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Abstract
The progression of localized breast cancer to distant metastasis results in a poor prognosis and a high mortality rate. In this
study, the contributions of miRNAs to tumor progression and the regulatory mechanisms leading to their expression
alterations were investigated. Using highly lung-metastatic sub-lines from parental breast cancer cells, miRNA expression
profiling revealed that the miR-17-92 cluster is significantly downregulated and the miR-18a-5p is the most evidently
decreased. Ectopic expression and inhibition of miR-18a-5p demonstrated its capacity in suppressing migration and invasion
of breast cancer cells. Further research identified sterol regulatory element binding transcription protein 1 (SREBP1), the
master transcription factor that controls lipid metabolism, as a candidate target of miR-18a-5p. SREBP1 is overexpressed
and strongly associated with worse clinical outcomes in breast cancer. Functionally SREBP1 promotes growth and
metastasis of breast cancer both in vitro and in vivo. To unravel the underlying mechanism of SREBP1-mediated metastasis,
mRNA profiling and subsequent gene set enrichment analyses (GSEA) were performed and SREBP1 was demonstrated to
be significantly associated with epithelial-mesenchymal transition (EMT). Furthermore, SREBP1-mediated repression of E-
cadherin was found to be deacetylation dependent and was augmented by recruiting Snail/HDAC1/2 repressor complex. In
the light of these data, we propose that reduced expression of miR-18a-5p and concomitant overexpression of SREBP1 lead
to induction of EMT states that in turn, promote breast cancer progression and metastasis. Taken together, our study reveals
the crucial role of miR-18a-5p and SREBP1 in the EMT and metastasis, thus providing promising drug targets for tailored
therapy in the advanced breast cancer setting.

Introduction

Breast cancer is the second leading cause of cancer death
among women [1, 2]. The majority of breast cancer patients
have operable tumors; however, cancer metastasis rather
than the primary tumor imperils patients’ lives by reducing
the chance of long-term survival from 90 to 5% [3].
Epithelial-mesenchymal transition (EMT) is regarded as the
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Fig. 1 In vivo selection of highly lung-metastatic breast cancer cells
identifies miR-18a-5p as candidate miRNA inhibiting breast cancer
invasiveness. a Flowchart delineating in vivo selection procedures of
highly lung-metastatic breast cancer cells. Parental MDA-MB-
231EGFP-Fluc was injected into the Balb/c female mice from tail vein
to form lung metastasis. Eight weeks later, the first round sub-line LM-
R1EGFP-fLUC was harvested, cultured, sorted by flow-cytometry and
reinoculated into mice to obtain the second-round sub-line LM-
R2EGFP-fLUC. b Representative fluorescent and phase contrast images of
LM-R1EGFP-fLUC. Scale bar: 20 μm. c Transwell assay showed the
migration and invasion ability of MDA-MB-231EGFP-Fluc increases in
succession during the in vivo selection (LM-R2EGFP-fLUC >
LM-R1EGFP-fLUC >MDA-MB-231EGFP-Fluc). Representative areas of

invaded cells stained with crystal violet (n= 3). Scale bar: 20 μm.
d Expression heatmap of differential miRNAs profile of MDA-MB-
231 EGFP-fLUC, LM-R1EGFP-fLUC, and LM-R2EGFP-fLUC. e The expres-
sion of six members in miR-17-92 cluster detected by qPCR is
coherent to that in microarray (n= 3). f Transwell assay showed that
miR-18a-5p impaired the migration and invasion ability of MDA-MB-
231 EGFP-fLUC, LM-R1EGFP-fLUC, and LM-R2EGFP-fLUC. (n= 3). Left
panel, representative areas of invaded cells stained with crystal violet;
right panel, relative quantitation of invaded cells of three random
fields. Scale bar: 20 μm. g Transwell assay showed that miR-18a-5p
mimics impaired the migration and invasion ability of MDA-MB-231
and MCF-7 while miR-18a-5p inhibitors improved the metastatic
effect (n= 3). Scale bar: 20 μm. *P < 0.05, **P < 0.01
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first and foremost step of cancer metastasis [4]. Although
plenty of EMT and metastasis-related genes have been
described, the underlying mechanisms of metastatic spread
are yet largely unexplored. Therefore, identifying functional
molecules involved in cancer metastasis that could effec-
tively be targeted for breast cancer treatment is an important
area of investigation.

