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Abstract

Emerging evidence indicates that microRNAs (miRNAs) play a critical role in breast cancer development. We recently
reported that a higher expression of miR-374b in tumor tissues was associated with a better disease-free survival of triple-
negative breast cancer (TNBC). However, the functional significance and molecular mechanisms underlying the role of
miR-374b in breast cancer are largely unknown. In this current study, we evaluated the biological functions and potential
mechanisms of miR-374b in both TNBC and non-TNBC. We found that miR-374b was significantly downregulated in breast
cancer tissues, compared to adjacent tissues. MiR-374b levels were also lower in breast cancer cell lines, as compared to
breast epithelial cells. In vitro and in vivo studies demonstrated that miR-374b modulates the malignant behavior of breast
cancer cells, such as cell proliferation in 2D and 3D, cell invasion ability, colony-forming ability and tumor growth in mice.
By using bioinformatics tools, we predicted that miR-374b plays a role in breast cancer cells through negatively regulating
cyclin D1 (CCND1) and transforming growth factor alpha (TGFA). We further confirmed that CCND1 and TGFA contribute

to the malignant behavior of breast cancer cells in vitro and in vivo. Our rescue experiments showed that overexpressing
CCND1 or TGFA reverses the phenotypes caused by miR-374b overexpression. Taken together, our studies suggest that
miR-374b modulates malignant behavior of breast cancer cells by negatively regulating CCND1 and TGFA genes. The newly
identified miR-374b-mediated CCND1 and TGFA gene silencing may facilitate a better understanding of the molecular
mechanisms of breast cancer progression.

Introduction

MicroRNAs (miRNAs) regulate gene expression to affect various
biological processes such as development, differentiation and
apoptosis (1-3). These small non-coding RNAs bind to the
3’ untranslated regions (3° UTR) of target messenger RNAs
(mRNAs) and disrupt target gene expression by preventing
its translation or promoting mRNA degradation (4). Emerging

evidence indicates that miRNAs play a critical role in a variety
of pathological processes, including cancer. MiRNAs can func-
tion as oncogenes or tumor suppressors by targeting different
genes that regulate the cell cycle, migration and apoptosis.
Dysregulation of miRNA expression is correlated with cancer
initiation and progression (5,6).
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Abbreviations

CCND1 cyclin D1

EGF epidermal growth factor

FGFR fibroblast growth factor receptor

GAPDH glyceraldehyde-3-phosphate
dehydrogenase

miRNA microRNA

mRNA messenger RNA

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide

PBS phosphate-buffered saline

SBCSS the Shanghai Breast Cancer Survival
Study

TCGA The Cancer Genome Atlas

TGFA transforming growth factor alpha

TNBC triple-negative breast cancer

UTR untranslated region

WT wild type

MiRNAs have been shown to be associated with breast cancer
metastasis and prognosis (7-10). Tumor suppressor miRNAs,
such as miR-126, miR-31, miR-34 and the miR-200 family, sup-
press breast cancer metastasis (8,11-13). Oncogene miRNAs,
such as miR-9 and miR-10b, are elevated in metastatic breast
cancer cells and promote cell migration/invasion, leading to me-
tastasis (9,10). Therefore, miRNAs may serve as therapeutic tar-
gets or prognostic biomarkers.

MiRNAs may play different roles in different types of cancers,
or different subsets of a particular type of cancer, depending on
their targeting genes. For example, a previous study showed that
miR-374a promotes breast cancer metastasis by activating the
Wnt/B-catenin pathway (14). However, in our previous study of
455 triple-negative breast cancer (TNBC) cases, we found that
higher expressions of both miR-374a and miR-374b were asso-
ciated with better breast cancer disease-free survival (15). These
results were consistent with findings of an independent study
on TNBC (16). In this current study, we further explored the bio-
logical functions and potential molecular mechanisms of miR-
374b in breast cancer.

