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Background: The cross-talk between RNA binding proteins (RBPs) and microRNAs (miRNAs) in the regulation of
gene expression is a complex process. Here, we describe a new mode of regulation of TRIM25 expression medi-
ated by an antagonistic interplay between IGF2BP3 and miR-3614-3p.

Methods: The expression level of TRIM25, IGF2BP3, pri-miR-3614 and miR-3614-3p in breast cancer (BC) tissues,
non-tumor tissues and BC cell lines were detected by qRT-PCR, Western blot and Immunohistochemistry (IHC).
Binding of miR-3614-3p and IGF2BP3 to TRIM25 RNA was verified using luciferase activation assays, RNA immu-
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léﬁopr; noprecipitation (RIP) and biotin pull-down assays. In vitro and in vivo loss- and gain-of-function studies were
TRIM25 performed to reveal the effects and related mechanism of IGF2BP3-miR-3614-3p-TRIM25 axis in in breast cancer
miR-3614 cells proliferation.

Breast cancer Findings: We found that an intragenic miRNA-3614-3p inhibits the expression of its host gene TRIM25 by binding
to its 3'- untranslated region (UTR). Interestingly, IGF2BP3 can competitively occupy this binding site and inhibit
miRNA-3614 maturation, thereby protecting TRIM25 mRNA from miR-3614-mediated degradation. The overex-
pression of miR-3614-3p dramatically inhibited breast cancer cell growth through the downregulation of
TRIM25. Furthermore, the silencing of IGF2BP3 reduced TRIM25 expression, suppressed cell proliferation, and ex-
hibited a synergistic effect with miR-3614-3p overexpression.
Interpretation: Collectively, these results demonstrate that control of TRIM25 RNA by an interplay between
IGF2BP3 and miR-3614-3p represents a mechanism for breast cancer cell proliferation.
Fund: The scientific research and sharing platform construction project of Shaanxi Province, Opening Project of
Key Laboratory of Shaanxi Province for Craniofacial Precision Medicine Research, China Postdoctoral Science
Foundation and The National Natural Science Foundation of China.

© 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction expression; RNA-binding proteins (RBPs) and microRNAs (miRNAs)

are potent post-transcriptional regulators of gene expression. Most

Post-transcriptional gene regulation (PTGR) involves complex
processes that modulate the transcription, transport, maturation, trans-
lation, and stability of coding and non-coding RNAs [1,2]. Post-
transcriptional modifications can have profound effects on gene
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commonly, they converge at the 3’-UTRs of mRNAs and affect the stabil-
ity and translation of the transcripts [3,4].

The RBP family is composed of approximately 800 proteins with
conserved domains. RBPs bind to double- or single-stranded RNA and
regulate RNA fate from synthesis to decay [5]. The insulin-like growth
factor 2 mRNA binding protein 3 (IGF2BP3) stabilizes and facilitates
the translation of numerous target mRNAs [6]. IGF2BP3 belongs to a
conserved family of RBPs. Previous studies have demonstrated that
the binding of IGF2BP3 to target mRNAs stabilizes the mRNA, thereby
preventing its decay [7]. Interestingly, one putative mechanism
suggests that IGF2BP3 and miRNAs converge on the 3’-UTRs of target
transcripts to upregulate or downregulate genes that are associated
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Research in context

Evidence before this study

IGF2BP3 is up-expressed in a variety of malignant tumors and rep-
resents a promising cancer biomarker. Previously studies have
shown that IGF2BP3 as RBP regulators of gene expression acts
in various important aspects of cell function. TRIM25, an
estrogen-responsive RING finger protein (Efp), several studies
have shown it is significantly correlated with poor prognosis in pa-
tients with breast cancer. Although their functions are being
unraveled, but their mechanism of biogenesis remains poorly
understood.

Added value of this study

The results presented a novel mechanism of cross-talk between
IGF2BP3 and miR-3614 in the regulation of TRIM25 expression,
and clearly demonstrate that IGF2BP3-miR-3614-3p-TRIM25
axis promoted proliferation of breast cancer.

Implications of all the available evidence

Our study shown that silencing of IGF2BP3 reduces TRIM25 ex-
pression, suppresses cell proliferation, and exhibits a synergistic
effect with miR-3614 overexpression. It was suggested
IGF2BP3-miR-3614-3p-TRIM25 axis could provide valuable tar-
gets in breast cancer treatment.

with malignancy [8]. However, whether and how IGF2BP3 is involved in
the miRNA-mediated gene silencing to regulate translation in cancer
cells remains to be determined.

MiRNAs are synthesized as longer transcripts primary (Pri)miRNAs
that are processed by the nuclear RNase IIl Drosha into 70-nt, hairpin
precursor miRNAs (Pre)miRNAs. These are further processed in the
cytoplasm by RNase III, giving rise to mature miRNAs that assemble
with members of the Argonaute (Ago) protein family to form the
RNA-induced silencing complex (RISC) [9-11]. The biogenesis of
miRNAs occurs at two locations. The intergenic miRNAs are derived
from noncoding regions between genes and are transcribed by uniden-
tified promoters [11]. Most miRNAs are recognized as intergenic
miRNA. A minority of miRNAs are derived from noncoding introns or
the 5’-UTRs and the 3’-UTRs of host genes. These miRNAs are termed
intronic or intragenic miRNAs [12], and have been reported to play var-
ious roles in host gene regulation [13]. Although several studies on
intronic miRNAs have been conducted, whether intronic miRNAs can
exhibit inhibitory effects on host genes remains to be determined.