MicroRNAs (miRNAs) are small non-coding RNA
molecules, which regulate multiple central mechanisms of
tumorigenesis and metastasis [5, 6]. Amongst the numerous
identified miRNAs, the miR-17-92 has been identified to be
involved in multiple molecular mechanisms of tumorigen-
esis and metastasis and is located in the third intron of the
open reading frame 13 (C13orf25), encompassing six indi-
vidual miRNAs (miR-17-5p, miR-18a-5p, miR-19a-3p,
miR-19b-3p, miR-20a-5p, and miR-92a-3p) [7]. Recently,
miR-17-92 has been reported to represent distinctive
expression via different oncogenic molecular mechanisms or
pathways in a variety of cancer types [8–10]. The miR-17-92
was first designated as oncomir-1 considering its oncogenic
role in hematopoietic malignancies [11]. However, increas-
ing evidence suggests its role as a tumor suppressor in solid
tumors. For instance, loss of heterozygosity at chromosome
13q31, where human miR-17-92 is mapped, was detected in
approximately 25% of human breast tumors [12].

In this study, highly lung-metastatic sub-lines from par-
ental breast cancer cells was utilized. We demonstrated that
miR-18a-5p, the relatively understudied member of miR-17-
92, was the most decreased miRNAs in the derived cell lines.
Furthermore, we verified sterol regulatory element binding
transcription protein 1 (SREBP1) as the direct target of miR-
18a-5p, which is the main regulator in lipid metabolism [13].
Previous studies have demonstrated that aberrant expression
of SREBP1 is not only reported in some metabolic diseases
[14], but also is closely related to cancer [15]. In this study,
we observed that depletion of SREBP1 in breast cancer cell
lines was sufficient to decrease the metastatic ability of cancer
cells by interfering with the EMT program. All these data
indicate that reduced expression of miR-18a-5p and con-
comitant overexpression of SREBP1 may be critical compo-
nents required in the complex process of distant metastasis in
breast cancer. Thus, this study further elucidates the potential
mechanisms underlying metastasis, and promisingly provides
novel targets for therapeutic strategies.

Results

In vivo selection of breast cancer cells with highly
metastatic potential

In vivo selection provides an effective way to isolate highly
metastatic sub-lines from the original mixture [16, 17]. We

generated highly metastatic breast cancer sub-lines using
MDA-MB-231EGFP-fLUC cells as a starting point (Fig. 1a).
Briefly, MDA-MB-231EGFP-fLUC cells were inoculated into
the tail vein of nude mice to form lung metastasis. Eight
weeks later, the mice were sacrificed and the lung tissues
were subjected to primary tissue culture to obtain the first-
round sub-line LM-R1EGFP-fLUC. After expansion and flow
sorting, LM-R1EGFP-fLUC cells were re-inoculated into mice
to generate the second-round sub-line LM-R2EGFP-fLUC

(Fig. 1b). Transwell assay results showed the metastatic
ability of LM-R1EGFP-fLUC and LM-R2EGFP-fLUC cells
increased dramatically through two rounds of in vivo serial
selection when compared with the parental cells (Fig. 1c).

MiR-18a-5p was identified as candidate miRNA
inhibiting breast cancer invasiveness

We then compared the miRNA expression profile of the two
derivative sub-lines with parental cells using a custom
miRNA microarray [18]. Amongst the 1105 miRNAs
detected, 29 miRNAs in LM-R1EGFP-fLUC cells while 38
miRNAs in LM-R2EGFP-fLUC cells were found to be sig-
nificantly down-regulated compared to the parental cells. It
is noteworthy that the most significantly down-regulated
miRNAs in the lung-metastatic sub-lines were members
from miR-17-92 clusters (Fig. 1d). In accordance with our
previous study [19], three miRNAs (miR-30a-5p, miR-30d-
5p, and miR-30e-5p) from the miR-30 family were down-
regulated significantly in LM-R2EGFP-fLUC cells when com-
pared to MDA-MB-231 cells, which independently affirmed
the reliability of the microarray data.

