life during mitosis, suggesting that TRAF4 improve the
stability of Eg5 protein during mitosis through inhibiting the
ubiquitination of Eg5.
A

B

C

FIGURE 2 | TRAF4 interacts with Eg5 and up-regulates the protein level of Eg5. (A) Immunofluorescence assays demonstrated the distribution of endogenous Eg5
and TRAF4 using antibodies against TRAF4 (red) and Eg5 (green). Cell nuclei were stained by DAPI. Bar, 50mm. (B) TRAF4 interacted with Eg5. Co-immunoprecipitation
assays were performed on MCF-7and MDA-MB-231 cell lysates using antibodies against TRAF4 or Eg5, followed by immunoblotting. (C) TRAF4 up-regulated Eg5 protein
levels. Proteins were extracted from cells transfected with TRAF4 protein level vector or TRAF4 si-RNA.Western blot assays were used to demonstrate the protein level of
TRAF4 and Eg5. GAPDH was used as an internal control.
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A

B

D E

F

C

FIGURE 3 | TRAF4 is involved in spindle assembly through regulating the protein level of Eg5. (A) MCF-7 cells were synchronized by double thymidine block, and were
collected at 0, 3, 6, 8, 10, 12 and 14 hours after release. Western blot assays were used to demonstrate the protein level of TRAF4 and Eg5. GAPDH was used as an internal
control. (B) Co-localization of endogenous TRAF4 and Eg5 during different phases of mitosis in MCF-7 cells. TRAF4 and Eg5 were detected by immunofluorescence assay
using antibodies against TRAF4 (red) and Eg5 (green). Bar, 20mm. (C) MCF-7 cells were synchronized by double thymidine block and transfected with or without TRAF4 si-
RNA. Collected the cells at the time mentioned above and protein level were analyzed by western blot. Data represent mean ± SD (n = 3). (*p< 0.05). (D) Depletion of TRAF4
and Eg5 led to monopolar spindle formation. Synchronized MCF-7 cells were transfected with the indicated si-RNAs. Immunofluorescence assays were used to evaluate
spindle morphology using antibodies against a-tubulin. Chromosomes were stained by DAPI. Bar, 20mm. (E) Summary of the frequency of monopolar spindles in MCF-7 cells
transfected with control si-RNA, TRAF4 si-RNA or Eg5 si-RNA. **p < 0.001. (F) Summary of the frequency of monopolar spindle in MCF-7 cells transfected with control si-
RNA or TRAF4 si-RNA with or without Eg5 protein level vector. Data represent mean ± SD (n = 3). (*p< 0.05).
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FIGURE 4 | TRAF4 up-regulates Eg5 by inhibiting Eg5 ubiquitination. (A) MCF-7 cells were transfected with wild type TRAF4, TRAF4DR, TRAF4DZn or TRAF4DT.
Co-immunoprecipitation assays were performed using antibodies against Eg5, followed by immunoblotting. (B) Proteins were extracted from MCF-7 cells transfected
with wild type TRAF4, TRAF4DR, TRAF4DZn or TRAF4DT. Western blot assays were used to demonstrate the protein level of TRAF4 and Eg5. GAPDH was used as
an internal control. (C) TRAF4 inhibited the ubiquitination of Eg5. MCF-7cells were co-transfected as indicated. Co-immunoprecipitation was carried out to detected
the ubiquitination levels of Eg5, followed by western blot analysis using an antibody against HA. (D) TRAF4 protected Eg5 from proteasome-dependent pathway
degradation. MCF-7 cells were transfected with TRAF4 si-RNA treated with DMSO or MG132. Western blot assays were performed to evaluate changes in the
protein level of TRAF4, Eg5 and GAPDH. Data represent mean ± SD (n = 3). (*p< 0.05). (E) MCF-7 cells synchronized by thymidine were transfected with Negative
control si-RNA or TRAF4 si-RNA, and released in the G2/M phase. Added Cycloheximide at a final concentration of 50mg/ml, and collected cells after 0, 15, 30, 45
and 60 minutes respectively. Western blot assays were performed to evaluate changes in the protein level of TRAF4, Eg5 and GAPDH. (F) Regulation of Eg5
ubiquitination level by TRAF4 was dependent on its RING domain. MCF-7cells were co-transfected with HA-ubiquitin and empty vector or TRAF4 vector or TRAF4
RING domain deletion mutant vector. Co-immunoprecipitation was carried out to detected the ubiquitination levels of Eg5, followed by western blot analysis using an
antibody against HA.
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Furthermore, we transfected HA-ubiquitin and TRAF4 or
TRAF4DR into MCF-7 cells and performed a ubiquitination assay
to investigate whether TRAF4 relies on its RING domain to regulate
Eg5 ubiquitination. The result revealed that only wild-type TRAF4,
not TRAF4DR, could reduce Eg5 ubiquitination (Figure 4F).

