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Increasing attention has been paid to roles of tripartite motif–
containing (TRIM) family proteins in cancer biology, often func-
tioning as E3 ubiquitin ligases. In the present study, we focus on
a contribution of TRIM47 to breast cancer biology, particularly to
endocrine therapy resistance, which is a major clinical problem in
breast cancer treatment. We performed immunohistochemical anal-
ysis of TRIM47 protein expression in 116 clinical samples of breast
cancer patients with postoperative endocrine therapy using tamox-
ifen. Our clinicopathological study showed that higher immunore-
activity scores of TRIM47 were significantly associated with higher
relapse rate of breast cancer patients (P = 0.012). As functional analy-
ses, we manipulated TRIM47 expression in estrogen receptor–positive
breast cancer cells MCF-7 and its 4-hydroxytamoxifen (OHT)-resistant
derivative OHTR, which was established in a long-term culture
with OHT. TRIM47 promoted both MCF-7 and OHTR cell prolifera-
tion. MCF-7 cells acquired tamoxifen resistance by overexpressing
exogenous TRIM47. We found that TRIM47 enhances nuclear fac-
tor kappa-B (NF-κB) signaling, which further up-regulates TRIM47.
We showed that protein kinase C epsilon (PKC-e) and protein ki-
nase D3 (PKD3), known as NF-κB–activating protein kinases, are
directly associated with TRIM47 and stabilized in the presence of
TRIM47. As an underlying mechanism, we showed TRIM47-dependent
lysine 27–linked polyubiquitination of PKC-e. These results indicate
that TRIM47 facilitates breast cancer proliferation and endocrine ther-
apy resistance by forming a ternary complex with PKC-e and PKD3.
TRIM47 and its associated kinases can be a potential diagnostic and
therapeutic target for breast cancer refractory to endocrine therapy.

breast cancer | tripartite motif containing 47 | nuclear factor kappa-B
signaling | protein kinase C epsilon | protein kinase D3

Breast cancer is the most commonly diagnosed cancer world-
wide and is the leading cause of cancer death among females

in the majority of countries (1). More than 70% of breast cancer
cases are estimated as hormone-receptor (HR) positive (2). For
HR-positive primary breast cancer, endocrine therapy has been
recommended as a standard treatment (3). A first-generation se-
lective estrogen receptor modulator, tamoxifen, has been the only
drug clinically applied to breast cancer management for years.
Aromatase inhibitors (AIs) now have become the first-line therapy
for postmenopausal HR-positive breast cancer, while tamoxifen is
used as the first-line therapy for premenopausal HR-positive breast
cancer and second-line therapy for tumors which acquired resis-
tance to AIs (3). In terms of the mechanisms underlying endocrine
therapy resistance, several factors have been proposed: mutation
of target genes such as ESR1 (coding estrogen receptor alpha;
ER-α) or CYP19A1 (coding aromatase) (4) altered genomic func-
tions of estrogen by transcription factors such as forkhead box
A1 (FOXA1) (5, 6), activation of nongenomic signaling of es-
trogen (7–9), gene polymorphisms of CYP2D6 that catalyze ta-
moxifen (10), activation of growth factor cascades such as epidermal
growth factor (EGF) and insulin-like growth factor 1 (IGF1) signaling

(11–13), and activated nuclear factor kappa-B (NF-κB) signaling
(14, 15). Efforts have been paid to dissect the mechanism, yet
endocrine therapy resistance is a fundamental clinical issue to be
overcome to improve the patient prognosis.
We previously showed that some tripartite motif (TRIM)

proteins such as TRIM25/Efp (estrogen-responsive finger protein)
and TRIM44 play oncogenic roles in breast cancer and predict
worse prognosis (16–20). TRIM-family proteins typically have a
structure containing RING finger, B-box, and coiled-coil domains
(21) and consist of more than 70 members sharing the similar
domain structure (22–24). It has been reported that TRIM pro-
teins are involved in various physiological and pathological pro-
cesses such as antiviral functions, immunity, and carcinogenesis
(25–32).
In this study, we focused on the role of TRIM47 in breast cancer

biology, as this protein is associated with tumorigenesis in some
cancers (33–36). TRIM47 and TRIM25/Efp belong to the same
C-IV class of TRIM proteins (28), as they share similar domain
structure. Here, we showed that TRIM47 is a potential diagnostic
biomarker for tamoxifen resistance, as its protein expression in
clinical breast cancer specimens was significantly associated with
prognosis of patients who underwent surgical resection of tumor
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followed by adjuvant tamoxifen therapy. In studies using HR-
positive breast cancer cells, we showed that TRIM47 enhances
NF-κB signaling through the protein stabilization of its interactors
protein kinase C epsilon (PKC-e) and protein kinase D3 (PKD3),
leading to tamoxifen resistance and cell proliferation. As an un-
derlying mechanism, TRIM47-dependent lysine 27–linked poly-
ubiquitination of PKC-e was demonstrated.

Results
Immunohistochemistry of TRIM47 in HR-Positive Breast Cancer Patients.
In the present study, we investigated the significance of TRIM47
expression in breast cancer recurrence during endocrine therapy
using tamoxifen. Prior to immunohistochemical evaluation of
human tissue samples, the reactivity of the antibody against TRIM47
was examined. We showed that the antibody raised against recombi-
nant mouse TRIM47 protein recognized human TRIM47 protein by
Western blotting using cell lysate derived from HEK293 cells
overexpressing Flag-tagged human TRIM47 (Fig. 1A). This an-
tibody was also used in a previous immunohistochemical analysis
of human prostate cancer patients (34). Immunohistochemical
analysis was performed with 116 patients who underwent surgical
treatment and adjuvant tamoxifen therapy of primary HR-positive
breast cancers. Representative images for strong (Fig. 1B) and weak
(Fig. 1C) TRIM47 immunoreactivity are shown, respectively. In the
cases with the TRIM47 immunoreactivity, it was observed mainly in
the cytoplasm of the breast tumor cells. At the time of diagnosis, the
TRIM47 immunoreactivity was not significantly related to any of the
clinicopathological parameters examined (SI Appendix, Table S1).