Next, qPCR was performed to validate the expression of
the six members from miR-17-92 clusters. As is shown in
Fig. 1e, the expressions of the six miRNAs were all down-
regulated in LM-R1EGFP-fLUC or LM-R2EGFP-fLUC cells
compared with MDA-MB-231EGFP-fLUC cells. Notably,
miR-18a-5p was the most significantly down-regulated
miRNAs among the six members, emphasizing its potential
role in human breast cancer metastasis. Transwell assays
showed the significant suppression of miR-18-5p mimics on
the migration and invasion in MDA-MB-231EGFP-fLUC,
LM-R1EGFP-fLUC, and LM-R2EGFP-fLUC cells (Fig. 1f).
To further confirm the findings, miR-18a-5p mimics
and inhibitors were transfected into MDA-MB-231
and MCF-7 cells and the transfection efficiency was ver-
ified by qPCR (Supplemental_Fig_S1A). As shown
in Fig. 1g, overexpression of miR-18a-5p significantly
impaired the migration and invasion in both cell
lines. Furthermore, when titrating the amount of miR-18a
mimics to more physiological levels, the suppressive
effect of miR-18a-5p mimics on migration and
invasion of MDA-MB-231 cells was still significant
(Supplemental_Fig_S1B). On the contrary, inhibition of
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miR-18a-5p with the oligonucleotide inhibitor markedly
enhanced the migration and invasiveness in both
cells. Taken together, these results strongly suggest that
miR-18a-5p may play a key role in the metastasis of breast
cancer cells.

MiR-18a-5p suppressed migration and invasion by
directly targeting SREBP1

To identify the candidate targets of miR-18a-5p (Fig. 2a),
the mRNA microarray and bioinformatic strategy were
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Fig. 2 MiR-18a-5p targets SREBP1 and suppresses migration and
invasion. a Venn diagrams represent the mutual candidate target genes
of miR-18a-5p identified by mRNA microarray, miRWalk, and
MicroCosm. b The expression of SREBP1 is inhibited most evidently
in the four candidate targets (SREBP1, PIK3C2A, RBBP8, and
SLC30A7) by qPCR after treatment of miR-18a-5p mimics (n= 3). c
The mRNA expression of SREBP1 in MDA-MB-231, LM-R1, and
LM-R2 (n= 3). d The alignment of predicted binding sites in SREBP1
3′UTR for miR-18a-5p from eight organisms. The structure of corre-
sponding substitution sequence in the mutant vector. Mut mutated.

e Luciferase reporter assays in MDA-MB-231 cells after co-
transfection of SREBP1 wild-type or mutated 3′UTR with miR-18a-
5p mimics increasing from 0 to 100 nM (n= 3). WT wild-type, MUT
mutated. f Luciferase reporter assays after co-transfection of SREBP1
wild-type 3′UTR with miR-18a mimics ± inhibitors in MDA-MB-231
cells (n= 3). g Transwell assay showed restoration of SREBP1 with
transient transfection method could partially abrogate miR-18a-5p-
induced suppression of migration and invasion in both MDA-MB-231
and MCF-7. Scale bar: 20 μm. h Migration and invasion of the above
cells were quantitatively analyzed (n= 3). *P < 0.05, **P < 0.01
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applied. Assuming a high probability that direct targets of
miR-18a-5p were included in the up-regulated gene list, we
compared the mRNA expression profile of the two deriva-
tive sub-lines with the parental cells. Next, we analyzed the
target genes of miR-18a-5p shared by two widely used
bioinformatics algorithms: miRWalk and MicroCosm.
Finally, four predicted targets of miR-18a-5p meet all these
above requirements, including SREBP1, PIK3C2A,
RBBP8, and SLC30A7. Promisingly, SREBP1 was mark-
edly down-regulated after miR-18a-5p mimics transfection
(Fig. 2b), indicating SREBP1 may be a downstream target
of miR-18a-5p. We further found the SREBP1 mRNA level
was gradually elevated during the in vivo selection course
(Fig. 2c). Then, we found transfection of miR-18a-5p
inhibitors could upregulate SREBP1 expression in both cell
lines (Supplemental_Fig_S2A, 2B).

The mRNA: miRNA alignment analysis demonstrated
the evolutionary conservation of the binding sites for miR-
18a-5p (Fig. 2d). We then cloned sequence of SREBP1
3′UTR which contains the putative binding site of miR-18a-
5p for the luciferase assay. Meanwhile, a corresponding
mutant vector was also constructed. The luciferase activity
of wide-type SREBP1 3′UTR vector was significantly
decreased when MDA-MB-231 cells were transfected with
miR-18a-5p mimics in a dose gradient manner (Fig. 2e).
Conversely, the reduction of luciferase activity was abol-
ished when the mutant SREBP1 3′UTR vector was co-
transfected with miR-18a-5p mimics. We observed the
consistent phenomenon in MCF-7 cells (Supple-
mental_Fig_S2C). Furthermore, introducing with the miR-
18a-5p inhibitors effectively restored the luciferase activity
of wide-type SREBP1 3′UTR when it was co-transfected