Smurf2 Mediates TRAF4 Inhibition of
Eg5 Ubiquitination
According to the biogrid database, SMAD-specific E3 ubiquitin
protein ligase family member1 (Smurf1) is associated with both
TRAF4 and Eg5 (38, 39). However, Smurf1 protein level was
constant throughout the cell cycle, while Smurf2, another
SMAD-specific E3 ubiquitin protein ligase family member, was
highly expressed during mitosis phase in HeLa cells (40). In
addition, Smurf2 is also localized at centrosomes (40), and this is
coincident with the localization of TRAF4 and Eg5 during the
prophase. Thus, we determined whether Smurf2 participates in
the regulation of Eg5 by TRAF4. Smurf2 has previously been
reported as a substrate of TRAF4 (41).To confirm these results,
we performed co-immunoprecipitation and ubiquitination assay
in MCF-7 cells and verified that TRAF4 interacted with Smurf2,
and down-regulation of TRAF4 leaded to a decrease in the
ubiquitination level of Smurf2 (Figures 5A, B and Figure S3).
In addition, we detected the protein level of Smurf2 in a non-
malignant breast epithelial cell line (MCF-10A) and in breast
cancer cell lines (MDA-MB-231, SK-BR-3, MCF-7and MDA-
MB-453), as shown in Figure S2.

Then we carried out co-immunoprecipitation using antibodies
against Smurf2 or Eg5, followed by immunoblotting. We observed
that Smurf2 and Eg5 interacted with each other in MCF-7 cells
(Figure 5C). To further investigate whether Smurf2 regulates the
protein level of Eg5 protein, we transfected Smurf2 si-RNA, and
detected the protein level of Eg5 protein by western blot. The results
showed that transfection of Smurf2 si-RNA resulted in an increase
in Eg5 protein protein level (Figure 5D).

Since Smurf2 is an E3 ubiquitin ligase (42), we examined Eg5
ubiquitination levels in cells co-transfected with HA-ubiquitin
and Smurf2 si-RNA, and found a reduction of the
polyubiquitinated forms of Eg5 (Figure 5E). The results
indicate that Smurf2 down-regulated Eg5 by promoting
its ubiquitination.

Based on the above results, we determined whether TRAF4
up-regulated Eg5 by inhibiting the Smurf2-catalyzed
ubiquitination of Eg5, thereby up-regulating the protein level
of Eg5. We first tested whether the presence of TRAF4 could
affect the interacting between Smurf2 and Eg5. We carried out
co-immunoprecipitation and found that after TRAF4 was
depleted, the interacting between Smurf2 and Eg5 increased
significantly. The result indicates that TRAF4 inhibits the
interaction between Smurf2 and Eg5 (Figure 5F). To further
explore the relationship between TRAF4, Smurf2 and Eg5, we
transfected control si-RNA or TRAF4 si-RNA with or without
Smurf2 si-RNA into MCF-7 cells, and found that knockdown of
Smurf2 reduced Eg5 down-regulation caused by TRAF4
depletion (Figure 5G). Next, we examined whether Smurf2
plays a role in the regulation of Eg5 ubiquitination mediated
Frontiers in Oncology | www.frontiersin.org 9
by TRAF4. We transfected HA-ubiquitin protein level vector and
TRAF4 si-RNA with or without Smurf2 si-RNA into MCF-7
cells, and performed co-immunoprecipitation using antibodies
against Eg5, followed by western blot analysis using antibodies
against HA to detect Eg5 ubiquitination. Smurf2 depletion
markedly reduced the up-regulation of Eg5 ubiquitination
caused by TRAF4 knockdown (Figure 5H).