In this study, we report that the intragenic mature miR-3614 can
silence the expression of its host gene, tripartite motif-containing 25
(TRIM25), which is also regulated by IGF2BP3. Several studies have
shown that IGF2BP3 is involved in the stabilization of mRNAs encoding
IGF2, HMGA2, CD44, and PDPN [14-16]. However, little is known about
the role of IGF2BP3 in modulating the cytoplasmic fate of TRIM25
mRNA. TRIM25, an estrogen-responsive RING finger protein (Efp), is
mainly expressed in estrogen target tissues, such as mammary glands
and the uterus [17]. Accumulating evidence demonstrates that in
MCF-7 BC cells, TRIM25 mediates degradation of 14-3-30, a negative
cell cycle regulator. Loss of TRIM25 in mouse embryonic fibroblasts
causes an accumulation of 14-3-30, which is responsible for reduced
cell proliferation [18]. More recently overexpression of TRIM25 has
also been associated with lung and gastric cancers [19,20]. In agreement
with these findings, TRIM25 is significantly correlated with poor prog-
nosis in patients with different cancers, especially breast cancer [21].

Walsh et al. uncovered a transcriptional hierarchy underlying breast
cancer metastasis using patient-matched primary and metastatic sam-
ples, they propose TRIM25 is a master regulator of this hierarchy and
promoting metastasis and poor survival, targeting TRIM25 may repre-
sent promising future targets for cancer intervention. [22].

We analyzed the sequence of the TRIM25 gene and found that pri-
miR-3614 is located in the TRIM25 3’-UTR and shares the same pro-
moter. Using the miRNA target prediction software, TargetScan, we
found the miR-3614-3p and the miR-3614-5p binding sites at the 3’-
UTR of TRIM25, which could likely be occupied to impair host gene
transcription or translation. As TRIM25 is aberrantly overexpressed in
various types of cancer, including breast cancer (BC), we speculated
that there may be an unknown mechanism that can protect TRIM25
mRNA from degradation by miR-3614. Next, we used the starBase
website to predict the RBP binding sites on TRIM25 mRNA and found
that IGF2BP3 can bind to the TRIM25 3’-UTR at a site proximal to and
partially overlapping the miR-3614-3p binding site. Thus, we hypothe-
sized that IGF2BP3 can bind to the TRIM25 3’-UTR and block the matu-
ration of miR-3614, thereby preventing miR-3614-mediated
translational repression in BC cells.

2. Materials and methods
2.1. Human tissue specimens and cells

Formaldehyde-fixed paraffin-embedded (FFPE) BC tissues and un-
paired mammary hyperplasia (non-tumor tissues) were randomly col-
lected from patients who had undergone surgery at the Shaanxi
Provincial People's Hospital in China. Clinicopathological data such as
age and gender, as well as histological data, tumor size, lymph node me-
tastasis status, ER status, PR status, and AR status were obtained by
reviewing their pathology records. Specimens were collected after
obtaining written informed consent from the patients as well as
approval of the ethical committees. Patient anonymity was maintained
throughout the study. Human BC cell lines MCF-7, HCC1937, MDA-MB-
231 and MDA-MB-435, human breast epithelium cells HBL-100 [23] and
human embryonic kidney (HEK) 293T cells were obtained from the Cell
Bank (Shanghai Institute of Biochemistry and Cell Biology, CAS, Shang-
hai, China).Cells were maintained in Dulbecco's modified Eagle's me-
dium (DMEM) supplemented with 10% fetal bovine serum (Biological
Industries) and 1% antibiotics (100 U/mL penicillin and 100 mg/mL
streptomycin sulfate). Cells were grown in 5% CO, at 37 °C. The cell
line was tested for mycoplasma contamination using the Mycoplasma
Detection Kit (Beyotime, Haimen, China) and was found to be negative.

2.2. Plasmid construction and transfection

Human miR-3614 precursor (pre-miR-3614) was synthesized by
Shanghai Sangon Biological Engineering Technology and Services Co.
Ltd. (Shanghai, China). The pre-miR-3614 coding region was cloned
into the pcDNA™6.2-GW/EmGFP (Invitrogen). We constructed
pcDNA™6,.2-GW/EmGFP-pre-miR-3614. The miR-3614 mimics,
anti-miR-3614, small interfering RNAs (siRNAs) and their respective
negative control RNAs were purchased from Gima (Shanghai, China).
The information of all the sequences are provided in Supplementary
Table 2. Transfection was performed using Polyplus transfection kit
(Jetprime, France) according to the manufacturer's instructions.

2.3. Lentivirus infection

The plasmid shRNA-IGF2BP3 (sc-60846-SH) was purchased from
Santa Cruz Biotechnology. The packaged lentivirus of pre-miR-3614
and si-IGF2BP3 were constructed by GeneChem (Shanghai, China) and
named LV-miR-3614 and LV-si-IGF2BP3, respectively. The scramble
lentiviral vector LV-Ctrl (or LV-si-Ctrl) was used as a control. The
lentiviral vector is expressed green fluorescent protein (GFP) tag. For
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infection, the MCF-7 and MDA-MB-231 cells were seeded in a 6-well
plate and infected with 1 ml of viral stock containing 5 pg/ml polybrene
for 12 h, then this medium was replaced by normal culture medium.