P=0.017
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μm. c Transwell migration and invasion assays of MDA-MB-231 and
MCF -7 cells after stable transfection with SREBP1 knockdown or
overexpression vector (n= 3). Representative areas of invaded cells
stained with crystal violet were displayed and invaded cells of three
random fields were quantitatively analyzed. Scale bar: 20 μm. d Ima-
ges of the xenograft tumors in nude mice implanted with the MDA-
MB-231 control cells and stable SREBP1 knockdown cells (1 × 107)
(n= 6 in each group). e Tumor growth curves of SREBP1 knockdown

or control MDA-MB-231 cells in nude mice (n= 6 in each group).
The volume of tumors was assessed in indicated days. f Tumor weight
of nude mice implanted with the control and stable SREBP1 knock-
down cells was measured at the completion of the experiment (n= 3).
g Representative xenograft tumors stained for Ki67 and TUNEL. Scale
bar: 20 μm. h Lung metastasis was diminished with SREBP1 knock-
down (n= 7 in each group). Upper panel: whole-lung images of mice
after injection of SREBP1 knockdown or control MDA-MB-231 cells;
lower panel: representative hematoxylin and eosin staining of lung-
metastatic tumors are shown. i Quantification of metastasis nodules at
the lung surface after orthotopic injection of SREBP1 knockdown or
control MDA-MB-231 cells (n= 7 in each group). j Survival of mice
injected with SREBP1 knockdown or control MDA-MB-231 cells (n
= 6 in each group). *P < 0.05, **P < 0.01
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with miR-18a-5p mimics (Fig. 2f). Collectively, these data
demonstrate that SREBP1 is a direct target of miR-18a-5p.

Furthermore, we restored SREBP1 expression in the
presence of miR-18a-5p mimics and adopted qPCR to
detect the SREBP1 mRNA after the cells were manipulated
accordingly (Supplemental_Fig_S3A). The ‘rescue’
experiment showed restoration of SREBP1 could partially
abrogated miR-18a-5p-induced suppression of migration
and invasion in both cells (Fig. 2g, h). Furthermore, the
concomitant knockdown of SREBP1 and miR-18a-5p
inhibition abrogated the pro-metastatic effect of miR-18a
inhibition (Supplemental_Fig_S3B, 3C), hence supporting
the hypothesis that SREBP1 is a direct and functional target
of miR-18a-5p.

SREBP1 expression is upregulated and associated
with survival in breast cancer

To assess the potential clinical relevance of our obser-
vations, we detected SREBP1 expression in breast normal
tissues and cancer tissues by IHC (Fig. 3a). The staining
intensity of SREBP1 was found to be significantly ele-
vated in tumor tissues compared with normal tissues.
Interestingly, the staining distribution was also different,
with nuclear SREBP1 being negligible and most of the
SREBP1 located in cytoplasm in normal tissues, whereas
nuclear SREBP1 staining significantly intensified with
higher grades of breast tumor tissues, indicating the
increased SREBP1 expression and activation (nuclear
translocation) may correlate with de-differentiation of
breast tumors. Furthermore, analysis of mRNA from
breast tumor tissues and matched normal tissues con-
sistently demonstrated that SREBP1 was upregulated in a
majority of tumor samples examined (18/29) when
compared to paired normal samples (Student’s t-test,
P= 0.0471) (Fig. 3b).

IHC staining analysis of SREBP1 expression on tissue
microarrays (TMA) containing 329 breast cancer samples
(Fig. 3c) showed overexpression of SREBP1 was correlated
to HER2 status of breast tumors (Supplementary Table 2).
Furthermore, patients with high nuclear SREBP1 expres-
sion had worse overall survival (OS) and cause specific
survival (CSS) (Fig. 3d). However, the cytoplasmic staining
of SREBP1 failed to identify the patients with poor OS and
CSS. Combination of nuclear and cytoplasmic analysis
approximated the result of the nuclear analysis. Univariate
Cox survival analysis also indicated that high SREBP1
expression is strongly associated with worse clinical out-
comes (Supplementary Table 3). When all the other factors
were considered, the multivariate Cox analysis still showed
that the survival was significantly lower in patients with
high SREBP1 expression (Supplementary Table 4),

suggesting that SREBP1 may serve as an independently
prognostic factor in breast cancer.