Relationship between TRIM47 Immunoreactivity and Patients’ Prognosis.
We next examined the relationship between TRIM47 immunore-
activity and clinical prognosis of breast cancer patients. TRIM47
immunoreactivity was significantly associated with a higher rate
of recurrence (Fig. 1D) in breast cancer patients. Univariate
analysis of disease-free survival using Cox proportional regres-
sion analysis demonstrated that four factors, including strong
TRIM47 immunoreactivity, are significant poor prognostic fac-
tors for disease-free survival of the patients treated with ta-
moxifen. Other than strong TRIM47 immunoreactivity, younger
age (50 y old and below), larger tumor size, and positive lymph
node metastasis were selected (SI Appendix, Table S2). Then,
multivariate Cox proportional regression analysis with these four
factors was performed. As a result, three factors, strong TRIM47
immunoreactivity, larger tumor size, and positive lymph node
metastasis, were identified as independent prognostic factors for
predicting tamoxifen resistance (SI Appendix, Table S2).
Our results were supported by the public database on transcrip-

tional analyses. According to Oncomine database (37), expression of
TRIM47 is significantly elevated in invasive breast cancer tissues
compared with normal breast tissues (SI Appendix, Fig. S1).
According to the Kaplan–Meier plotter (38), higher expression of
TRIM47 is significantly related with shorter relapse-free survival
(RFS) (SI Appendix, Fig. S2 A–D). This relationship is markedly
observed when the analyses were confined to the patients who un-
derwent endocrine therapy as well as tamoxifen therapy (SI Ap-
pendix, Fig. S2 C and D). We did not observe statistically significant
associations between TRIM47 expression and patients’ prognosis in
triple-negative breast cancer subtype and human epidermal growth
factor receptor type 2-positive subtype (SI Appendix, Fig. S2 E and
F). Then, we compared the expression of TRIM47 among the en-
docrine therapy–resistant clones of MCF-7 cells, an estrogen re-
ceptor (ER)-positive breast cancer cell line. Expression of TRIM47
was elevated in a 4-hydroxytamoxifen-resistant (OHTR) derivative
of MCF-7, and long-term estrogen-deprived (LTED) cells compared
with their parental MCF-7 cells in the messenger RNA (mRNA)
(Fig. 1E) and protein (Fig. 1F) levels. These results suggested that
high expression of TRIM47 could be related to poor prognosis of
breast cancer patients who underwent endocrine therapy.

TRIM47 Knockdown Inhibits the Proliferation of Breast Cancer Cells.
Since our clinical data are based on the patients who underwent
endocrine therapy targeting estrogen signaling, we utilized MCF-7

Fig. 1. Overexpression of TRIM47 is associated with endocrine therapy re-
sistance. (A) Western blot analysis showing antibody recognition of human
TRIM47 protein. Whole cell lysates from HEK293 cells transfected with a
plasmid encoding Flag-TRIM47 or an empty vector were subjected to
Western blot analysis with indicated antibodies. (B and C) Representative
micrographs of breast cancer tissue with strong (B) and weak (C) TRIM47
immunoreactivity (IR) (Scale bars, 100 μm). (D) Disease-free survival of breast
cancer patients with strong or weak TRIM47 IR. Disease-free survival rate was
shown by the Kaplan–Meier method. The red line represents cases with
strong TRIM47 IR (n = 62), and the blue line represents cases with weak
TRIM47 IR (n = 54). (E) Expression of TRIM47 in MCF-7 cells, OHTR MCF-7
cells, and LTED MCF-7 cells analyzed by qRT-PCR. The relative RNA levels
were determined by normalizing with GAPDH expression and presenting as
mean fold change ± SEM (n = 3). *P < 0.05, **P < 0.01 (Student’s t test
compared with MCF-7). (F) Western blot analysis of TRIM47 expression in
MCF-7 cells, OHTR cells, and LTED cells. β-actin protein was blotted as an
internal control. (G) Cell proliferation of MCF-7 cells transfected with
siTRIM47 was measured by MTS assay. Two kinds of siRNAs (10 nM) for
TRIM47 (siTRIM47-A and B) and two kinds of siRNAs (10 nM) not targeting
human transcripts (siLuc and siControl) were used. Absorbance of 490 nm 6 d
after siRNA transfection was evaluated. Results are expressed as mean ± SEM
(n = 4). **P < 0.01 (two-way ANOVA). (H) Cell proliferation of OHTR cells
transfected with siTRIM47 was measured by MTS assay. The cells were cul-
tured under treatment with OHT (1 μM). ***P < 0.001 (two-way ANOVA). (I)
Effect of siTRIM47-A on growth of OHTR-derived xenograft tumors in nude
mice. siControl or siTRIM47-A was injected twice a week into the xenograft
tumors generated by OHTR cells in the flanks of the mice. Representative
photographs of xenografted mice 3 wk after the beginning of siRNA ad-
ministration are shown. The black arrows indicate margins of tumors (Scale
bars, 1 cm). (J) Growth of OHTR-derived xenograft tumors injected with
siControl (n = 11) and siTRIM47-A (n = 10). Tumor volumes are presented as
mean ± SEM *P < 0.05, **P < 0.01 (Student’s t test). (K) Cell proliferation of
MCF-7 cells stably expressing TRIM47 (two independent clones: TRIM47 #1
and #2) and vector clones (two independent clones: Vector #1 and #2) was
measured by MTS assay. The cells were cultured under treatment with OHT
(10 μM). Absorbance of 490 nm at day 1 and day 5 was evaluated. Results are
expressed as mean ± SEM (n = 4). ***P < 0.001 (two-way ANOVA).
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cells and OHTR cells to evaluate biological functions of TRIM47.
We transfected specific small interfering RNAs (siRNAs) for
TRIM47 (siTRIM47-A/-B) in MCF-7 cells and OHTR cells. Sup-
pression of TRIM47 expression by TRIM47 siRNAs was confirmed
by both qRT-PCR (SI Appendix, Fig. S3A) and Western blotting
(SI Appendix, Fig. S3B). Then, the effect of TRIM47 knockdown
on cell proliferation was analyzed by 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay. The amounts of both MCF-7 and OHTR cells estimated
with the absorbance of 490 nm were suppressed by TRIM47 knock-
down (Fig. 1 G and H). Next, we evaluated the effect of TRIM47
knockdown on tumor growth of xenografts derived from OHTR cells
using athymic mice. OHTR cells were implanted into the flanks of
athymic female mice and then they were injected with siTRIM47-A or
control siRNA (siControl). Notably, tumor volume was significantly
reduced in mice treated with siTRIM47 compared with mice
treated with control siRNA (Fig. 1 I and J). This effect was further
analyzed by MCF-7 cell clones stably overexpressing TRIM47.
When the two independent clones overexpressing TRIM47 and
the two independent vector clones as controls were cultured in the
presence of 1 μM OHT, the clones overexpressing TRIM47 kept
proliferating, while the vector clones decreased their cell number
compared with that of the first day, suggesting that the clones
overexpressing TRIM47 acquired OHT-resistant characteristics
(Fig. 1K).