2.4. qRT-PCR

The MCF-7 and MDA-MB-231 cells were plated in 6-well plates at a
density of 1.5 x 10° cells per well. The next day, these cells were
transfected with siRNAs, plasmids, or control scrambler RNA.
Untransfected cells were used as controls. After transfection of 24 h,
total cellular RNA was extracted with TRIzol (Invitrogen Carlsbad,
USA) according to the manufacturer's protocol. The FFPE tissue samples
(10 sections) were deparaffinized by incubating in xylene for 10 min
and in 100% ethanol for 5 min, and washed with distilled water for
30 s, followed by RNA extraction using the Qiagen FFPE RNeasy Kit
(Valencia, CA, USA) according to manufacturer's instructions. The RNA
was quantified with a NanoDrop spectrophotometer (Thermo, USA).
The PrimeScript RT Reagent Kit (Takara, Japan) and the SYBR Premix
Ex Taq II Kit (Takara, Japan) were used to detect the expression of
mature miRNAs and mRNA. The primers used are listed in Table 2.
qRT-PCR was performed using an 1Q5 Multicolor qRT-PCR Detection
System (Bio-Rad, USA). 3-actin and U6 expression were used as a con-
trol to quantify mRNA and miRNA expression, respectively. The 2744
method was used for the qRT-PCR analysis.

2.5. Western blot

Total protein was harvested from BC cells using RIPA buffer (CST,
Boston, China) after 48 h of transfection, and 20-30 pg of protein lysate
was separated by 10% SDS-PAGE and transferred to a PVDF membrane
(Millipore, USA). The membranes were probed with the following pri-
mary antibodies: TRIM25 (1:2000, Abcam, MA, USA), IGF2BP3(1:1000,
Abcam), CyclinD1 (1:1000, Cell Signaling Technology, Danvers, MA),
CDK4 (11,000, Cell Signaling) for overnight. After washing with TBST
buffer, the membrane was incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody for 1 h at room temperature.
Next, the membranes were incubated with ECL (Pierce, Rockford, IL,
USA) for chemiluminescence detection.

2.6. Immunohistochemistry (IHC)

[HC was performed as described previously [24]. Tissue sections (4
um) were deparaffinized with xylene and hydrated using an alcohol
gradient. Endogenous peroxidase-blocking and antigen retrieval were
performed sequentially. The sections were incubated with polyclonal
rabbit anti-TRIM25 (diluted 1:200, Abcam, MA, USA) and anti-
IGF2BP3 (diluted 1:200; Abcam, MA, USA) followed by incubation
with a secondary antibody IgG (ZSGB-BIO, China). Histological exami-
nation was performed using 3,3’-diaminobenzidine kit (DAB, OriGene,
China) and hematoxylin. If the proportion of positive cells was >50% in
5 random fields, the specimen was considered to show high TRIM25/
IGF2BP3 expression.

2.7. Luciferase reporter assay

The 3’-UTR of human TRIM25 mRNA was constructed with synthetic
oligo-nucleotides and cloned in between the Sac I and Xho I sites of the
pmirGLO Dual-luciferase miRNA target expression vector (Promega).
We constructed pmirGLO-TRIM25 wild-type (WT) and pmirGLO-
TRIM25 mutant-type (MUT). 293T cells were seeded into 96-well cul-
ture plates (five wells per group). After 24 h, the cells were transfected
with the TRIM25-WT or TRIM25-MUT vector along with pre-miR-3614
plasmid or corresponding control pcDNA6.2-GW. The luciferase activity
was measured 24 h post-transfection using the Dual-Glo Luciferase
Assay System (Promega, Madison, WI, USA) with Renilla (Rluc)

luciferase activity as the reporter gene and firefly luciferase (Luc) as
the reference gene.

2.8. RNA immunoprecipitation (RIP) assay

For the RIP assay, the cell lysates were homogenized according to the
protocol specified by the Magna RIP™RNA-Binding Protein Immuno-
precipitation Kit (MILLIPORE Catalog No. 17-701). MCF-7 and
MDA-MB-231 cells were lysed in RIP lysis buffer containing proteinase
inhibitors cocktail tablets (Roche, Cat. 04693116001 ) and RNAse inhib-
itor (MILLIPORE, Cat. CS203219) and incubated with anti-IGF2BP3-
(Merck, Cat. 03-198), or anti-Ago2 (GeneTex, Cat. GTX60370) or
IgG-coupled protein beads for 6 h or overnight at 4 °C. After stringently
washing the beads with washing buffer, the bound RNA was purified
and subjected to RT-PCR assays.

2.9. Biotin pull-down assay

A biotin pull-down assay was performed using the Pierce™ Mag-
netic RNA-Protein Pull-Down Kit (Thermo Scientific, MA, USA) accord-
ing to the manufacturer's instructions. Cell lysates were prepared
using RIP lysis buffer. The biotin-labeled TRIM25 RNA probes listed in
Table S1. These biotin-labeled probes were bound to streptavidin
magnetic beads and incubated for 30 min at room temperature with ag-
itation. A total of 100 pg of isolated protein lysate was added to the RNA-
bound beads and incubated for 60 min at 4 °C with agitation. The bound
proteins in the pulled-down material were analyzed by Western blot
experiments using monoclonal antibodies recognizing IGF2BP3. After
secondary antibody incubations, signals were visualized by enhanced
chemiluminescence. The RNA probes sequences are listed in Table 2.

2.10. MTT and colony formation

A total of 3 x 10° BC cells was seeded on 96-well plates and cultured
(37 °C, 5% CO,) in DMEM for 12 h. Next, the cells were treated with E2
(100 nM), TAM (100 nM), plasmids (0.1 pg) or siRNA (1.5 pmol) for
the MTT cell proliferation assay. Absorbance was measured at a wave-
length of 490 nm in a FLUO star OPTIMA microplate spectrophotometer
(BMG LABTECH, Offenburg, Germany). Moreover, BC cells (1000 cells)
were infected with LV-miR-3614, LV-si-IGF2BP3 and control virus and
plated in 6-well plates for colony formation. The cells were grown for
14 days, fixed and stained with crystal violet; colonies with >30 cells
were scored.