SREBP1 promotes cell growth and invasiveness
in vitro and in vivo

To investigate the role of SREBP1 in breast cancer metastatic
processes, stable knockdown and overexpression cells were
established. Among four shRNAs targeting at SREBP1
mRNA, we adopted sh2 and sh4 in the subsequent experi-
ments (Supplemental_Fig_S4A). The stable transfection effi-
ciency was then validated with qPCR and western blot
(Fig. 4a, Supplemental_Fig_S4B, S4C). Subsequently, IF
analysis showed that both shRNA constructs significantly
reduced the staining of SREBP1 (red), indicating the active
form of SREBP1 could be diminished by shRNA silence
(Fig. 4b). Further detection of SCD1 expression level showed
knockdown of SREBP1 significantly reduced SCD1 expres-
sion, supporting that SREBP1 is a prerequisite to its
downstream lipogenic gene expression (Supple-
mental_Fig_S4D, S4E).

The impact of SREBP1 on cell proliferation and onco-
genic potential was investigated. The depletion of
SREBP1 suppressed both MDA-MB-231 and MCF-7 pro-
liferation significantly (Supplemental_Fig_S5A). We then
observed an incremental effect on cancer cell proliferation
after overexpressing SREBP1. Similarly, a remarkable
inhibitory effect on colony formation was observed when
SREBP1 was silenced (Supplemental_Fig_S5B). Transwell
assays were employed to detect the migration and invasion
ability of breast cancer cells. As shown in Fig. 4c, knock-
down of SREBP1 could potentially suppress migration and
invasion of MDA-MB-231 and MCF-7 cells, while over-
expression of SREBP1 could enhance these invasive abil-
ities. All these data support the hypothesis that SREBP1 has
an intensive effect on growth and invasion of breast cancer
cells.

Investigation of the role of SREBP1 in tumor growth
in vivo showed that the knockdown of SREBP1 could
significantly inhibited tumor volume, rate of tumor growth,
and tumor weight (Fig. 4d–f). Further analysis of these
harvested xenografts revealed that knockdown of SREBP1
significantly decreased proliferation and increased apoptosis
(Fig. 4g) as indicated with staining of Ki67 and TUNEL,
respectively. We also investigated the function of SREBP1
in breast cancer lung metastasis via intravenous injection of
MDA-MB-231 cells. Concordant with the in vitro obser-
vations, silencing of SREBP1 alleviated the lung coloni-
zation of breast cancer cells in nude mice (Fig. 4h, i). In
addition, inoculation of MDA-MB-231 cells with SREBP1
knockdown effectively prolonged the survival time
(Fig. 4j). Together, these data demonstrated a functional
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role of SREBP1 in promoting breast cancer growth and
metastasis both in vitro and in vivo.

SREBP1 promotes cell metastasis via inducing EMT

Microarray analysis was adopted to further elucidate the
underlying mechanisms of SREBP1-mediated metastasis
(Fig. 5a). We performed gene set enrichment analysis (GSEA)

to evaluate the global transcriptomic variations associated
with SREBP1. Using the hallmarks of cancer-related gene
signatures, we found that the SREBP1-enriched cells were
significantly associated with EMT gene list (Fig. 5b). In
both breast cancer cell lines, silencing of SREBP1 aroused
a pronounced elevation of E-cadherin while a decrement
of N-cadherin and Fibronection (Fig. 5c–e). We also
observed down-regulation of EMT-related transcription

Fig. 5 SREBP1 promotes cell metastasis via inducing EMT. a Microarray-based transcription profiling of differential gene expression in stable
SREBP1 knockdown and the control breast cells. b Gene set enrichment analysis showed that SREBP1-enriched cells were significantly associated
with EMT gene lists in both MDA-MB-231 and MCF-7 cells. c Immunofluorescence analyses of E-Cadherin, N-Cadherin, and Fibronectin
expression in MDA-MB-231 and MCF-7 cells transfected with control vector or shSREBP1 vector. DAPI was used to indicate the nuclear
location. Scale bar: 20 μm. d The mRNA level of the EMT-related markers in MDA-MB-231 and MCF-7 cells transfected with the control vector
and the shSREBP vector (n= 3). e Western blot results of EMT-related markers in MDA-MB-231 and MCF-7 cells are shown after SREBP1 was
knockdown. *P < 0.05, **P < 0.01
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factors such as Snail, Zeb1, and Twist after silencing of
SREBP1.