These results suggest that TRAF4 regulates the ubiquitination
of Eg5 in a smurf2 dependent manner. TRAF4 inhibits the
interaction between Smurf2 and Eg5, and down-regulates the
protein level of Smurf2 by promoting its ubiquitination, thereby
inhibits the Smurf2-catalyzed ubiquitination of Eg5 and up-
regulates Eg5 protein levels.
TRAF4 Inhibits the Apoptosis and
Promotes the Proliferation of Breast
Cancer Cells
We have previously confirmed that TRAF4 plays an important
role in the assembly process of the mitotic spindle by up-
regulating the protein level of Eg5. Next, we will further study
how TRAF4 and Eg5 regulate the biological behavior of tumor
cells. We transfected TRAF4 plasmid into MCF-7 and MDA-
MB-231 cells, and detected the protein level of apoptosis-related
proteins Caspase-3, Cleaved Caspase-3, anti-apoptotic protein
Bcl-2 and pro-apoptotic protein Bax. The results showed that
over-protein level of TRAF4 caused the protein level of Cleaved
Caspase-3 and Bax decrease, while the protein level of Bcl-2
increase. Then we co-transfected TRAF4 plasmid and Eg5 si-
RNAs and carried out western blot, and found that the effect on
these three proteins caused by over-protein level of TRAF4 was
weakened (Figure 6A). The above results indicate that TRAF4
inhibits breast cancer cells apoptosis by up-regulating the protein
level of Eg5 protein.