2.11. Cell cycle assay

BC cells were seeded into 12-well plates at the density of 1 x 10°
cells per well. 48 h after transfection, cells were collected by
trypsinization, washed with PBS and fixed in ice-cold 70% ethanol at 4
°C overnight. Next, the cells were then washed with PBS and incubated
with 0.1 mg/mL RNase A for 15 min and 0.05 mg/mL propidium iodide
for 30 min at 4 °C. The samples were sorted based on DNA content by
using fluorescence activated cell sorting and CellQuest software
(FACScalibur; Becton Dickinson) to determine the percentages of cells
that were in the GO/G1, S and G2/M-phases of the cell cycle.

2.12. Xenograft assay

We generated BC cells stably overexpressing miR-3614 or with
silenced IGF2BP3 and injected them subcutaneously into female nude
mice (n = 3/group) of 4-6 weeks of age for tumor engraftment. Tumors
were examined every 3 d for a total of 35 d. The tumor volume was cal-
culated using the following formula: V = lw?/2. The growth curves
were plotted using the mean of the tumor volumes for each treatment
group at a given time point. Five weeks after tumor inoculation mice
were killed by cervical dislocation under anesthesia. The tumors were
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excised and subjected to analysis. All animal experiments were ap-
proved by the Institutional Animal Care and Use Committee of Xi'an
Jiaotong University (No. 2017-487) and were performed according to
the institution's guidelines for the use of laboratory animals.

2.13. Statistical analysis

All experiments were performed in triplicate at a minimum, unless
otherwise stated. Data analyses were carried out using the SPSS 22.0
statistics package (IBM, Armonk, NY, USA). Independent sample
Student's t-test and ANOVA analysis were used if the quantitative data
between groups show normal distribution. If not consistent with the
normal distribution, using the Wilcoxon-Mann-Whitney test. The
relationship between TRIM25/miR-3614/IGF2BP3 expression level and
clinical parameters was calculated by the y2-test. Data are presented
as the mean 4 SEM. P values of <0.05 were considered to indicate statis-
tical significance.

3. Results

3.1. Coordinated expression of pri-miR-3614 and its host gene TRIM25 in
breast cancer

By conducting The Cancer Genome Atlas (TCGA) database search,
we determined that TRIM25 mRNA expression is markedly increased
in breast tumor tissues (P < 0.01, n = 389) compared to that in hyper-
plastic (non-tumor) tissues (n = 61) (Fig. S1a). Next, we quantified
the TRIM25 mRNA expression levels in BC samples by qRT-PCR analy-
sis. Consistent with the data from the TCGA analysis, our results indi-
cated that TRIM25 mRNA was upregulated in BC tissues (n = 30)
compared to that of non-tumor tissues (P < 0.05, n = 30) (Fig. 1a).

immunohistochemistry. We observed that TRIM25 protein was local-
ized in the nucleus and cytoplasm of BC cells, and found that its
expression was upregulated by 83.3% in cancer tissues compared to
its expression in hyperplastic tissues (Fig. 1b). Western blot analysis
also showed that TRIM25 expression was enriched in BC cell lines
compared to the control mammary epithelial cell line, HBL-100
(Fig. 1c). Moreover, the expression of TRIM25 mRNA and protein
levels in estrogen-receptor-positive (ER™) BC samples was higher
than that of the ER™ BC samples (Fig. 1b and c).

As pri-miR-3614 and its host gene TRIM25 are both located on chro-
mosome 1722 and share the same promoter, we suspected that they
display similar expression patterns. First, we examined the expression
levels of pri-miR-3614 in BC tissues and cell lines by qRT-PCR. In BC
and hyperplastic (non-tumor) tissues obtained from 60 BC patients,
pri-miR-3614 expression was upregulated (median fold change: 1.5-
fold) in 23/30 of the tumor samples, but no significant difference was
observed between the ER* BC and ER™ BC samples (Fig. 1d). This result
was further validated in BC cell lines. Pri-miR-3614 expression was
higher in the MCF-7 and MDA-MB-231 cancer cell lines compared to
the HBL-100 control cell line (Fig. 1e). Next, we examined the levels of
mature miR-3614-3p and miR-3614-5p by qRT-PCR. The expression of
miR-3614-5p was almost undetectable, likely because miR-3614-3p
maturation is prevalent in breast cancer. Unexpectedly, there was no
significant difference between the levels of mature miR-3614-3p in BC
tissues compared to that of non-tumor tissues, whereas it was found
to be significantly lower in BC cell lines (Fig. 1f and g).