Activation of NF-κB Signaling by TRIM47. NF-κB signaling has
pathological relevance in malignancies, and enhanced NF-κB sig-
naling is reported to have tumor-promoting function in ER-positive
breast cancer cells (14, 15). We thus evaluated the effects of
TRIM47 on NF-κB signaling pathway by Western blot analysis
and luciferase reporter assay. Activation of NF-κB signaling is
caused by phosphorylation of NF-κB inhibitor-α (IκBα) and sub-
sequent degradation of IκBα (39). Transient overexpression of
TRIM47 in MCF-7 cells resulted in enhanced phosphorylation of
IκBα (Fig. 2A). This effect was observed both in the presence and
the absence of tumor necrosis factor-α (TNF-α), an activator of
NF-κB signaling. NF-κB–mediated transcriptional activity evalu-
ated by the intensity of luminescence when NF-κB luciferase re-
porter plasmid was transfected (SI Appendix, Fig. S4). This effect
was observed both in the presence and the absence of TNF-α in a
RING finger domain–dependent manner. In line with the aug-
mented NF-κB signaling by TRIM47 overexpression, TRIM47
knockdown caused impaired NF-κB–mediated transcriptional
activity evaluated by NF-κB luciferase reporter assay in OHTR
cells (Fig. 2B). Attenuated phosphorylation of IκBα by treatment
with TRIM47 siRNAs was observed in both MCF-7 and OHTR
cells (Fig. 2 C and D). This effect was remarkable when the cells
were treated with TNF-α. These results indicated that TRIM47
activates NF-κB signaling. We analyzed the effect of TRIM47 on
the upstream molecule of NF-κB signaling. Knocking down of
TRIM47 attenuated phosphorylation of TGF-β–activated kinase
1 (TAK1), which is known to phosphorylate I-κB kinase alpha
(IKK-α) and I-κB kinase beta (IKK-β) (40), in MCF-7 cells (SI
Appendix, Fig. S5). MAPK pathway, another pathway involved in
the promotion of breast cancer, was not affected by knocking down
of TRIM47 in MCF-7 and OHTR cells (SI Appendix, Fig. S6 A and
B). With genome-wide analysis using microarray, we evaluated the
effect of TRIM47 knocking down on the transcriptome. Validation
of individual genes revealed that TRIM47 affected downstream
genes of NF-κB signaling such as APAF1 and CPEB3 in the se-
lected manner (SI Appendix, Fig. S7 A–D). Both genes are reported
to have tumor-suppressive function (41, 42) and are down-regulated
by NF-κB signaling (SI Appendix, Fig. S7 E and F).
On the other hand, we also found that transcription of TRIM47

was increased by TNF-α treatment in both MCF-7 and OHTR
cells (Fig. 2E). Moreover, the protein levels of TRIM47 were in-
creased in a dose-dependent manner when MCF-7 and OHTR

cells were treated with TNF-α for 24 h (Fig. 2 F and G). These
results suggest that TRIM47 is one of the responsive genes of
NF-κB signaling, and its transcriptional induction results in further
activation of NF-κB signaling. Moreover, treatment of MCF-7 cells
with estrogen or OHT did not affect transcription of TRIM47 sig-
nificantly in the condition thatGREB1, a typical estrogen-responsive
gene was significantly affected (SI Appendix, Fig. S8 A–D).

Stabilization and Polyubiquitination of PKC-e by TRIM47. Then, we
asked how TRIM47 activates NF-κB signaling. Among several
factors reported to modulate NF-κB signaling, we focused on PKC-
e (encoded by PRKCE gene), which was identified as one of the
binding partners with TRIM47 by cell-free protein kinase array
analysis (SI Appendix, Table S3). PKC-e is a serine/threonine ki-
nase reported to be an activator of NF-κB signaling in several kinds
of cancer including triple negative breast cancer (43–45).
We showed interaction of TRIM47 with PKC-e by immuno-

precipitation using HEK293 cells expressing deletion mutants of
TRIM47 or PKC-e (Fig. 3A). As a result, PRY-SPRY (PSpry)
domain of TRIM47 was important for interaction of TRIM47 and
PKC-e (Fig. 3B). On the other hand, each examined domain of
PKC-e was able to interact with TRIM47 (Fig. 3C). The interaction

Fig. 2. Activation of NF-κB signaling by TRIM47. (A) Flag-TRIM47 expression
vector or empty vector were transfected to MCF-7 cells. At 48 h after
transfection, cells were treated with TNF-α (50 ng/mL) or vehicle (PBS;
phosphate buffered saline) for 5 min before cell lysis. Phosphorylated
form–specific IκBα antibody (p-IκBα) and antibody for total IκBα were used
for Western blotting. (B) At 24 h after OHTR cells were transfected with a NF-
κB reporter plasmid and a plasmid encoding renilla luciferase, the cells were
detached from the dish, and indicated siRNAs (10 nM) were transfected by
reverse transcription method. siControl was used as a negative control. At
48 h after siRNA transfection, cells were treated with TNF-α (10 ng/mL) or
vehicle (PBS) for another 5 h before measuring luciferase activities. Results
are expressed as mean ± SEM (n = 6). Luciferase activities of TNF-
α–stimulated group analyzed by one-way ANOVA were significantly differ-
ent. Post hoc Dunnett’s test was performed in comparison with siControl
group. ***P < 0.001. (C and D) At 48 h after transfection of indicated siRNAs
(10 nM), MCF-7 cells or OHTR cells were treated with TNF-α (20 ng/mL) or
vehicle (PBS) for 5 min before cell lysis. Western blotting was performed to
detect phosphorylated IκBα (p-IκBα) and total IκBα. (E) MCF-7 cells or OHTR
cells were treated with TNF-α (20 ng/mL) for 24 h, and expression of TRIM47
was analyzed by qRT-PCR. The relative RNA levels were shown as mean fold
change ± SEM *P < 0.05 (Student’s t test). (F and G) MCF-7 or OHTR cells
were treated with TNF-α (20 or 50 ng/mL) or vehicle (PBS) for 24 h before cell
lysis. Western blotting was performed to detect phosphorylated IκBα
(p-IκBα), total IκBα, and TRIM47.
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of TRIM47 with PKC-e was also detected in MCF-7 cells when
these proteins were overexpressed (Fig. 3D).
During the experiments confirming interaction of TRIM47