Then we investigated the role of TRAF4 and Eg5 in cell
proliferation through cell viability assay and colony formation
assays. The results showed that TRAF4 over-protein level
promoted MCF-7 and MDA-MB-231 cells proliferation, while
co-transfecting TRAF4 plasmid and Eg5 si-RNA significantly
reduced the TRAF4-induced proliferation of breast cancer cells
(Figures 6B, C). Similarly, we detected an increased protein level
of ki-67 in MCF-7 and MDA-MB-231 cells after transfecting
with TRAF4 plasmid, and the increased was weakened when we
co-transfected TRAF4 plasmid and Eg5 si-RNA (Figure 6D).
These results suggest that TRAF4 promotes the proliferation of
breast cancer cells by up-regulating Eg5 protein levels. In order
to confirm the role of TRAF4 and Eg5 in the development of
breast cancer in vivo, we transplanted breast tumours developed
from MCF-7 cells, which were stably transfected with empty
plasmid or TRAF4 overexpressed pasmid or both TRAF4
overexpressed pasmid and Eg5 sh-RNAs into nude mice. We
measured the tumors size every three days and draw growth
curves. The results showed that the growth of tumors over-
expressing TRAF4 was significantly accelerated, and when Eg5
was depleted at the same time, the promotion effect of TRAF4 on
tumor growth was inhibited (Figure 6E), verifying that TRAF4
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FIGURE 5 | Smurf2 mediates TRAF4 inhibition of Eg5 ubiquitination. (A) TRAF4 interacts with Smurf2. Co- immunoprecipitation assays were performed on
MCF-7 cells lysates using antibodies against TRAF4 or Smurf2, followed by western blot analysis. (B) TRAF4 promoted the ubiquitination of Smurf2. MCF-7cells
were co-transfected with HA-ubiquitin and TRF4 si-RNA. Co-immunoprecipitation was carried out to detected the ubiquitination levels of Smurf2, followed by
western blot analysis using an antibody against HA. (C) Smurf2 interacted with Eg5. Co- immunoprecipitation assays were performed on MCF-7 cells lysates
using antibodies against Eg5 or Smurf2, followed by western blot analysis. (D) Smurf2 inhibited the protein level of Eg5. The protein level levels of Smurf2, Eg5
and GAPDH in MCF-7cells transfected with Smurf2 si-RNA were evaluated by western blot analysis. Data represent mean ± SD (n = 3). (*p< 0.05, ***p<0.001).
(E) Smurf2 promoted the ubiquitination of Eg5. MCF-7cells were co-transfected with HA-ubiquitin and Smurf2 si-RNA. Co-immunoprecipitation was carried out
to detected the ubiquitination levels of Eg5, followed by western blot analysis using an antibody against HA. (F) TRAF4 inhibits the interaction between Smurf2
and Eg5. MCF-7 cells were transfected with or TRAF4si-RNA. Co- immunoprecipitation assays were performed using antibodies against Eg5, followed by
western blot analysis. (G) TRAF4 regulated the protein level of Eg5 protein level through Smurf2. MCF-7 cells were transfected with control si-RNA or Traf4 si-
RNA with or without Smurf2 si-RNA. The protein level levels of Smurf2, Eg5 and GAPDH were analyzed by western blot analysis. Data represent mean ± SD (n =
3). (*p< 0.05, **p<0.01). (H) Smurf2 mediates TRAF4 inhibition of the ubiquitination of Eg5. MCF-7 cells were co-transfected with HA-ubiquitin protein level
vector and TRAF4 si-RNA with or without Smurf2 si-RNA. Eg5 ubiquitination levels were detected following co-immunoprecipitation using antibodies against Eg5
by western blot analysis using an antibody against HA.
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FIGURE 6 | TRAF4 inhibits the apoptosis and promotes the proliferation of breast cancer cells. (A) TRAF4 inhibits the apoptosis of breast cancer cells. MCF-7 cells
and MDA-MB-231 cells were transfected with TRAF4 si-RNA or co-transfected with TRAF4 si-RNA and Eg5 over-protein level plasmid. Western blot assays were
used to demonstrate the protein level of apoptosis-related protein. GAPDH was used as an internal control. Data represent mean ± SD (n = 3). (*p< 0.05, **p<0.01).
(B) TRAF4 promotes the proliferation of breast cancer cells. MCF-7 cells and MDA-MB-231 cells were transfected as indicated. Representative images and
quantification of colony formation assays. Data represent mean ± SD (n = 3). (*p< 0.05, **p<0.01). (C) MCF-7 cells and MDA-MB-231 cells were co-transfected as
indicated. An MTT assay was performed to assessproliferation activity in MCF-7 cells and MDA-MB-231 cells. Data represent mean ± SD (n = 3). (*p< 0.05).
(D) MCF-7 cells and MDA-MB-231 cells were transfected as indicated. Western blot assays were used to demonstrate the protein level of Ki-67, Eg5 and TRAF4.
GAPDH was used as an internal control. Data represent mean ± SD (n = 3). (*p< 0.05, **p<0.01). (E) MCF-7 cells transfected as indicated were transplanted into
female athymic nude mice. Tumors size was measured every three days. Data represent mean ± SD (n = 4). (*p< 0.05).
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promotes the proliferation of breast cancer cells by up-regulating
the protein level of Eg5.
DISCUSSION

TRAF4, a protein originally discovered in breast cancer-derived
metastatic lymph nodes (9), has been shown to play an
important role in breast cancer progression (15, 41). Previous
studies have confirmed that TRAF4 promoting tumor
proliferation, migration, invasion through various pathways
(10–14), but the mechanism by which TRAF4 inhibits
apoptosis is not yet clear. In the present study, we found that
Eg5, which has the function of inhibiting apoptosis, and TRAF4
are both highly expressed in breast cancer, and that the protein
level of TRAF4 and Eg5 are positively correlated. We
demonstrate that TRAF4 and Eg5 interact with each other, and
TRAF4 has a positive regulatory effect on the protein level of
Eg5 protein.