To further investigate the roles of TRIM25, pri-miR-3614, and miR-
3614-3p expression in BC, clinicopathologic factors were analyzed in
relation to their expression levels in BC samples (Table S1). However,
the expression of TRIM25, pri-miR-3614 and miR-3614-3p was not as-
sociated with lymph node metastasis, ER, PR (progestrone receptor),

We also investigated TRIM25 protein expression levels by AR (androgen receptor), p53, E-cadherin, Cerb-2, or Ki67 expression.
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Fig. 1. Endogenous expression of TRIM25, pri-miR-3614, and miR-3614-3p in breast cancer (BC) tissues and BC-derived cell lines. (a) qRT-PCR was performed to examine TRIM25 mRNA
expression in BC tissues versus non-tumor tissues. Data are shown as mean + SEM (Student's t-test). (b) Representative IHC images of TRIM25 expression in non-tumor tissues and BC
tissues. Magnification x40. Scale bar, 50 um. (c) TRIM25 mRNA and protein levels in BC cell lines (MCF-7, MDA-MB-231, HCC-1937 and MDA-MB-453) and normal human mammary gland
cell line (HBL-100) were quantified by qRT-PCR and Western blot. (d, e) Pri-miR-3614 expression in BC tissues and cell lines. Data are shown as mean + SEM (**P < 0.01, Student's t-test).
(f, g) miR-3614-3p expression in BC tissues and cell lines. Data are presented as the mean + SEM. (*P < 0.05, **P < 0.01, ***P < 0.001, Student's t-test).
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Altogether, these results indicate that pri-miR-3614 and its host
gene TRIM25 exhibit high levels of coordinated expression in BC, with
the exception of mature miR-3614-3p.

3.2. E2 promotes the expression of TRIM25 and pri-miR-3614, but does not
enhance the formation of miR-3614-3p

Estrogens can promote breast cancer progression by increasing the
transcription of proto-oncogenes and growth factors [25]. TRIM25 can
act as a primary response gene to mediate estrogen-regulated func-
tions including cellular growth in human breast cancer [26]. There-
fore, we hypothesized that miR-3614 transcription may be similarly
regulated by estrogen. To test this hypothesis, we treated the
ER-positive MCF-7 BC cells and the ERa-negative MDA-MB-231 BC
cells with 0-100 nM of estrogen (E2) for 6 h [27,28], and analyzed
the levels of TRIM25, pri-miR-3614, and miR-3614-3p using qRT-
PCR and western blot. As expected, we observed a significant
up-regulation of TRIM25 and pri-miR-3614 expression in MCF-7
cells following the E2 (100 nM) treatment. Similarly, E2 produced
the same effect on TRIM25 and pri-miR-3614 expression in MDA-
MB-231 cells. However, the levels of miR-3614-3p decreased in both
BC cell lines following the E2 treatment (Fig. 2a-d). Subsequently,
we demonstrated that estrogen-induced gene expression was
completely attenuated by an estrogen antagonist tamoxifen (TAM)
in both BC cell lines (Fig. 2e-h).

These data suggest that pri-miR-3614 and its host gene TRIM25 are
simultaneously induced by E2 in MCF-7 and MDA-MB-231 cells,
which is partially dependent on the estrogen receptor. Pri-miR-3614
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transcription in BC is driven by its host gene. However, miR-3614-3p
did not occur simultaneously with TRIM25 transcription. Thus, there
appears to be a mechanism that suppresses its maturation.

3.3. IGF2BP3 protected TRIM25 by antagonizing miR-3614 decay on
TRIM25 mRNA

Next, we investigated the mechanism underlying the inhibition of
miR-3614 maturation. Upon analyzing the TRIM25 mRNA sequence,
we identified putative RBP binding sites, including HuR- and IGF2BP3-
binding motifs. Importantly, there are two binding sites for IGF2BP3
on the TRIM25 gene that are located within the pri-miR-3614 sequence
(Fig. 3a). We also analyzed the TCGA data bank and found that the
IGF2BP3 level was higher in BC tissues compared to that of non-tumor
tissues (P < 0.01, n = 1645), and identified a significant positive corre-
lation between IGF2BP3 and TRIM25 expression (Fig. S1b and c). Next,
we investigated whether IGF2BP3 participates in TRIM25-mediated
post-transcriptional regulation of miR-3614. As shown in Fig. 3b-e,
siRNA-mediated depletion of IGF2BP3 in MCF-7 and MDA-MB-231
cells reduced the levels of IGF2BP3 and TRIM25 mRNA to 30% and
~50-70%, respectively. A similar trend was observed for pri-miR-3614,
but these differences were not statistically significant, whereas the
miR-3614-3p levels increased by ~1.5-2-fold compared to that of the
scrambled controls. Western blot experiments confirmed that E2 treat-
ment and IGF2BP3 silencing competitively regulated TRIM25 expres-
sion (Fig. 3f). We used actinomycin D to inhibit transcription and
measure the decay rate of TRIM25 and found that TRIM25 mRNA has
a shorter half-life in IGF2BP3-depleted cells relative to control cells
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and miR-3614-3p expression in MCF-7 and MDA-MB-231 cells treated with the indicated concentrations of E2 (0.1-100 nM) for 6 h. Data are shown as mean + SEM (*P<0.05, **P<0.01,
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(Fig. 3g). However, silencing of HuR did not affect the expression of
TRIM25 (Fig. S2). These results indicate that IGF2BP3 can promote
TRIM25 expression and suppress miR-3614 maturation.

To confirm the predicted binding sites, we performed RBP immu-
noprecipitation (RIP) and biotin pull-down analysis. As shown in
Fig. 3h and i, TRIM25 mRNA was enriched in IGF2BP3 IP samples
compared to the IgG IP samples, suggesting that IGF2BP3 specifically
binds to TRIM25 mRNA. Furthermore, we prepared biotinylated
probes (~50-nt fragments) spanning the 3’-UTRs at a site proximal
and even overlapping the miR-3614-3p binding site, and examined
their association with IGF2BP3 using biotin pull-down analysis. Bio-
tinylated TRIM25 RNAs probes were incubated with the cell lysates,
and the RBPs from the biotin pull-down were detected by western
blot. The results indicate that IGF2BP3 binds to four regions with dif-
ferent affinities. Among them, IGF2BP3 was found to bind preferen-
tially to region A in MCF-7 cells, and to regions B and D in MDA-
MB-231 cells (Fig. 3j and k).