Materials and methods

Cell lines, cell culture and breast cancer tissues

Human breast epithelial cells (MCF-10A and MCF-10F) and human
breast cancer cell lines (MDA-MB-231, MDA-MB-468, MCF-7, T47D, BT549
and MDA-MB-453) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA) within 6 months of purchase. MCF-
10A and MCF-10F (ATCC® CRL10318™) cells were cultured in a com-
plete medium suggested by ATCC. For MCF-10A, the kit MEGM (CC-3150)
was purchased from Lonza/Clonetics, and GA-1000 was replaced by
100 ng/ml cholera toxin. For MCF-10F, base medium of MCF-10F (1 L) in-
cluded 14.8 g/L Dulbecco’s modified Eagle’s medium and Ham'’s F12 base
(Sigma, D-9785), 1.2 g NaHCO,, 0.365 g L-glutamine, 0.059 g L-leucine,
0.0912 g r-lysine, 0.017 g L-methionine, 0.0612 g MgCl,.6H,0, 0.0488 g
MgSO,.7H,0, 0.006 g CaCl,.2H,0 and 0.0086 g Phenol Red (Sigma, P-3532).
Complete growth medium included base medium with 20 ng/ml epi-
dermal growth factor (Sigma, E-9644), 100 ng/ml cholera toxin (Sigma,
C-8052), 0.01 mg/ml human insulin (Sigma, 1-2643), 500 ng/ml hydro-
cortisone (Sigma, H-0888) and 5% horse serum (Sigma, H0146). Other
breast cancer cell lines were cultured in RPMI 1640 medium (Gibco/Life
Technologies, Grand Island, NY), supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin.

A total of 21 paired breast cancer tissues, adjacent cancer tissues
(normal tissue adjacent to the tumor) (17) and adjacent normal tissues
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(Human Paraffin-Embedded Tissue Arrays, Breast BC08032a) were pur-
chased from US Biomax, Inc.

Transfection

Cells were transiently transfected with miR-374b or miR-control
(Ambion/Life Technologies) using Lipofectamine RNAIMAX Reagent (Life
Technologies), according to the manufacturer’s protocol. For migration,
colony formation, 3D culture, quantitative real-time PCR and western blot-
ting, two transfections (0 and 24 h) were performed in 48 h, and cells were
collected 48 h after the first transfection. Cells were then plated for func-
tional assays. Co-transfection of miRNA and plasmid DNA was conducted
using Lipofectamine 2000 Reagent (Life Technologies) with the same de-
sign as the miRNA transfection.

siRNAs against CCND1 (5-ACUUGAAGUAAGAUACGGAGGGCGC-3’) or
TGFA (5-UCGCCCUGUUCGCUCUGGGUAUUGU-3" and 5-CAGAAGAAGC
AGGCCAUCACCGCU-3") were introduced into cells using RNAIMAX (Life
Technologies), according to the manufacturer’s protocol.

We evaluated transfection efficiency at the beginning of the study.
Cell lines with high transfection efficiency were chosen. For miRNA, we
used Cy3™ Dye-Labeled Pre-miR Negative Control (ThermoFisher). Both
MDA-MB-468 and T47D have a transfection efficiency around 50-60% after
the first transfection and 70-80% after the second transfection. For plasmid
transfection, we used GFP construct to check transfection efficiency. Both
MDA-MB-468 and T47D have a transfection efficiency around 30-40% after
the first transfection and 50-60% after the second transfection.

Cell proliferation assay

Breast cancer MDA-MB-468 and T47D cells were cultured in 96-well
plates with a density of 2 x 10° cells per well and tested with
3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) as-
says at different time points, as described previously (18).

Trans-well migration assay

Cell migration assays were performed in a 24-well plate with 8-pm pore
size chamber inserts (Corning, New York, NY), as described previously
(15,18). MDA-MB-468 cells were cultured in serum-free medium, with a
density of 5 x 10* per well, and placed in the upper compartments of trans-
well chambers. The lower chambers were filled with culture medium con-
taining 10% fetal bovine serum. After 12 h of incubation at 37°C, cells on
the top surface of the inserts were removed by cotton swab. Cells that mi-
grated to the bottom surface of the insert were fixed in 100% pre-cooling
methanol for 30 min, stained with crystal violet and then subjected to
microscopic inspection. Five visual fields of each insert were randomly
chosen and counted under a light microscope. Three independent experi-
ments were performed, and the data were presented as mean + SD.

Clonogenic assay

MDA-MB-468 and T47D cells were seeded with a density of 500 cells
per plate and cultured for 14 days. Cells were then washed twice with
phosphate-buffered saline (PBS), fixed in ice cold methanol and stained
with crystal violet. Three independent experiments were performed,
and the results were quantified as percentage to the control group
(mean + SD).