and PKC-e, we noticed that the amount of PKC-e protein is higher
when TRIM47 was expressed together, and this effect was RING
finger–domain dependent (Fig. 3E). Since the expression of PKC-«
was not significantly regulated at the transcription level (SI Ap-
pendix, Fig. S9A), we evaluated the stability of PKC-e protein by
treating cells with cycloheximide for various durations. While the
half-life of PKC-e was less than 6 h in HEK293 cells transfected
with exogenous TRIM47 lacking RING finger domain, it was more
than 8 h in HEK293 cells overexpressing full-length TRIM47
(Fig. 3 F and G). Stabilization of PKC-e protein by overexpressing
TRIM47 was also observed in MCF-7 cells (Fig. 3H).
When expression of PKC-e was knocked down by its specific

siRNAs, MTS assay showed that proliferation of MCF-7 cells and
OHTR cells was suppressed (Fig. 3 I and J), suggesting PKC-e has
growth-promoting effects in breast cancer cells. Knocking down
of PKC-e attenuated phosphorylation of I-κB kinase alpha (IKK-
α) and I-κB kinase beta (IKK-β) in MCF-7 cells and OHTR cells
(SI Appendix, Fig. S9 A and B), suggesting PKC-e mediates ac-
tivation of NF-κB signaling also in breast cancer cells. Therefore,
stabilization of PKC-e by TRIM47 could be one of the mecha-
nisms for TRIM47 to activate NF-κB signaling.
Since PKC-e stabilizing effect was weak when PKC-e was

cotransfected with plasmid encoding TRIM47 lacking RING
finger domain (Fig. 3 E and F), we assumed that this effect is de-
pendent on E3 ubiquitin ligase activity of TRIM47. By cotransfection
of plasmids encoding PKC-e, TRIM47, and ubiquitin, modifi-
cation of PKC-e by ubiquitin was detected by immunoprecipi-
tating PKC-e. This modification was diminished when TRIM47
lacking RING finger domain was expressed (Fig. 3K), suggesting
that PKC-e can be a substrate for TRIM47. Next, we made plas-
mids encoding a series of ubiquitin mutants in which one of lysine
residues was substituted by arginine. By cotransfection of a plas-
mid encoding a ubiquitin mutant with plasmids encoding TRIM47
and PKC-e, we observed modification of PKC-e by ubiquitin
mutants in which lysine 48 (K48R) or lysine 63 (K63R) were
substituted by arginine. Instead, modification of PKC-e was not
observed when plasmid encoding a ubiquitin mutant in which
lysine 27 was substituted by arginine (K27R) (Fig. 3L). In line
with this result, modification of PKC-e by ubiquitin mutants in
which all lysines except lysine 27 (K27) are mutated was observed
(Fig. 3M).
To evaluate involvement of proteasomal degradation system,

we treated HEK293 cells expressing PKC-e and TRIM47 with
MG132, a proteasome inhibitor. Treatment with MG132 increased
total amount of ubiquitinated proteins, whereas it did not increase
the amount of PKC-e (Fig. 3N), showing proteasomal degradation
system is not relevant in the PKC-e stability.

Stabilization of PKD3 by TRIM47. We then focused on another
serine/threonine kinase, PKD3, which was also identified as one
of the interactive proteins with TRIM47 by cell-free protein kinase
array analysis (SI Appendix, Table S3). PKD3 was reported to be an
activator of NF-κB signaling in prostate cancer cells (46). More-
over, PKC-e is reported to phosphorylate and activate PKD3 in
prostate cancer cells (47).
We showed association of TRIM47 with PKD3 by immuno-

precipitation using HEK293 cells expressing deletion mutants of
TRIM47 or PKD3 (Fig. 4A). As a result, RING finger domain, B-box
domain, and coiled-coil domain of TRIM47 were able to interact
with PKD3 (Fig. 4B). On the other hand, C1 domain of PKD3 was
important for interaction of TRIM47 and PKD3 (Fig. 4C). The in-
teraction of TRIM47 with PKD3 was also detected in MCF-7 cells
when these proteins were overexpressed (Fig. 4D).
The effect of PKC-e on phosphorylation of PKD3 was evalu-

ated by phosphorylated form–specific PKD antibody, which detects

phosphorylated form of PKD1, PKD2, and PKD3. Phosphory-
lation of immunoprecipitated PKD3 was shown to be increased
when a plasmid encoding PKD3 was cotransfected with plasmids
encoding PKC-e and TRIM47 compared with cotransfection of
TRIM47 coding plasmid alone (Fig. 4E). This result was in line
with the previous report showing that PKC-e phosphorylates PKD3
(47). In the present experiment, interaction of PKC-e and PKD3
was detected in the presence of TRIM47, and absence of TRIM47
resulted impaired interaction (Fig. 4E).
The interaction of PKC-e and PKD3 may be also influenced by

the amount of PKD3 protein. Like stabilization of PKC-e by TRIM47,
we noticed that the amount of PKD3 protein is higher when TRIM47
was expressed together, and this effect was also RING finger–domain
dependent (Fig. 4F). The expression of PKD3 was not significantly
regulated at the transcription level (SI Appendix, Fig. S9B). Then,
we evaluated the stability of PKD3 protein by treating cells with
cycloheximide for various durations. While the half-life of PKD3
was less than 4 h in HEK293 cells transfected with exogenous
TRIM47 lacking RING finger domain, it was more than 8 h in
HEK293 cells overexpressing full-length TRIM47 (Fig. 4 G and
H). Stabilization of PKD3 protein by overexpressing TRIM47 was
also observed in MCF-7 cells (Fig. 3I). The stabilization of PKD3
may be independent of proteasomal degradation system, since
treatment with MG132 did not affect the protein amount of PKD3
(SI Appendix, Fig. S11).
When expression of PKD3 was knocked down by its specific