Together, these results suggest that IGF2BP3 suppresses the forma-
tion of mature miR-3614, thereby protecting TRIM25 mRNA stability.

3.4. IGF2BP3 modulates the interaction of miR-3614 and TRIM25 transcript
associated with RISC

These data presented above suggest that IGF2BP3 may attenuate
miR-3614-mediated TRIM25 mRNA decay. To further determine if
IGF2BP3 protect TRIM25 transcript is associated with RISC, we tested
this hypothesis by RIP with Ago2, a RISC component, from control or
IGF2BP3-depleted MDA-MB-231 cells and further quantified co-
purified RNA by qRT-PCR. Western blot showed IGF2BP3 depletion sig-
nificantly repressed TRIM25 expression, however unaffected Ago2 ex-
pression (Fig. 31). As expected, RIP showed both of TRIM25 mRNA, pri-
miR-3614 and miR-3614-3p co-precipitated with Ago2 from both con-
trol and knockdown cells, and enriched concertation with Ago2 in-
creased in IGF2BP3-depleted cells (Fig. 3m-o). The data suggest that
IGF2BP3 stabilized TRIM25 mRNA associated with RISC.

3.5. TRIM25 is a direct target of miR-3614-3p in breast cancer

We used Targetscan and RegRNA prediction programs to identify
putative miR-3614-3p binding sites in the TRIM25 transcript and
found potential miR-3614-3p binding motif which is in the 3’-UTR re-
gion. To validate the theoretical relationship between miR-3614-3p
and TRIM25, we constructed luciferase reporters by cloning the wild-
type 3’-UTRs of TRIM25 (TRIM25-WT) or its mutant version (TRIM25-
MUT) into the pmiRGLO dual-luciferase reporter vector (Fig. 4a). Pre-
miR-3614-overexpressed plasmid and TRIM25-WT- or MUT-3’-UTR
vectors were co-transfected into HEK293T cells. We found that pre-
miR-3614 significantly reduced luciferase activity in TRIM25-WT sam-
ples but did not significantly affect the TRIM25-MUT samples (Fig. 4b),
indicating that miR-3614-3p binds directly to the 3’-UTR of TRIM25.

To further confirm that TRIM25 expression is regulated by miR-
3614-3p, we generated MCF-7 and MDA-MB-231 cell lines stably ex-
pressing miR-3614 (LV-miR-3614) or transiently transfected with a
pre-miR-3614 plasmid, which exhibits a high expression level of miR-
3614 compared to that of the control. TRIM25 expression was signifi-
cantly lower in the miR-3614-overexpressed cell lines (Figs. S3 and
S4). Conversely, transfection of a miR-3614-3p inhibitor recovered
TRIM25 expression (Fig. 4c and d). Moreover, when the BC cells were
co-treated with E2 and pre-miR-3614, the E2-induced expression of
TRIM25 was attenuated. When the BC cells were co-treated with E2
and a miR-3614-3p inhibitor, a synergistic effect was observed, similar
to that of miR-3614 and silGF2BP3 co-transfection (Fig. 4e-g). Consis-
tently, IHC staining demonstrated that TRIM25 protein expression was
significantly reduced in BC tumors from miR-3614-treated mice com-
pared to the control samples, whereas IGF2BP3 levels remained unal-
tered (Fig. 4h). Overall, these results indicate that TRIM25 is not only a

host gene, but also a target gene of miR-3614-3p, and that IGF2BP3
competes with the miR-3614 binding sites within the 3’-UTR of
TRIM25 mRNA and prevents miR-3614-mediated translation silencing.

3.6. The functions of the TRIM25-miR-3614-3p-IGF2BP3 regulatory axis in
BC

Previous studies have shown that E2-induced upregulation of
TRIM25 expression significantly promotes BC cell proliferation [29]. As
expected, knock-down of TRIM25 in BC cells markedly decreased cell vi-
ability and colony formation (Fig. 5a-d), and led to a decrease in num-
ber of cells in the G1 phase, owing to the decreased levels of Cyclin D1
and CDK4 (Fig. 5e and f). These data suggested that TRIM25 can act as
oncogene to promote BC cell proliferation and G1-S cell cycle transition
via regulation of Cyclin D1 and CDK4.

Meanwhile, the overexpression of miR-3614 inhibited E2-induced
TRIM25 expression at both the mRNA and protein levels (Fig. 3¢ and
d), and impaired cell growth and colony formation, whereas miR-
3614-3p inhibitor moderately increased BC cell growth, perhaps due
to the low expression levels of miR-3614-3p in MCF-7 and MDA-MB-
231 cells (Fig. 6a and b). Moreover, the overexpression of miR-3614
led to an accumulation of BC cells in the G1-phase compared to the neg-
ative control, and induced G1-phase arrest via Cyclin D1 and CDK4 sig-
naling pathways. However, the inhibition of miR-3614-3p promoted
the transition from the G1 to the S phase (Fig. 6¢c and d). Additionally,
xenograft assays showed that tumor nodules derived from miR-3614-
overexpressing cells grew slower than the control cells. The average vol-
ume of the miR-3614-treated tumors was markedly less than that of the
controls (Fig. 6e). These results demonstrate that miR-3614-3p inhibits
cell growth by inducing cell cycle arrest in BC cells, and may act as a
tumor suppressor in BC. The overexpression of miR-3614 caused a sim-
ilar effect on BC cell growth with silencing of TRIM25.