3D cell culture and multicellular tumor spheroid
formation

Six-well plates were coated with 3% sterile agarose in PBS buffer. When
the agarose floor dried, cell culture medium containing 5 x 10* cells was
seeded. The cells were maintained at 37°C in a 5% CO, incubator for
14 days. Spheroid volume was calculated according to the formula v = %
*length * width * width. Results were captured by digital camera. To com-
pare the number of spheroids under different conditions, we performed
the same experiments using 10-cm plates. After 14 days, the number of
spheroids was counted under a microscope. Three independent experi-
ments were performed, and the data were presented as mean + SD.

Bioinformatic analysis of miR-374b targets
The miR-374b targets were predicted using TargetScan and miRDB (19-22).
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RNA isolation and quantitative real-time PCR

Tissue cores from Human Paraffin-Embedded Tissues arrays were re-
moved from tissue array blocks for total RNA extraction. Total nucleic
acid, including miRNA, from Human Paraffin-Embedded Tissues was
isolated using the RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE
(Thermo Fisher Scientific, Waltham, MA), following the manufacturer’s
introduction. Total RNA was isolated from cells using the miRNeasy
Mini Kit (Qiagen, Valencia, CA), and 500 ng of the total RNA from
each sample were subjected to reverse transcription using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA), according to the manufacturer’s protocol. Levels of cyclin D1
(CCND1), fibroblast growth factor receptor 2 (FGFR2) and transforming
growth factor alpha (TGFA) mRNA were detected using RT? qPCR
Primer Assays (CCDN1: F: 5-AGGCGGATGAGAACAAGCAGA-3" and R: 5
CAGGCTTGACTCCAGAAGGG-3’; FGFR2: F: 5- GATAAATACTTCCAATGC
AGAAGTGCT-3" and R: 5-TGCCCTATATAATTGGAGACCTTACA-3’; TGFA:
F: 5-AGCATGTGTCTGCCACTCT-3" and R: 5-GGATCAGCACACAGGTGAT
-3; GAPDH: F: 5-GCACCGTCAAGGCTGAGAAC-3" and R: 5-ATGGTGGTG
AAGACGCCAGT-3) and RT? SYBR Green Mastermixes (Qiagen) in an
ABI 7900HT Sequence Detection System (Applied Biosystems). Relative
mRNA expression was normalized to the levels of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and calculated using the 2(44¢D
method. MiR-374b primers (F: 5-ATATAATACAACCTGCTAAGTG-3; R:
5-GTGCAGGGTCCGAGGTATTC-3’) and control primers (F: 5-AGAGAAGAT
TAGCATGGCCCCTG-3'; R: 5-ATCCAGTGCGGGTCCGAGG-3’) were obtained
from Millipore Sigma (St. Louis, MO).

Luciferase reporter assay

The 3 UTR sequences, or mutated sequences, for CCND1 and TGFA
genes interacting with miR-374b were synthesized and inserted into the
Pmel and Xbal sites of the pmirGLO Vectors (Promega, Madison, WI), as
described previously (18). The sequences for wild-type (WT) and mu-
tated TGFA gene 3" UTR were: 5-AAACTAGCGGCCGCTAGTTATCTTTATT
ATAATAAACCT-3, and 5-AAACTAGCGGCCGCTAGTTATCTTGCTGCTCCT
AAACCT-3". The sequences for WT and mutated CCDN1 gene 3° UTR

A

miR-374b Expression

c
s 150 _*
°
a %0, *
[
5 <100 .
x o °
o g [ ] "] u
3= s0 H. -
2 "a %’
; 0 T T T
Adjacent Cancer Cancer
normal adjacent

miR-374b expression by death
event (TCGA) p = 0.0059

1250

1000

750

500

cancer tissues

250

miRNA expression in

}'m—‘“°° '

0 -

survivor non-survivor

Relative
Expression (%)

were 5- TGCATAATTA TTATTATTAT TATTATAACA AGTGTGTCTT-3' and
5-TGCATAATTA TTATTATTAT GAGGAGCCCA AGTGTGTCTT-3. WT or
mutant luciferase reporter constructs, together with the pRL-TK Vector
(Promega) and miR-374b or miR-control, were co-transfected into
MDA-MB-468 cells by Lipofectamine 2000 (Life Technologies). Firefly and
Renilla luciferase activity were measured by the dual-luciferase reporter
assay system (Promega) 48 h post-transfection. Firefly luciferase activity
was normalized to Renilla luciferase activity. Three independent experi-
ments were performed, and the data were presented as mean + SD.