Next, we investigated whether SREBP1 expression sig-
nificantly correlated with EMT markers in human
breast tumor tissue (Fig. 6a). The results revealed that
high mRNA expression of SREBP1 was significantly cor-
related with low E-cadherin, high N-cadherin, and Fibro-
nection expression. Furthermore, the expression patterns
of these EMT markers in SREBP1 knockdown cells
was additionally validated by IHC analysis using
xenograft tumors previously mentioned (Fig. 6b). We fur-
ther examined whether SREBP1 mRNA expression could
predict outcome when combined with E-cadherin mRNA
expression (Fig. 6c). As anticipated, patients with high
E-cadherin mRNA and low SREBP1 mRNA expression
experienced better OS and CSS compared with patients

with low E-cadherin mRNA and high SREBP1 mRNA
expression.

SREBP1 regulates EMT by forming a co-repressor
complex with HDAC1/2 and Snail to suppress E-
cadherin

Up-regulation of E-cadherin, the gatekeeper of EMT and
metastasis, is a hallmark of cells with SREBP1 knockdown.
Therefore, we investigated the mechanisms accounted for
the regulation of E-cadherin by SREBP1. Epigenetic reg-
ulation is an explanation for the alteration of E-cadherin
expression. To validate this, we targeted the epigenetic
machinery in a series of breast cancer cell lines with either
the demethylation agent decitabine or the HDAC inhibitor
Trichostatin A (TSA). Decitabine treatment did not result in
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Fig. 6 SREBP1 expression is significantly correlated with EMT mar-
kers in clinical samples. a The correlation between SREBP1 expres-
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*P < 0.05, **P < 0.01
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a significant elevation in E-cadherin expression (Supple-
mental_Fig_S6A), while treatment with TSA markedly
up-regulated E-cadherin mRNA expression in a

dose-dependent manner (Supplemental_Fig_S6B). Asses-
sing whether deacetylation machinery contributes to the
silencing of E-cadherin by SREBP1 was further evaluated
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MDA-MB-231 was transfected with SREBP1 overexpression vector
for 48 h and followed by the treatment with 0, 100, and 300 nM TSA
(n= 3). b The mRNA expression of E-cadherin expression was
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expression vector later (n= 3). c Luciferase reporter assays was used
to determine transcriptionally suppressive effect of SREBP1 on
E-cadherin promoter in the presence of Snail or not (n= 3). d The
physical interaction of SREBP1 with Snail and HDAC1/2 was
observed by the co-IP assay. e Luciferase reporter assays validated that

Snail/HDAC1/2 contribute to the suppressive effect of SREBP1 on
E-Cadherin expression (n= 3). f ChIP-qPCR analyses confirmed the
recruitment of SREBP1/Snail/HDAC1/2 to the E-cadherin promoter.
Silencing of SREBP1 did not affect the recruitment of Snail, HDAC1,
and HDAC2 to the E-Cadherin promoter (left panel), while silencing
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representation depicting the mechanism of miR-18a-5p targeting
SREBP1 to suppress SNAIL/HDAC1/2-induced EMT and metastasis
of breast cancer. *P < 0.05, **P < 0.01
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by two experimental designs. Firstly, SREBP1 was over-
expressed for 48 h and then followed by the treatment with
TSA. As shown in Fig. 7a, overexpression of SREBP1-
significantly downregulated E-cadherin expression, while
treatment of TSA restored the expression of E-cadherin.
Secondly, we reversed the procedure by pretreating cells
with TSA for 48 h before introducing SREBP1 over-
expression vector (Fig. 7b). These results revealed
overexpression of SREBP1 impaired the increment of
E-cadherin triggered by TSA treatment. Taken together,
these data strongly suggest that silencing of E-cadherin by
SREBP1 results from deacetylation machinery.