siRNAs, proliferation of MCF-7 cells and OHTR cells was sup-
pressed (Fig. 4 J and K), suggesting that PKD3 has growth-promoting
effects in breast cancer cells. Knocking down of PKD3 attenu-
ated phosphorylation of IKK-α and IKK-β in MCF-7 and OHTR
cells (SI Appendix, Fig. S12 A and B), suggesting that PKD3
mediates activation of NF-κB signaling in breast cancer cells.
Therefore, stabilization of PKD3 by TRIM47 can be one of the
mechanisms for TRIM47 to activate NF-κB signaling.
To further examine the role of TRIM47/PKC-e/PKD3 in the

breast cancer cell, we overexpressed PKC-e and/or PKD3 in the
OHTR cells where TRIM47 was knocked down. The ectopic ex-
pression of PKC-e and/or PKD3 rescued the suppressed growth
(Fig. 4L) and the diminished NF-κB signaling (Fig. 4M). More-
over, knockdown of PKC-e or PKD3 impaired activation of NF-κB
signaling by overexpressing TRIM47 (SI Appendix, Fig. S13 A
and B), showing that PKC-e and PKD3 are downstream effectors
of TRIM47 in activating NF-κB signaling. Finally, knockdown of
PKC-e or PKD3 partially reverse the OHT resistance of MCF-7
cells stably expressing TRIM47 (Fig. 4N), showing the involve-
ment of TRIM47/PKC-e/PKD3 axis in the endocrine therapy re-
sistance of breast cancer cells (Fig. 4O).