Western blotting

Cells were lysed with RIPA Buffer (Life Technologies), supplemented with
protease inhibitors (Roche, Indianapolis, IN). Total protein was quantified
with Pierce BCA Protein Assay (Pierce Biotechnology, Rockford, IL). Protein
samples were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene fluoride membrane.
The membrane was blocked in a blocking buffer (0.1% Tween-20 and 5%
non-fat milk in PBS) at room temperature for 1 h and then incubated at
4°C overnight using human Cyclin D1 (Cell Signaling, Danvers, MA) or
TGFA antibody (R&D Systems, Minneapolis, MN) primary antibodies.
Western blots were then incubated with a secondary antibody conju-
gated with horseradish peroxidase (Santa Cruz Biotechnology, Dallas, TX).
GAPDH was used as a loading control (Cell Signaling Technology). Protein
was visualized by LumiGLO chemiluminescent substrate (Cell Signaling
Technology).

DNA constructs of CCND1 and TGFA

CCND1 or TGFA cDNA was cloned into pENTR plasmid. The cDNA was
then introduced into pLenti6 using Gateway Technology, according to the
manufacturer’s introduction (Life Technologies). Both pLenti6-CCND1 and
pLenti6-TGFA were used for rescue experiments.

Generation of stably transfected cell lines

A lentivirus overexpressing human miR-374b was obtained from
Genomedtech (Shanghai, China) and used to infect MDA-MB-468 cells.
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Figure 1. MiR-374b is dysregulated in breast cancer tissues and breast cancer cell lines. (A) The levels of miR-374b in breast cancer tissues, paired adjacent cancer tis-
sues and paired adjacent normal tissues were measured by quantitative real-time PCR. (B) The levels of miR-374b in human breast epithelial cells (MCF-10A and MCF-
10F) and breast cancer cells (MDA-MB-231, MDA-MB-468, MCF-7, T47D, BT549 and MDA-MB-453) were examined by real-time PCR. (C) MiR-374b expression stratified by

death event in TCGA (1058 patients). *P < 0.05.



Another lentivirus overexpressing siRNA targeting human CCND1 or TGFA
was generated using the BLOCK-iT™ Lentiviral RNAi Expression System
(Thermo Fisher Scientific) and used to infect MDA-MB-468 cells. All trans-
fected cells were selected by adding 2 pg/ml puromycin to a culture me-
dium 48 h after addition of the virus.

Animal xenograft study

MDA-MB-468 cells overexpressing miR-374b, si-CCND1, si-TGFA, or con-
trol miRNA/siRNA were injected subcutaneously into nude mice with a
density of 5 x 10°. Six mice were included in each group. After 5 weeks,
the tumor weight was recorded. Animal use and care was approved by
the Institutional Animal Care and Use Committee, Tongji Medical College,
Huazhong University of Science and Technology.

Statistical analysis

Data were shown as mean + SD. Differences between experimental groups
and controls were assessed by Student’s or Welch'’s t-test. Two-tailed tests
were used, and a P value of <0.05 was considered statistically significant.

Results

MiR-374b was significantly downregulated in breast
cancer tissues and cell lines

We have identified miR-374b as a prognostic biomarker in TNBC.
To investigate whether miR-374b is dysregulated in breast cancer,
we analyzed the level of miR-374b in 21 paired samples of breast
cancer tissues, adjacent cancer tissues and adjacent normal tis-
sues. Breast cancer tissues had the lowest levels of miR-374b
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(Figure 1A). We also compared miR-374b expression in multiple
human breast epithelial cells and cancer cells and found breast
cancer cells had lower expression of miR-374b compared with
human epithelial cells, which is consistent with the results ob-
served in tissue samples (Figure 1B). We further performed ana-
lysis on miR-374b expression in 1058 breast cancer patients
included in TCGA data. MiR-374b expression was associated with
better survival (P = 0.0059; Figure 1C), suggesting that miR-374b
may play similar roles in all types of breast cancer.

Overexpressing miR-374b disrupts the malignant
behavior of breast cancer cells

To explore whether miR-374b would affect the biological be-
havior of breast cancer cells, we overexpressed miR-374b in
MDA-MB-468 and T47D breast cancer cells and evaluated its ef-
fects on cell proliferation under 2D and 3D conditions, migration
and colony-forming ability. Overexpression of miR-374b ham-
pered tumor cell proliferation in breast cancer cells under 2D
and 3D conditions (Figure 2A and B), cell migration (Figure 2C)
and colony formation (Figure 2D).