Since Eg5 is a mitosis-associated protein, which plays a
critical role in bipolar spindle assembly in prophase (4–6), we
speculate whether TRAF4 participates in mitosis by up-
regulating the protein level of Eg5. We demonstrate that the
protein level of TRAF4 during mitosis is higher than that during
interphase, suggesting that TRAF4 may be involved in the
regulation of cell mitosis. We further find that TRAF4 localizes
with Eg5 throughout every stage of mitosis and positively
regulates the protein level of Eg5 protein during mitotic phase.
Moreover inhibition of TRAF4 results in the formation of
monopoles, and this defects could be rescued by Eg5. These
results suggest that TRAF4 plays an important role in mitosis by
regulating Eg5-media spindle assembly in prophase.

We further explored the molecular mechanism of TRAF4
regulating Eg5. TRAF4 contains three functional domains,
including a C-terminal TRAF homology domain, a N-terminal
RING domain, and seven Zinc fingers motifs domain. The TRAF
domain mainly mediates the interaction between TRAF4 and the
members of TNF-R family (3–6); the RING domain has E3 ligase
activity and participates in regulating protein ubiquitination
(17); the Zinc fingers domain mediates the interaction of
TRAF4 with other proteins (43). We confirmed that TRAF4
interacts with Eg5 depending on its Zinc fingers domain.
Interestingly, we find TRAF4 up-regulates Eg5 depending not
only on Zinc fingers domain but also on RING domain. We
further research and reveal that TRAF4 up-regulates Eg5 protein
levels by inhibiting Eg5 ubiquitination, and confirm that
depleting TRAF4 leads to a reduction of Eg5 half-life during
mitosis. These results suggest that TRAF4 improve the stability
of Eg5 protein during mitosis through inhibiting the
ubiquitination of Eg5.

TRAF4 has E3 ubiquitin ligase activity, but has a negative
regulatory effect on the ubiquitination of Eg5. We therefore
speculate that the regulation of Eg5 ubiquitination by TRAF4
may be mediated by other proteins. We checked databases and
literature and found that Eg5 may interact with Smurf2. Smurf2
is a HECT E3 ubiquitin ligase. As mentioned above, Smurf2 is a
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known ubiquitination substrate of TRAF4, and it has been shown
to mediate TRAF4-induced TGF-b receptor signaling (41). In
addition, Smurf2 is a regulator of mitosis. Together with the
NEDD9 complex, Smurf2 activates Aurrora A, promoting timely
cell entry into mitosis (44). Smurf2 is also required for the
spindle assembly checkpoint, mediating Mad2 stabilization
(40). In comparison with its role during the S phase and the
prometaphase, the function of Smurf2 during prophase is less
well understood.

Our study confirm that Smurf2 interacts with Eg5, and down-
regulates the protein level of Eg5 by promoting its ubiquitination.
We further explore the relationship between TRAF4, Smurf2 and
Eg5, and find TRAF4 inhibits the interaction between Smurf2
and Eg5. In addition, inhibition of Eg5 ubiquitination by TRAF4
knockdown is weakened when Smurf2 is depleted. These results
suggest that TRAF4 inhibites the interaction between Smurf2
and Eg5, and down-regulates the protein level of Smurf2 by
promoting its ubiquitination, thereby inhibites the Smurf2-
catalyzed ubiquitination of Eg5 and up-regulated Eg5
protein levels.