Discussion
In the present study, we demonstrated that strong TRIM47 im-
munoreactivity is a poor prognostic factor that predicts recur-
rence during or after adjuvant tamoxifen therapy. The high TRIM47
immunoreactivity was an independent predictive factor among
other clinicopathological prognostic factors. We observed in-
creased expression of TRIM47 in LTED cells as well as OHTR
cells. Considering that LTED cells are a model mimicking hor-
mone deprivation therapy with AIs, our clinical results could be
expanded to general endocrine therapies. Indeed, the analysis
based on public microarray databases revealed that high expression
of TRIM47 mRNA is significantly related with shorter RFS in the
patients who underwent any kind of endocrine therapies. Notably,
we evaluated TRIM47 immunoreactivity in the clinical samples
before adjuvant endocrine therapy and showed their values to
predict poor prognosis. Therefore, we speculate elevated expression
of TRIM47 in OHTR and LTED cells reflects selection of the
MCF-7 cells with high expression of TRIM47, which survived dur-
ing prolonged exposure with OHT or during prolonged estrogen
deprivation.
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Fig. 3. Association and stabilization of PKC-e by TRIM47. (A) Schematic representation of deletion mutants of Flag epitope–tagged PKC-e and HA
epitope–tagged TRIM47. a.a. indicates amino acids. (B) HEK293 cells were cotransfected with plasmid encoding PKCe(Full)-Flag and one of plasmids encoding
HA epitope–tagged TRIM47 deletion mutants. After 48 h, cells were lysed, immunoprecipitated with anti-HA agarose, and eluted with HA peptide. Elutants
were subjected to Western blot analysis with anti–PKC-e and anti-HA antibodies. (C) HEK293 cells were cotransfected with HA-TRIM47(Full) plasmid and one
of Flag epitope–tagged PKC-e deletion-mutant plasmids. After 48-h culture, cells were lysed, immunoprecipitated with anti-Flag agarose, and eluted with Flag
peptide. Elutants were subjected to Western blot analysis with anti-TRIM47 and anti-Flag antibodies. (D) MCF-7 cells were transfected with plasmids encoding
PKCe-Flag and HA-TRIM47. Empty vector (pcDNA3) was used as a negative control. After 48 h, cells were lysed, immunoprecipitated with anti-HA agarose, and
eluted with HA peptide. Elutants were subjected to Western blot analysis with anti–PKC-e and anti-TRIM47 antibodies. (E) HEK293 cells were transfected with
plasmids encoding PKCe-Flag-HA and HA-TRIM47(Full) or HA-TRIM47(ΔRING). Empty vector (pcDNA3) was used as a negative control. At 1 d after transfection,
the cells were lysed and subjected to Western blot analysis with indicated antibodies. (F) HEK293 cells were transfected with plasmids encoding PKCe-Flag-HA,
and Flag-Myc-TRIM47(Full) or Flag-Myc-TRIM47(ΔRING) as indicated. At 1 d after transfection, the cells were treated with 50 μg/mL cycloheximide for indi-
cated duration. Cell lysates were subjected to Western blot analysis with indicated antibodies. (G) PKC-e and α-tubulin protein levels in F were quantified by
densitometry. Densities of PKC-e blots were normalized to each corresponding density of α-tubulin blot. Then, each value was divided by the value of the
sample without cycloheximide treatment (T = 0). The open squares and the solid approximate curve indicate PKC-ewith TRIM47 (full). The black circles and the
dotted approximate curve indicate PKC-e with TRIM47 (ΔRING). (H) MCF-7 cells were transfected with plasmids encoding PKCe-Flag-HA and HA-TRIM47.
Empty vector (pcDNA3) was used as a negative control. At 1 d after transfection, the cells were lysed and subjected to Western blot analysis with indicated
antibodies. (I and J) Cell proliferation of MCF-7 cells and OHTR cells transfected with siPKC-ewas measured by MTS assay. Two kinds of siRNAs (2 nM) for PKC-e
(siPKC-e A and B) and two kinds of siRNAs (2 nM) not targeting human transcripts (siLuc and siControl) were transfected by reverse transcription method.
Absorbance of 490 nm 6 d after siRNA transfection was evaluated by MTS assay. Results are expressed as mean ± SEM (n = 4). ***P < 0.001 (two-way ANOVA).
(K) HEK293 cells were transfected with plasmids encoding PKCe-Flag-HA, T7-Ubiquitin, and Flag-Myc-TRIM47(Full) or TRIM47 lacking Flag-Myc-TRIM47(ΔRING)
as indicated. After 48 h, cells were lysed, immunoprecipitated with anti-HA agarose, and eluted with HA peptide. Elutants were subjected to Western blot
analysis with indicated antibodies. Whole cell lysates (WCL) were subjected to Western blot analysis with anti-TRIM47 antibody. (L) HEK293 cells were
transfected with plasmids encoding PKCe-Flag-HA, Flag-Myc-RIM47, and one of T7 epitope–tagged ubiquitin mutants containing arginine (R) substitution of
one of lysine (K) residues at the indicated position. Ub (wt) indicates wild-type ubiquitin without mutation. Ub (K6R) indicates arginine substitution of lysine 6.
Substitutions of other lysines are shown in the same way. After 40 h, cells were lysed, immunoprecipitated with anti-HA agarose, and eluted with HA peptide.
Elutants were subjected to Western blot analysis with indicated antibodies. (M) HEK293 cells were transfected with plasmids encoding PKCe-Flag-HA,
Flag-Myc-RIM47, and one of T7 epitope–tagged ubiquitin mutants containing arginine (R) substitution of all lysine (K) residues except one of the lysine
residues at the indicated position. Ub K27 indicates all arginine substitutions except lysine 27. Other ubiquitin mutants are shown in the same way. T7-Ub all R
indicates all arginine substitutions. After 40 h, cells were lysed, immunoprecipitated with anti-HA agarose, and eluted with HA peptide. Elutants and WCL
were subjected to Western blot analysis with indicated antibodies. (N) HEK293 cells were transfected with plasmids encoding PKCe-Flag-HA,
Flag-Myc-TRIM47, or empty vector as indicated. On the next day, cells were treated with MG132 (10 μM) or vehicle (DMSO) for 6 h before they were lysed.
Total cell lysates were subjected to Western blot analysis with indicated antibodies.
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Fig. 4. Association and stabilization of PKD3 by TRIM47. (A) Schematic representation of deletion mutants of Myc epitope–tagged PKD3 and HA
epitope–tagged TRIM47. a.a. indicates amino acids. (B) HEK293 cells were cotransfected with a plasmid encoding HA-TRIM47 and one of plasmids encoding
Myc epitope–tagged PKD3 deletion mutants. After 48 h, cells were lysed, immunoprecipitated with anti-Myc agarose, and eluted with Myc peptide. Elutants
were subjected to Western blot analysis with indicated antibodies. (C) HEK293 cells were cotransfected with Myc-PKD3 plasmid and one of HA epitope–
tagged TRIM47 deletion-mutant plasmids. After 48-h culture, cells were lysed, immunoprecipitated with anti-HA agarose, and eluted with HA peptide.
Elutants were subjected to Western blot analysis with indicated antibodies. (D) MCF-7 cells were transfected with plasmids encoding Myc-PKD3 and Flag-
TRIM47. Empty vector (pcDNA3) was used as a negative control. After 48 h, cells were lysed, immunoprecipitated with anti-Flag agarose, and eluted with Flag
peptide. Elutants were subjected to Western blot analysis with anti-PKD3 and anti-TRIM47 antibodies. (E) HEK293 cells were cotransfected with plasmids
encoding PKCe-Flag-HA, Flag-TRIM47, and Myc-PKD3 as indicated. After 48 h, cells were lysed, immunoprecipitated with anti-Myc agarose, and eluted with
Myc peptide. Elutants were subjected to Western blot analysis with indicated antibodies including phosphorylated form–specific PKD antibody (p-PKD).
Whole cell lysates (WCL) were subjected to Western blot analysis with indicated antibodies. (F) HEK293 cells were transfected with plasmids encoding T7-
PKD3-Flag-HA, and Flag-Myc-TRIM47(Full) or Flag-Myc-TRIM47(ΔRING) as indicated. Two days after transfection, the cells were lysed and subjected to
Western blot analysis with indicated antibodies. (G) HEK293 cells were transfected with plasmids encoding Myc-PKD3, and HA-TRIM47(Full) or HA-
TRIM47(ΔRING) as indicated. One day after transfection, the cells were treated with 50 μg/mL cycloheximide for indicated duration. Cell lysates were sub-
jected to Western blot analysis with indicated antibodies. (H) PKCe and α-tubulin protein levels in G were quantified. Densities of PKD3 blots were normalized
to corresponding densities of α-tubulin blot. Then, each value was divided by the value of the sample without cycloheximide treatment (T = 0). Open squares
and the solid approximate curve indicate PKD3 with TRIM47 (full). Black circles and the dotted approximate curve indicate PKD3 with TRIM47 (ΔRING). (I)
MCF-7 cells were transfected with plasmids encoding Myc-PKD3, and Flag-Myc-TRIM47. Empty vector (pcDNA3) was used as a negative control. One day after
transfection, the cells were lysed and subjected to Western blot analysis with indicated antibodies. (J and K) Cell proliferation of MCF-7 and OHTR cells
transfected with siPKD3 were measured by MTS assay. Two kinds of siRNAs (10 nM) for PKD3 (siPKD3-A and B) and two kinds of siRNAs (10 nM) not targeting
human transcripts (siLuc and siControl) were transfected. Absorbance of 490 nm 5 d after siRNA transfection was evaluated by MTS assay. Results are
expressed as mean ± SEM (n = 4). ***P < 0.001 (two-way ANOVA). (L) OHTR cells transfected with siTRIM47 (10 nM) were transfected with plasmids encoding
PKCe-Flag-HA and/or Myc-PKD3 on the next day. Cell proliferation on 4 d after siRNA transfection was measured by MTS assay. Absorbance of 490 nm
analyzed by one-way ANOVA were significantly different. Post hoc Dunnett’s test was performed in comparison with siControl transfected cells. ***P < 0.001,
*P < 0.05. (M) OHTR cells transfected with siTRIM47 (10 nM) were transfected with plasmids encoding PKCe-Flag-HA and/or Myc-PKD3 on the next day. Forty-
eight h after siRNA transfection, cells were lysed and subjected to Western blot analysis. Indicated antibodies including phosphorylated form–specific IκBα
antibody (p-IκBα) were used for blotting. (N) Cell proliferation of MCF-7 cells stably expressing TRIM47 (TRIM47 #1 clone) and vector clones (Vector #1 clone)
was measured by MTS assay. Transfection of indicated siRNAs (10 nM) was performed by reverse transcription method. The cells were cultured under
treatment with OHT (10 μM). Absorbance of 490 nm at day 1 and day 3 was evaluated. Results are expressed as mean ± SEM (n = 4). Absorbance of 490 nm
analyzed by one-way ANOVA were significantly different. Post hoc Dunnett’s test was performed in comparison with siControl transfected TRIM47#1 cells.
***P < 0.001. (O) A schematic model of TRIM47 functions contributing to endocrine therapy resistance of breast cancer cells.
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We showed that TRIM47 activates NF-κB signaling in MCF-7
and OHTR cells. There are several lines of evidence supporting
the important roles of NF-κB signaling in developing endocrine
therapy resistance of ER-positive breast cancer cells. It was clini-
cally reported that enhanced NF-κB signaling is associated with
tamoxifen resistance of primary breast cancer (14). In a genome-
wide association study on tamoxifen response and single-nucleotide
polymorphisms, NF-κB signaling pathway was extracted as one
of the key pathways related to tamoxifen resistance, along with
apoptosis, p53, DNA repair, and cell cycle pathways (15). It was
shown that inhibiting NF-κB signaling restored tamoxifen sen-
sitivity of tamoxifen-resistant MCF-7 cells (48). In another study,
AI-resistant cells derived from MCF-7 and T47D cells exhibited
enhanced NF-κB signaling activity, and knocking down NF-κB
suppressed proliferation of AI-resistant cells (49). As an under-
lying mechanism, NF-κB signaling is shown to affect transcription
mediated by ER. It was reported that a distinct gene set is shown
to be up-regulated by the costimulation of estrogen and TNF-α in
MCF-7 cells (50). In another study of MCF-7 cells using chro-
matin immunoprecipitation sequencing, new ER-binding sites
were shown to be created by the binding of NF-κB to FOXA1 in
some enhancers (51).
With the validation process of microarray experiments, two