MiR-374b modulates the malignant behavior of

breast cancer cells through regulating CCND1 and

TGFA

Cascione et al. (16) reported that miR-374b expression was in-
versely associated with expression of 16 genes, including CCND1,
FGFR2, TGFA, AKT serine/threonine kinase 1 (AKT1), ATM serine/

A C
100000 7 1000007 . MDA-MB-468  T47D
-~ miR-cont -~ miR-cont
80000 -+ miR-374b 80000+ -M- miR-374b A100'
) @ 5
§ 600001 MDA-MB-468 § 60000 g
o o -
o ) T47D i »
= 40000 = 40000 e g
3 o I £ 501
- 4 (]
20000 B 20000 >
- E=)
K]
[}
0-T T T 1 0t T 1 [1'4
0 2 4 6 0 2 4 6 .
Days Days miR-374b
B 3D Culture D
MDA-MB-468 T47D
MDA-MB-468 T47D MDA-MB-468 T47D 100
80 ” g
A T 100 s
E 60- 3 O g
g, (&) d>’ E 50 *
f= o] = 3
€ 401 ° ‘6 ° *
=] * = > o
35 )
° P 3 ; : gl I
> 204 -3
7] * 0-
E g = s miR-374b + + +
0- 0-
miR-374b + + + +

Figure 2. Overexpressing miR-374b disrupts the malignant behavior of breast cancer cells. MiR-374b was transfected into MDA-MB-468 and T47D cells. Forty-eight
hours post-transfection, functional assays were performed. (A) Cell proliferation was measured by MTT assay at different time points. (B) Multicellular tumor spher-
oids formation using 3D cell culture was examined. (C) Cell migration ability was measured by trans-well migration assay. (D) Colony-forming ability was examined by
clonogenic assay. Three independent experiments were performed, and the data were presented as mean + SD. *P < 0.05.
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threonine kinase (ATM), BCL2 apoptosis regulator (BCL2), cyclin-
dependent kinase 6 (CDK®6), interleukin 1 alpha (IL1A), neuro-
trophic receptor tyrosine kinase 2 (NTRK2), ETS proto-oncogene 2,
transcription factor (ETS2), fas cell surface death receptor (FAS), fos
proto-oncogene, AP-1 transcription factor subunit (FOS), growth
arrest specific 1 (GASI), mitogen-activated protein 3-kinase 8
(MAP3K8), insulin-like growth factor-binding protein 3 (IGFBP3) and
MET proto-oncogene, receptor tyrosine kinase (MET). Utilizing two
prediction algorithms (TargetScan and miRDB) and gene lists from
Cascione et al. (16), we predicted that CCND1, FGFR2 and TGFA were
candidate targets for miR-374b (Figure 3A and B). We conducted
real-time qRT-PCR analysis and found that mRNA expression levels
of CCND1 and TGFA were reduced in response to an overexpression
of miR-374b in MDA-MB-468 cells (Figure 3C), but expression of
FGFR2 was not detected in this cell line (data not shown).

To further determine whether CCND1 and TGFA would be
regulated by miR-374b via direct binding to their 3" UTRs, we
employed a dual-luciferase reporter system with luciferase re-
porter vectors, containing either WT or mutant 3' UTRs of CCND1
or TGFA genes. Relative luciferase activity was reduced in cells

co-transfected with luciferase reporter pmirGLO-3' UTR-WT and
miR-374b mimic compared to control cells. However, the sup-
pressive effects were abolished by the miR-374b target sequence
mutation (Figure 3D). Western blotting analysis consistently
showed that the expression of CCNDI and TGFA was reduced by
the overexpression of miR-374b (Figure 3E). We demonstrate in
Figure 1B that breast cancer cell lines have lower levels of miR-
374b compared to human breast epithelial cells. To investigate
whether these breast cancer cell lines would have higher levels of
CCND1 and TGFA, due to the loss of miR-374b, we analyzed their
expression using real-time PCR. Our results demonstrate that
both CCND1 and TGFA have higher expression in breast cancer
cell lines compared to human breast epithelial cells (Figure 3F).