We further examined the functional effect of IGF2BP3 on BC cells.
First, we assessed the level of IGF2BP3 in BC tissues and non-tumorous
tissues by qRT-PCR and IHC. As shown in Fig. S5A and B, significantly
higher levels of IGF2BP3 were observed in BC tissues compared to that
of non-tumor tissues (p < 0.05, n = 30). Next, we used lentivirus to gen-
erate IGF2BP3-depleted cell lines (LV-si-IGF2BP3). The expression levels
of IGF2BP3 and TRIM25 were markedly reduced in the IGF2BP3-
depleted cells (Fig. S6). Moreover, IGF2BP3 silencing inhibited growth
and colony formation in MCF-7 and MDA-MB-231 cells (Fig. 7a and b).
In vivo, xenografts infected with LV-si-IGF2BP3 grew slower than the
controls (Fig. 7c). We also found that BC tumors with IGF2BP3-
depleted cells expressed less TRIM25 at the protein level (Fig. 7d). Im-
portantly, co-treatment with miR-3614-3p mimics, silGF2BP3, and
TAM synergized to markedly reduce the proliferation of BC cells
(Fig. 7e). Collectively, these findings indicate that the TRIM25-miR-
3614-IGF2BP3 axis plays an important role in regulating the growth of
BC cells.

4. Discussion

Multiple examples of cooperative and competitive interplay be-
tween RBPs and miRNAs in the regulation of gene expression have
been previously described [30-33]. In this study, we identified a novel
mechanism of mRNA translational regulation mediated by an antago-
nistic interplay between a microRNA and an RBP. We found that intra-
genic miR-3614 inhibits the expression of its host gene TRIM25 by
binding to its 3’-UTR, and that IGF2BP3 can competitively occupy this
binding site to inhibit miR-3614 maturation, thereby protecting
TRIM25 mRNA from miR-3614-mediated degradation.

TRIM25, also known as estrogen-responsive finger protein, is upreg-
ulated in response to estrogen. The TRIM25 mRNA was expressed in
human breast tumors and the estrogen-induced expression of the
TRIM25 was found in MCF-7 human breast cancer cells. Moreover,
TRIM25 promoter activity was enhanced through the estrogen-
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Fig. 4. The host gene TRIM25 is a direct target of miR-3614-3p. (a) miR-3614-3p binding sites within the 3’-UTR of TRIM25. (b) Dual-luciferase reporter assays showing repression of the
wild-type TRIM25 3’-UTR by miR-3614-3p in HEK293T cells. Data are shown as mean 4+ SEM (*P < 0.05, Student's t-test) (c, d) The expression of TRIM25 was assayed by qRT-PCR and
Western blot after overexpression of pre-miR-3614 by transfection with pre-miR-3614-pcDNATM6.2-GW/EmGFP or inhibition of pre-miR-3614 by transfection with antisense oligonu-
cleotides of miR-3614 (anti-miR-3614) in MCF-7 and MDA-MB-231 cells. Data are presented as the mean + SEM. (**P < 0.01, ***P < 0.001, ANOVA analysis). (e, f) qRT-PCR and Western
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mean £ SEM (*P < 0.05, **P < 0.01, Student's t-test). (g) Western blot analysis of protein expression of TRIM25 and IGF2BP3 in BC cells after co-transfection with silGF2BP3, pre-miR-
3614-3p, and E2. (h) IHC staining of TRIM25 (left) and IGF2BP3 (right) in tumor tissues from mice implanted with LV-miR-3614 or LV-Ctrl BC cells. Magnification x40. Scale bar, 50 um.

responsive element dependent on estrogen and estrogen receptor [34].
Previously, Ikeda et al. showed TRIM25 mRNA expression in 9 of 15
(60.0%) breast carcinoma tissues by using RNase protection assay, and
Takashi et al. reported TRIM25 immunoreactivity in breast carcinoma
cells in 22 of 30 (73.3%) cases which was significantly associated with
an increased risk of recurrence and adverse clinical outcome of the pa-
tients [21,29]. In this study, we observed that TRIM25 was upregulated
in BC tissues and cell lines, consistent with previous literature. We
showed a coordinated and strong expression of pri-miR-3614 and its
host gene TRIM25; however, mature miR-3614-3p was significantly

downregulated in BC cells. Furthermore, treatment with E2 significantly
increased pri-miR-3614 and TRIM25 expression in both MCF-7 and
MDA-MB-231 cells, consistent with the results that TRIM25 expression
can be regulated by factors independent of estrogen or estrogen signal-
ing [22]. In contrast, the expression of mature miR-3614-3p was signif-
icantly decreased, and TAM blocked the effects of the estrogen-
mediated induction. There has a common consensus MDA-MB-231 is
a triple-negative breast carcinomas (TNBC) cell line, that lack ERa but
express low levels of ERR [35]. In our other study, we found that
MDA-MB-231 cell also express EGFR (data not shown) which is
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Fig. 6. MiR-3614-3p suppresses BC cell proliferation. (a, b) MTT cell proliferation assay and colony formation were performed at the indicated time points after transfection with pre-miR-
3614, anti-miR-3614, or negative control. Data are presented as the mean + SEM. (*P<0.05, **P< 0.01, ***P< 0.001, ANOVA analysis). (c) miR-3614-3p increases G1 phase arrest in BC cells.
Flow cytometry analysis of BC cells transfected with pre-miR-3614, anti-miR-3614, or negative control treatment. Data are presented as the mean 4 SEM. (*P < 0.05, **P < 0.01, ANOVA
analysis). (d) The expression of CDK4, CyclinD1, and 3-actin analyzed by Western blot after transfection with pre-miR-3614, anti-miR-3614, or negative control. (e) Xenograft studies
show suppressed tumor growth when pre-miR-3614 is overexpressed in the transplanted cells. Gross morphology of tumors after 30 days of implantation with either LV-miR-3614 or
LV-Ctrl cells (n = 3) (left). Tumor growth curves of the tumor volumes represent measurement taken every 3 d for 30 d (right). Data are shown as mean + SEM (*P < 0.05, Student's

t-test).