SREBP1 has been predicted to be one of the transcrip-
tional factors in the promoter region of E-cadherin (Sup-
plemental_Fig_S7A); nevertheless, all published studies
suggest that SREBP1 requires additional co-regulatory
factors to function properly [20]. Snail, the principal tran-
scriptional repressor of E-cadherin [21], was predicted to
interact with SREBP1 along with the deacetylation enzymes
HDAC1/2 (Supplemental_Fig_S7B). To validate this, we
applied luciferase assay to determine the transcriptional
activity of SREBP1 on E-cadherin promoter in the presence
of Snail or not (Fig. 7c). The promoter activity of E-
cadherin was suppressed by SREBP1 overexpression alone
in a dose-dependent pattern, and the suppressive effect was
substantially enhanced by co-transfection of Snail vector.
Next, we observed the physical interaction of SREBP1 with
Snail and HDAC1/2 in the co-immunoprecipitation assay
(Fig. 7d, Supplemental_Fig_S8A). Additionally, we
involved luciferase assay to verify the requirement of Snail
and HDAC1/2 in the suppressive function of SREBP1
toward E-cadherin promoter (Fig. 7e). Consistently, the
suppressive effect of SREBP1 on the E-cadherin promoter
was significantly reinforced in the presence of Snail, and
was further augmented by introducing either HDAC1 or
HDAC2. Subsequently, we performed ChIP to confirm the
recruitment of SREBP1, Snail and HDAC1/2 to the E-
cadherin promoter. As shown in Fig. 7f, the recruitment of
Snail and HDAC1/2 to the E-cadherin promoter was not
affected by SREBP1 depletion. Nevertheless, silencing of
Snail significantly dissociated SREBP1 and HDAC1/2 from
E-cadherin promoter, suggesting that Snail may be the
essential element in the complex. Additionally, concurrent
knockdown of HDAC1 and HDAC2 did not impair the
recruitment of Snail as well as SREBP1 to the promoter
region. The knockdown efficiency of each siRNA was
showed in Supplemental_Fig_S8B. Furthermore, we
applied IF staining to detect the E-cadherin expression upon
knockdown of SREBP1, Snail and SREBP1+ Snail. We
found that concurrent knockdown of SREBP1 and Snail did
not exert additive effect on E-cadherin expression when
compared with knockdown of SREBP1 or Snail
alone (Supplemental_Fig_S9). Overall, these findings

demonstrate that a Snail/HDAC1/2 containing repressor
complex plays an important role in SREBP1-mediated
E-cadherin silencing during EMT process of breast cancer
cells (Fig. 7g).

Discussion

Emerging evidence has highlighted the fundamental role of
miRNAs in the progression of cancer [22, 23]. The miR-17-
92 is one of the best characterized miRNAs, whose aberrant
expression is observed in a variety of tumor types [24, 25].
Our results suggested downregulation of miR-17-92 is an
acquired trait associated with distant metastasis of breast
cancer, which are concordant with previously findings [26,
27]. While many studies argue for the oncogenic role of
miR-17-92 cluster in different cancer types [7], this dis-
crepancy may be related to the uniquely polycistronic
structure of miR-17-92 [28]. Among the members of miR-
17-92, limited studies have been published on the specific
functionality of miR-18a-5p in human breast cancer. With
microarray and bio-informatic strategies, we reduced the
predictive targets of miR-18a-5p to four candidate genes,
amongst which SREBP1 was verified to be the target of
miR-18a-5p. It is notable that in the rescue experiment
SREBP1 expression could be suppressed by miR-18a-5p
mimics in the absence of 3′UTR of SREBP1, indicating an
alternative regulation of SREBP1 by miR-18a-5p. Recon-
sidering the sequence complementarity between miR-18a-
5p and SREBP1 regardless of the location revealed a 6-mer
binding site located in the coding sequence of SREBP1. We
speculated that miR-18a-5p might regulate SREBP1
expression via targeting the coding sequence besides 3′UTR
as reported in other studies [29]. Nevertheless, whether this
interpretation could account for the results needs further
study.

SREBP1 is a major transcription factor directly activat-
ing the key and rate-limiting enzymes in cholesterol and
fatty acid [30, 31]. It is noteworthy that reprogramming of
cellular metabolism is known to be a hallmark of cancer
[32] and lipid metabolism is very often disrupted in cancer
cells to fuel the biosynthetic demands for malignant beha-
viors. Many investigations have reported the increased
expression of SREBP1 is associated with a worse prognosis
in a variety of solid tumors [15, 33–35]. Similarly, we found
that patients with high SREBP1 expression had worse
survival outcomes and may function as a prognostic indi-
cator in breast cancer, which are in accordance with
the previously reported study [36]. Furthermore, the
histopathological concentration of SREBP1 in cells
during pathological mitosis was intriguing (Supple-
mental_Fig_S10), suggesting a latent role of SREBP1 in
cell mitotic program. Several studies have demonstrated that
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mature form of SREBP1 is hyperphosphorylated to avoid
degradation and maintain stabilized during mitosis [37, 38],
thereby providing a stable amount of active transcription
factors to support lipogenesis and cell division [39].