endogenous target genes of NF-κB signaling, APAF1 and CPEB3,
were identified. APAF1 is a protein mediating apoptosis of several
cancers, including breast cancer (41). CPEB3 is an RNA-binding
protein and reported to bind to 3′ untranslated region (UTR) of
glutamate receptor 2 (GluR2) mRNA and induced translation of
GluR2 protein in neural cells (52). In terms of cancer biology,
lower expression of CPEB3 was observed in hepatocellular car-
cinoma (HCC) tissues compared with adjacent tissues. In the
same study, high expression of CPEB3 was shown to be related
with better prognosis, and overexpression of CPEB3 in HCC cell
lines suppressed growth and motility of the cells (42), suggesting
tumor-suppressive function of CPEB3. We demonstrated expression
of these genes were suppressed TNF-α–dependent manner in MCF-
7 and OHTR cells. Together with the results showing knocking
down of TRIM47 induced their expression, it can be assumed that
NF-κB signaling enhanced by TRIM47 contributes to promotion
of breast cancer by suppressing these target genes.
In addition to the activation of NF-κB signaling by TRIM47,

we also revealed that expression of TRIM47 is up-regulated by
NF-κB activator, TNF-α. Interestingly, the mutual up-regulation
of TRIM47 and NF-κB signaling indicates existence of positive
feedback activation of NF-κB signaling by TRIM47. This could
be an underlying mechanism for sustained activation of NF-κB
signaling by TRIM47, which can result in endocrine therapy
resistance (Fig. 4O).
In this study, we proposed that protein stabilization of PKC-e

and PKD3 is one of the mechanisms underlying the TRIM47-
dependent activation of NF-κB signaling in breast cancer. These
are the kinases identified as binding partners of TRIM47 by our
cell-free interaction assay. Notably, both kinases were reported
to activate NF-κB signaling in prostate cancer cells (43, 46). PKC-e
was reported to activate NF-κB signaling also in glioblastoma (44),
breast epithelial (46), and triple negative breast cancer cells (46).
PKC-e belongs to PKC, which is a family of structurally related
serine/threonine kinases. Among them, PKC-α is known to be
associated with poor response to endocrine therapy of breast
cancer (53, 54). In the present study, we focused on the function
of PKC-e. PKC-e is generally up-regulated in invasive breast can-
cers (55) and prostate cancers (56) and is characterized as a positive
regulator of mitogenic and survival pathways. In prostate cancer
cells, PKC-e overexpression with Pten loss leads to CXCL13 up-
regulation through noncanonical NF-κB signaling, leading to the
invasive tumor phenotype (43).
We showed that the stabilization of PKC-e and PKD3 requires

RING finger domain of TRIM47, which suggested that E3 ligase

activity was important for this effect. We detected RING finger
domain–dependent polyubiquitination of PKC-e in the presence
of TRIM47. Of note, we revealed by mutation analysis that PKC-
e was modified by atypical lysine 27–linked polyubiquitination,
not by lysine 48– or lysine 63–linked polyubiquitinations, which
are commonly observed modes of ubiquitin modification. Although
biological significance of lysine 27–linked polyubiquitination is poorly
characterized, similar K27-linked polyubiquitination-dependent
events have been reported in the innate immune systems. TIR
domain–containing adaptor inducing interferon-β (TRIF) and
TAK1 are functionally active with K27-linked polyubiquitination,
whereas their deconjugated forms lose activities for inflamma-
tory response and TLR3/4-mediated innate immune signaling,
respectively (57, 58). Notably, a recent study revealed that deu-
biquitinating enzyme UCHL3 is functionally inhibited by K27
ubiquitin dimers and K27-ubiquitinated substrates (59), suggesting
that K27-ubiquitinated substrates may remain with a relatively
longer stability by impairing UCHL3 activity and exert their func-
tions in various mechanisms, including innate immunity. We thus
consider that TRIM47 exhibits K27-linked polyubiquitination of
oncogenic PKC-e with increased protein stability, leading to the
phosphorylation and activation of PKD3 and the subsequent
activation of NF-κB pathway. While the K63-linked poly-
ubiquitination is also known to stabilize substrates and positively
regulate substrate functions, the stabilizing mechanism of K63
polyubiquitination may be different from that of K27-linked pol-
yubiquitination. For example, TAK1 is also conjugated with K63-
linked polyubiquitination chains by TRIM8 (60) and TRAF6 (61),
and K63-ubiquitinated TAK1 plays a role in the complex aggre-
gation of TAK1 and TAK1-binding proteins (TABs) and subse-
quently recruits IKK complex to activate NF-κB pathway (61). On
the contrary, K27-ubiquitinated TAK1 is critical for the interaction
between TABs, the early event in the NF-κB activation signal (58).
We thus assume that K27- and K63-linked polyubiquitination may
exhibit distinct roles in the protein stabilization and substrate ac-
tivation such as the step-wise NF-κB activation mediated by TAK1
activation. Future studies will reveal whether TRIM47 regulates
NF-κB activation step-wisely together with other E3 ligases. We
also showed that a proteasome inhibitor did not affect stability of
PKC-e or PKD3, which suggested those proteins are not degraded
by proteasome. These proteins may be degraded by another in-
tracellular protein degradation system such as autophagy, which is
inferred by several examples that some TRIM family members
regulate autophagy by catalyzing polyubiquitination on sub-
strate proteins (62).
Activation of PKD3 with phosphorylation by PKC-e was repor-