Finally, we confirm that through up-regulating the protein
level of Eg5, TRAF4 down-regulates the protein level of Cleaved
Caspase-3, pro-apoptotic protein Bax, and up-regulates the anti-
apoptotic protein Bcl-2, indicating that TRAF4 inhibits breast
cancer cell apoptosis by up-regulating the protein level of Eg5
protein. Through cell viability assay, colony formation assays and
nude mice tumorigenesis experiment, we demonstrate TRAF4
promotes the proliferation of breast cancer cells by up-regulating
Eg5 protein levels. Our study uncovers a new aspect of TRAF4
function in spindle assembly through regulation of Eg5
protein levels during mitosis, providing a new research
direction for elucidating the role of TRAF4 in driving breast
cancer progression.
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Supplementary Figure 1 | Protein level of Eg5. Proteins were extracted from
cells transfected with Eg5 si-RNA.Western blot assays were used to demonstrate
the protein level of Eg5. GAPDH was used as an internal control. Data represent
mean ± SD (n = 3). (***p<0.001).

Supplementary Figure 2 | Protein level of TRAF4, Eg5 and Smurf2 in non-
malignant breast epithelial cell line MCF-10A and breast cancer cell lines MDA-MB-
231, SK-BR-3, MCF-7 and MDA-MB-453, as analyzed by western blot. GAPDH
was used as an internal control. Data represent mean ± SD (n = 3). (*p< 0.05,
**p<0.01, ***p<0.001).

Supplementary Figure 3 | Co-immunoprecipitation assays were performed on
MCF-7 cell lysates using antibodies against TRAF4, Eg5 or Smurf2, followed by
immunoblotting.
REFERENCES

1. Rothe M, Wong SC, Henzel WJ, Goeddel DV. A Novel Family of Putative
Signal Transducers Associated With the Cytoplasmic Domain of the 75 kDa
Tumor Necrosis Factor Receptor. Cell (1994) 78(4):681–92. doi: 10.1016/
0092-8674(94)90532-0

2. Medzhitov R, Preston-Hurlburt P, Kopp E, Stadlen A, Chen C, Ghosh S,
et al. MyD88 Is an Adaptor Protein in the Htoll/IL-1 Receptor Family
Signaling Pathways. Mol Cell (1998) 2(2):253–8. doi: 10.1016/S1097-2765
(00)80136-7

3. Park HH. Structure of TRAF Family: Current Understanding of Receptor
Recognition. Front Immunol (2018) 9:1999. doi: 10.3389/fimmu.2018.01999

4. Shi JH, Sun SC. Tumor Necrosis Factor Receptor-Associated Factor
Regulation of Nuclear Factor kB and Mitogen-Activated Protein Kinase
Pathways. Front Immunol (2018) 9:1849. doi: 10.3389/fimmu.2018.01849

5. Cabal-Hierro L, Lazo PS. Signal Transduction by Tumor Necrosis Factor
Receptors. Cell Signal (2012) 24(6):1297–305. doi: 10.1016/j.cellsig.
2012.02.006

6. Arkee T, Bishop GA. TRAF Family Molecules in T Cells: Multiple Receptors
and Functions. J Leukoc Biol (2020) 107(6):907–15. doi: 10.1002/
JLB.2MR1119-397R

7. Bishop GA, Abdul-Sater AA, Watts TH. Editorial: TRAF Proteins in Health
and Disease. Front Immunol (2019) 10:326. doi: 10.3389/fimmu.2019.00326

8. Zhu S, Jin J, Gokhale S, Lu AM, Shan H, Feng J, et al. Genetic Alterations of
TRAF Proteins in Human Cancers. Front Immunol (2018) 9:2111. doi:
10.3389/fimmu.2018.02111

9. Régnier CH, Tomasetto C, Moog-Lutz C, Chenard MP, Wendling C, Basset P,
et al. Presence of a New Conserved Domain in CART1, a Novel Member of
the Tumor Necrosis Factor Receptor-Associated Protein Family, Which is
Expressed in Breast Carcinoma. J Biol Chem (1995) 270(43):25715–21. doi:
10.1074/jbc.270.43.25715