CCND1 and TGFA regulate the malignant behavior of
breast cancer cells

We have demonstrated that miR-374b directly targets CCND1
and TGFA. To further explore whether CCND1 and TGFA influ-
ence tumor malignance, we knocked down CCND1 or TGFA.
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Figure 3. MiR-374b negatively regulates the expression of CCND1 and TGFA in breast cancer cells. (A) CCND1 and TGFA were predicted as direct targets of miR-374b
(TargetScan and miRDB). (B) The potential miR-374b targeting sites at the 3° UTR of CCND1, TGFA and FGFR2 genes. (C) The expression of CCND1 and TGFA mRNA in
miR-374b-transfected MDA-MB-468 cells was measured by real-time PCR. (D) Relative luciferase level was examined after luciferase reporter plasmids with CCND1 or
TGFA 3’ UTR (WT or mutant), or control reporter plasmid miR-374b or miR-control, were co-transfected in MDA-MB-468 cells. (E) The levels of CCND1 and TGFA in miR-
374b-transfected cells were examined by western blotting. (F) The levels of CCND1 and TGFA mRNA in human breast epithelial cells and cancer cells were analyzed by

real-time PCR. *P < 0.05.
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Figure 4. Knocking down CCND1 or TGFA disrupts the malignant behavior of breast cancer cells. MDA-MB-468 and T47D cells were transfected with si-CCND1, si-TGFA
or siRNA negative control. Forty-eight hours post-transfection, functional assays were performed. (A) Cell proliferation was measured by MTT assay at 96 h post-
transfection. (B) Multicellular tumor spheroids formation using 3D cell culture was examined. (C) Cell migration ability was analyzed by trans-well migration assay. (D)
Colony-forming ability was investigated by clonogenic assay. Three independent experiments were performed, and the data were presented as mean + SD. *P < 0.05.

Supplementary Figure S1 (available at Carcinogenesis Online)
shows that CCND1 and TGFA siRNAs reduced mRNA expres-
sion of CCND1 and TGFA, respectively. We found that knocked
down CCND1 or TGFA expression reduced cell proliferation in
2D (Figure 4A) and 3D (Figure 4B), cell migration (Figure 4C) and
colony formation (Figure 4D) in both MDA-MB-468 and T47D
cells. To investigate whether overexpressing CCND1 or TGFA
could partially rescue malignant behaviors of breast cancer cells
caused by the overexpression of miR-374b, we co-transfected
CCND1 or TGFA with miR-374b and found partially rescued cell
proliferation in 2D and 3D (Figure 5A and B, respectively), cell
migration (Figure 5C) and colony formation (Figure 5D) for the
overexpression of both CCND1 and TGFA in both MDA-MB-468
and T47D cells.

Overexpressing miR-374b represses tumor growth in
vivo through regulating CCND1 and TGFA

To confirm our in vitro results, we also performed in vivo studies
and found that overexpressing miR-374b reduced tumor weights
by around 50% (Figure 6A and B). Analyzing gene expression in
the tumor tissues, we also found that overexpression of miR-
374b reduced the levels of both CCNDI and TGFA (Figure 6C). In
addition, decreasing either CCND1 or TGFA significantly reduced
tumor weights (Figure 6D and E).

Discussion

MiR-374a was previously described as an oncogene to pro-
mote breast cancer metastasis through upregulating Wnt/p-
catenin signaling (14). This study found that miR-374a was
overexpressed in breast cancer tissues from patients with me-
tastases compared to those without metastases, and a high miR-
374a expression level was significantly associated with short
metastasis-free survival (14). However, that study was based on
results comparing miRNA expression in parental MDA-MB-435
cells with their lung metastatic derivatives (14). This is prob-
lematic because, while the MDA-MB-435 cell line was previously
considered a breast cancer cell line, recently it was confirmed
to be a melanoma cell line (23) (http://www.atcc.org/products/
all/HTB-129.aspx). MiR-374a (12 - uuauaauacaaccugauaagug —
33) and miR-374b (11 - auauaauacaaccugcuaagug — 32) have very
similar RNA sequences, according to miRBase: the microRNA
database (http://www.mirbase.org/index.shtml). Unlike the pre-
vious study, we found that a high expression of either miR-374a
or miR-374b in tumor tissues was associated with better sur-
vival in TNBC cases from the Shanghai Breast Cancer Survival
Study (SBCSS), although miR-374b was more statistically signifi-
cant. Our results were supported by a previous study, which in-
cluded 173 TNBC cases (16). Our analysis from TCGA data, which
included 1058 breast cancer patients, showed that miR-374b
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Figure 5. Overexpressing CCND1 or TGFA partially disrupts the effects of overexpressing miR-374b on the malignant behavior of breast cancer cells. MiR-374b was
co-transfected into breast cancer cells with expression construct of CCND1 or TGFA, or both. (A) Cell proliferation was measured by MTT assay at 96 h post-transfection.
(B) Multicellular tumor spheroids formation using 3D cell culture was examined. (C) Cell migration ability was analyzed by trans-well migration assay. (D) Colony-
forming ability was investigated by clonogenic assay. Three independent experiments were performed, and the data were presented as mean + SD. *P < 0.05.