consistent with Samanta S’ report. Therefore, MDA-MB-231 cells cannot
be considered completely triple-negative cell. In addition, estrogen not
only activate the classical estrogen receptor, also can be act to RTKs
and G protein-coupled estrogen receptor 1 (GPER), through the activa-
tion of PI3K/AKT signaling pathways induced the expression of target
genes [36,37]. The effects of estrogens binding to these classical estro-
gen receptors are delayed. However, estrogens binding to GPER lead

to a fast effect on regulation of gene transcription. GPER is positive in
MDA-MB-231 cell. Therefore, these may be the reason why E2 treat-
ment MDA-MB-231 cell also increased the expression of TRIM25 and
pri-miR-3614.

Thus, an important question was raised: What causes such a discrep-
ancy between host gene TRIM25 and mature miR-3614-3p transcript
levels in BC cells? Upon examining the TRIM25 mRNA sequence, we
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identified putative RBP binding sites, including IGF2BP3-binding motifs.
Hanane et al. identified 164 direct mRNA targets of IGF2BP3 in pancre-
atic ductal adenocarcinoma cells using iCLIP and RIP analysis. IGF2BP3
may attenuate miRNA-mediated mRNA degradation in association
with Ago2 [8]. In this study, we confirmed that TRIM25 is a target
gene of IGF2BP3. Using actinomycin D to interrupt TRIM25 transcrip-
tion, we determined that IGF2BP3 prolonged the half-life of TRIM25.
RIP and Pull-down analysis indicated that IGF2BP3 binds to the 3"-UTR
of the TRIM25 stabilized transcript, and blocks the pri-miR-3614 pro-
cessing. Next, we checked binding level of pre-miR-3614 and TRIM25
upon silencing of IGF2BP3 by RIP with Ago2, a RISC component. The re-
sults suggest IGF2BP3 stabilized TRIM25 mRNA associated with RISC.
Thus, here we identified a new mechanism whereby IGF2BP3 influences
the miRNA-mRNA interaction by modulating miRNA maturation.

Furthermore, we found that TRIM25 is not only a host gene, but also
a target gene of miR-3614 in BC. The overexpression of miR-3614 signif-
icantly inhibited the expression of TRIM25 by binding to pri-miR-3614
at the 3’-UTR of TRIM25, suggesting that miR-3614-3p may suppress
TRIM25 expression. Moreover, the IGF2BP3-binding sites overlap with
the miR-3614-3p-binding site, revealing that IGF2BP3 can inhibit the
binding of miR-3614-3p to its target. Thus, IGF2BP3 and miR-3614 com-
pete for common binding sites within the 3-UTR of TRIM25, thereby
regulating its translation.

Previous studies have demonstrated that TRIM25 and IGF2BP3 play
an essential role in cancer cell proliferation [38]. For example, TRIM25
is a potent regulator of metastatic disease and associated with poor
survival outcomes for breast cancer [22,39]. TRIM25 also acts as an on-
cogene in colorectal cancer and it activates TGF-3 signaling pathway
to promote tumor proliferation and metastasis [40]. Besides, IGF2BP3
protein is variably expressed in mantle cell lymphoma and that strong
expression in a high percentage of tumor cells is tightly associated
with an increased proliferation capacity of the tumor cells. In breast
carcinomas, a significantly upregulated expression of IGF2BP3 was
found in adenoid cystic carcinomas [41] and a novel biomarker for
triple-negative invasive mammary carcinoma associated with a more
aggressive phenotype [42,43]. In this study, the results demonstrate
that the expression patterns and functions of TRIM25/IGF2BP3 and
miR-3614-3p in BC are quite different. TRIM25 and IGF2BP3 promotes

cell proliferation and functions as a tumor oncogene in cancer cells.
However, miR-3614-3p inhibits BC cell growth, thus acting as a
tumor suppressor. In vivo, both the silencing of IGF2BP3 and the
overexpression of miR-3614 can effectively inhibit the growth of
BC tumors in xenograft models. Interestingly, co-treatment with
silGF2BP3, TAM, and miR-3614-3p effectively reduced TRIM25 expres-
sion and inhibited the proliferation of BC cells, indicating a synergistic
effect.

Based on our observations, we propose a model for the regulation of
TRIM25 mRNA translation in which IGF2BP3 and miR-3614-3p can
competitively bind to the 3°-UTR of TRIM25 mRNA. IGF2BP3 protects
TRIM25 mRNA from degradation and suppresses miR-3614 maturation
in BC (Fig. 8A and B). Moreover, the tumor-promoting role of TRIM25 in
breast cancer was exerted through its regulation of cell cycle by interac-
tion with IGF2BP3 and miR-3614-3p. Altogether, the IGF2BP3-
TRIM25-miR-3614 axis functions represent a new pathway that regu-
lates tumor cell proliferation, thereby providing a rationale for targeting
IGF2BP3 and TRIM25 in breast cancer treatment.
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