10. Zhang J, Li X, Yang W, Jiang X, Li N. TRAF4 Promotes Tumorigenesis of
Breast Cancer Through Activation of Akt. Oncol Rep (2014) 32(3):1312–8.
doi: 10.3892/or.2014.3304

11. Zhu L, Zhang S, Huan X, Mei Y, Yang H. Down-Regulation of TRAF4
Targeting RSK4 Inhibits Proliferation, Invasion and Metastasis in Breast
Cancer Xenografts. Biochem Biophys Res Commun (2018) 500(3):810–6.
doi: 10.1016/j.bbrc.2018.04.164

12. Rousseau A, Wilhelm LP, Tomasetto C, Alpy F. The Phosphoinositide-
Binding Protein TRAF4 Modulates Tight Junction Stability and Migration
of Cancer Cells. Tissue Barriers (2014) 2(4):e975597. doi: 10.4161/
21688370.2014.975597

13. Li PC, Hu DD, Jia W, Hu B. Protein Level and Association of Tumor Necrosis
Factor Receptor Associated Factor 4 (TRAF4) in Esophageal Squamous Cell
Carcinoma. Med Sci Monit (2019) 25:2368–76. doi: 10.12659/MSM.915474
14. Liu K, Wu X, Zang X, Huang Z, Lin Z, Tan W, et al. TRAF4 Regulates
Migration, Invasion, and Epithelial-Mesenchymal Transition via PI3K/AKT
Signaling in Hepatocellular Carcinoma. Oncol Res (2017) 25(8):1329–40. doi:
10.3727/096504017X14876227286564

15. Yang F, Wang J, Ren HY, Jin J, Wang AL, Sun LL, et al. Proliferative Role of
TRAF4 in Breast Cancer by Upregulating PRMT5 Nuclear Protein Level.
Tumour Biol (2015) 36(8):5901–11. doi: 10.1007/s13277-015-3262-0

16. Xie P, Wang X, Kong M, Bai X, Jiang T. TRAF4 Promotes Endometrial Cancer
Cell Growth and Migration by Activation of PI3K/AKT/Oct4 Signaling. Exp
Mol Pathol (2019) 108:9–16. doi: 10.1016/j.yexmp.2019.03.003

17. Xie P. TRAF Molecules in Cell Signaling and in Human Diseases. J Mol Signal
(2013) 8(1):7. doi: 10.1186/1750-2187-8-7

18. Singh R, Karri D, Shen H, Shao J, Dasgupta S, Huang S, et al. TRAF4-
Mediated Ubiquitination of NGF Receptor TrkA Regulates Prostate Cancer
Metastasis. J Clin Invest (2018) 128(7):3129–43. doi: 10.1172/JCI96060

19. Kim E, Kim W, Lee S, Chun J, Kang J, Park G, et al. TRAF4 Promotes Lung
Cancer Aggressiveness by Modulating Tumor Microenvironment in Normal
Fibroblasts. Sci Rep (2017) 7(1):8923. doi: 10.1038/s41598-017-09447-z

20. Xu YC, Wu RF, Gu Y, Yang YS, Yang MC, Nwariaku FE, et al. Involvement of
TRAF4 in Oxidative Activation of C-Jun N-Terminal Kinase. J Biol Chem
(2002) 277(31):28051–7. doi: 10.1074/jbc.M202665200

21. Rozan LM, El-Deiry WS. Identification and Characterization of Proteins
Interacting With Traf4, an Enigmatic P53 Target. Cancer Biol Ther (2006) 5
(9):1228–35. doi: 10.4161/cbt.5.9.3295

22. Wittmann T, Hyman A, Desai A. The Spindle: A Dynamic Assembly of
Microtubules and Motors. Nat Cell Biol (2001) 3(1):E28-34. doi: 10.1038/
35050669
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