ted in prostate cancer cells (47). We showed the interaction of
PKC-e and PKD3 was more evident in the presence of TRIM47.
This result could reflect the role of TRIM47 as a scaffold-forming
ternary complex of TRIM47, PKC-e, and PKD3 considering PKC-e
and PKD3 are identified as direct binding partners with TRIM47
with the cell-free system. This scaffolding function of TRIM47
may facilitate phosphorylation of PKD3 by bringing PKD3 in the
proximity of PKC-e (Fig. 4O).
There are several reports on the clinical importance of TRIM47

in other cancer types. We previously reported that TRIM47 is a
poor prognostic factor of prostate cancer patients (34). Recently,
TRIM47 was shown to be a poor prognostic factor for nonsmall
lung cell cancer (35) and colorectal cancer (36). It was shown that
in the nonsmall lung cancer cell line A549 and H358, TRIM47
has an inhibitory effect on p53 and facilitating effect on NF-κB
signaling (35). Our results are in line with the latter mechanism
by showing that TRIM47 can activate NF-κB signaling in breast
cancer cell lines, which could explain poor prognosis of HR-positive
breast cancer patients. In colorectal cancer, TRIM47 was reported
to cause ubiquitination and degradation of SMAD4, which lead
enhanced growth and invasion of colorectal cancer cells (35).
During the preparation of this manuscript, a study of TRIM47 in
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breast cancer cells including both ER-positive and -negative cell
lines was reported (63). Prognostic value was not analyzed in this
study, while involvement of phosphatidylinositol 3-kinase (PI3K)/
Akt was shown. This finding supports our results, considering that
Akt activates NF-κB signaling by phosphorylating IKK-α (64). In
addition, TRIM47 was recently identified as a responsible E3
ubiquitin ligase for cylindromatosis (CYLD), a deubiquitinating
enzyme (65). Degradation of CYLD by TRIM47 was shown to
be associated with pathogenesis of nonalcoholic steatohepatitis
(65). In terms of cancer biology, CYLD is known as a tumor sup-
pressor. In a clinical study using breast cancer tissues, reduced ex-
pression of CYLD was associated with estrogen receptor negativity
and poor prognosis (66). CYLD is reported to inhibit NF-κB
signaling by deubiquitinating tumor necrosis factor receptor-
associated factor (TRAF) 2 (67), as well as to suppress cell prolif-
eration by deubiquitinating BCL3 (68). These findings might be
involved in another mechanism explaining tumor-promoting func-
tion of TRIM47. In the cell-free interaction assay, we identified
several kinases as candidates of binding partner with TRIM47.
Tousled-like kinase 2 (TLK2), which is related to genome stability, is
one of them. In HR-positive breast cancer, TLK2 is often amplified
and correlated with worse clinical outcome (69). PKCθ is another
kinase identified by the cell-free interaction assay. PKCθ is reported
to phosphorylate and stabilize Fra-1, which is related to progression
of ER-negative breast cancer cells (70). Another protein identified
by the cell-free interaction assay was A6-related protein (A6r), which
is also known as protein tyrosine kinase 9 like or twinfilin-2. A6r is
reported to be involved in neurite outgrowth (71), although its on-
cological significance is yet to be clarified.
In conclusion, we demonstrate that TRIM47 is a poor prog-

nostic factor for breast cancer patients who underwent endocrine
therapy with tamoxifen. As an underlying mechanism, we revealed
that formation of TRIM47/PKC-e/PKD3 ternary complex, stabili-
zation of PKC-e and PKD3 proteins by TRIM47, and TRIM47-
dependent lysine 27–linked polyubiquitination of PKC-e. Our study
suggests that TRIM47 and its associated kinases can be potential
diagnostic and therapeutic targets for patients with breast cancer

refractory to endocrine therapy and provides clues to develop
effective strategies for breast cancer management.

Materials and Methods
Collection of Human Tissue Samples and Clinical Data. Tissue samples of in-
vasive breast cancer were obtained from 116 Japanese female breast cancer
patients who underwent surgical treatment and adjuvant tamoxifen treat-
ment at three institutions (National Hospital Organization Shikoku Cancer
Center, Matsuyama, Japan; National Cancer Center Hospital, Tokyo, Japan;
and Tokyo Metropolitan Cancer and Infectious Diseases Center, Komagome
Hospital, Tokyo, Japan) from 1989 to 1998. No patients received other
hormonal therapies, chemotherapies, or molecular target therapies before
and after surgery. This study was approved by institutional review boards of
National Hospital Organization Shikoku Cancer Center, and Saitama Medical
University. All the patients provided written informed consent to participate
in this study. Anonymized data created for this study are available in
Dataset S1.

Detailed materials and methods regarding antibodies and reagents, im-
munohistochemistry, cell culture, plasmid construction and transfection,
Western blot analysis, quantitative reverse transcription PCR, small inter-
fering RNA transfection, cell proliferation assay, in vivo tumor growth assay,
luciferase assay, microarray analysis, protein kinase array analysis, immun-
oprecipitation, and statistical analyses are provided in SI Appendix, SI Materials
and Methods.

Data Availability. Microarray data have been deposited in the National Center
for Biotechnology Information Gene Expression Omnibus Datasets (GSE174612;
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174612). All other
study data are included in the article and/or supporting information.
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