expression is associated with better survival, suggesting that it
may play similar roles in all types of breast cancer.

The expression of miR-374b was significantly downregulated
in breast cancer tissues compared with adjacent normal tissues.
Functional studies revealed that the overexpression of miR-374b
inhibited cell proliferation, migration and colony formation in
breast cancer cells, as well as suppressed tumor growth in vivo.
The data suggest that miR-374b functions as a tumor suppressor
in breast cancer.

Using two bioinformatics tools, we found that CCND1, FGFR2
and TGFA genes could be potential targets of miR-374b. Our in
vitro experiments confirmed that CCND1 and TGFA were direct
targets of miR-374b, suggesting that miR-374b-mediated CCND1
and TGFA gene silencing resulted in significant inhibitory ef-
fects on the malignant behavior of breast cells and affected pa-
tient prognosis. A previous study also reported that miR-374a
and miR-374b are both inversely associated with expressions
of AKT1, ATM, BCL2, CCND1, CDK6, ETS2, FAS, FGFR2, FOS, GAS1,
IGFBP3, IL1A, MAP3K8, MET, NTRK2 and TGFA (16). We previously
reported that miR-374a overexpression inhibited lung adenocar-
cinoma cell proliferation, migration and invasion via targeting
of TGFA gene expression (18).

It has been well established that CCND1 and TGFA play im-
portant roles in breast cancer, including tumor growth, cell cycle
regulation and migration (24-29). In addition, both CCND1 and

TGFA serve as prognostic biomarkers for breast cancer patients
(30-35). The CCND1 protein is overexpressed and has many func-
tions in breast cancer, including carcinogenesis (27-29). In add-
ition, both mRNA and protein expression of CCND1 correlate with
breast cancer patient prognosis (33,36,37). Using publicly available
microarray gene expression and breast cancer outcome data, we
found that higher CCND1 mRNA levels were associated with poor
metastasis- or recurrence-free survival. TGFA is a growth factor
and member of the epidermal growth factor (EGF) family that
regulates autocrine breast cancer growth (24,38). Animal models
have demonstrated that TGFA promotes epithelium growth in
mammary glands by binding to the EGF receptor, activating its
kinase cell signaling processes (25). TGFA has been detected in
50-70% of primary breast cancer tissues, and its activity is 2-to
3-fold higher in breast cancer patients (24). High TGFA expres-
sion is associated with axillary lymph node metastasis and poor
prognosis in breast cancer patients (30). These data further sup-
port the notion that miR-374b functions as a tumor suppressor in
breast cancer by targeting CCND1 and TGFA genes.

In summary, our in vitro and in vivo studies demonstrate
that miR-374b modulates malignant behavior of breast cancer
cells by negatively regulating CCND1 and TGFA genes. The newly
identified miR-374b-mediated CCND1 and TGFA gene silencing
may facilitate a better understanding of the molecular mechan-
isms of breast cancer progression.
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Figure 6. Overexpressing miR-374b represses tumor growth in vivo through regu-
lating CCND1 and TGFA. MDA-MB-468 stable cells were generated to constitutively
express miR-374b or miR-control. (A and B) MDA-MB-468 stable cells expressing
miR-374b or miR-control were injected subcutaneously into nude mice. After 5
weeks, tumor weight was evaluated. (C) Total protein lysates were extracted from
tumor xenografts and the levels of cyclin D1 and TGFA were evaluated by western
blotting. MDA-MB-468 stable cells were generated to constitutively express
si-CCND1, si-TGFA or si-control. (D and E) 5 x 10° cells were injected subcutane-
ously into nude mice. After 5 weeks, tumor weight was evaluated.
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