Many attentions have been paid on the role of SREBP1
in tumor cell proliferation and apoptosis [15, 34, 40–42].
Nevertheless, little is known about the underlying
mechanism of SREBP1 in breast cancer metastasis. In this
study, we found that SREBP1 prompted breast cancer cell
migration and invasion both in vitro and in vivo. Though
SREBP1 has been reported to be involved in the processes
of invasion and metastasis in human liver cancer [43],
ovarian cancer [42], and endometrial cancer [15], the
molecular mechanism has not been clearly delineated. Our
findings suggest the involvement of EMT in SREBP1-
mediated metastatic program and overexpression of
E-cadherin has been reported to correlate with down-
regulation of SREBP1. In our study, the prognostic
assessment revealed that patients with high E-cadherin and
low SREBP1 expression had favorable survival compared
with patients with low E-cadherin and high SREBP1
expression.

Our data demonstrates that the upregulation of
E-cadherin by SREBP1 knockdown is deacetylation
dependent. As a critical transcriptional regulator of cho-
lesterol and fatty acid metabolism, SREBP1 has been
reported to occupy the E-box motifs on the promoters of
numerous target genes by ChIP-chip assay [44]. To date, all
the studies have shown that SREBP1 itself is a very weak
transcriptional regulator and requires co-regulators to
maximize the effect [45]. Snail, the key transcriptional
factor of EMT, was unveiled to mediate the repression of
E-cadherin by recruiting a co-repressor complex containing
HDAC1/2 and Sin3A [46]. Other groups have also reported
the suppression of E-cadherin by the Snail/HDAC1/2
complex for the regulation of metastasis in nasopharyngeal
carcinoma and pancreatic cancer [47, 48]. Likewise, our
results verified that Snail was required for the suppression
of E-cadherin along with HDAC1/2. Alternatively, YY1
was identified as one of the common binding partners of
SREBP1 [49] and has been reported to interact with
HDAC3 to exert inhibitory effect on E-cadherin promoter
[50]. However, we failed to find any evidence to suggest the
binding of SREBP1 at the YY1 binding sites on the E-
cadherin promoter region, indicating that Snail, but not
YY1, was responsible for the suppressive role of SREBP1
toward E-cadherin. However, our data are limited when
interpreting whether these components in the complex
interact in a direct or indirect fashion, thus further study is
needed.

In summary, we reported that miR-18a-5p could inhibit
lung metastasis of breast cancer by directly targeting
SREBP1, which could form a co-repressor complex with

Snail and HDAC1/2 to modulate EMT. All these findings
underscore the significant role of miR-18a-5p as well as
SREBP1 in the progression and metastasis of breast cancer,
and also provide a specific target for the development of
novel therapeutic strategies for invasive and metastatic
breast cancer patients in the future.

Methods

Cell lines and cell transfection

Breast cancer cell lines MCF-7, MDA-MB-231 as well as
the Human Embryonic Kidney (HEK) 293T were obtained
from American Type Culture Collection (ATCC), and were
cultured in DMEM/high glucose medium (Hyclone) sup-
plemented with 10% FBS (Clark), 100 U/ml penicillin, and
100 μg/ml streptomycin (Millipore). All the cells were cul-
tured at 37 °C and 5% CO2. The cell lines were character-
ized by Genetic Testing Biotechnology Corporation
(Suzhou, China) using short tandem repeat (STR) markers.
Transient transfection was performed with lipofectamine
2000 regent (Invitrogen). To generate stable cell lines, the
lenti-viral vector expressing shRNA was introduced into
HEK293T cells by transient transfection. After 6 h, the cell
culture medium was replaced and cells were allowed to
grow for 36 h to produce virus. The supernatant was then
collected and filtered through a 0.45-μm filter. Cells were
infected at approximately 70% confluence in complete
medium supplemented with 8 μg/ml of polybrene (Sigma),
followed by puromycin (Sigma) selection of the infected
cells. The knockdown efficiency was determined by either
western blot or qPCR assays.

Primary culture of sub-lines from lung metastasis

To generate experimental lung metastasis, 5 × 105 MDA-
MB-231EGFP-fLUC cells were injected into the lateral tail
veins of 4–5 weeks-old BALB/c nu/nu female mice. Eight
weeks later, the mice were sacrificed and the lungs were
extracted. To establish the lung-metastatic sub-line, lungs
were dissected, rinsed in PBS, digested with 1 mg/ml col-
lagenase type I (Sigma)+ hyaluronidase (Sigma) at 37 °C
for 2 h, lysed in red blood cell lysis buffer (Sigma) at 4 °C
for 15 min, washed for three times with PBS and plated in 6
cm disk containing DMEM medium supplemented with
10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin and
10 mg/ml Amphotericin B (Sigma). Adherent cells were
then expanded and sorted based on positive selection with
flow cytometer (BD Biosciences). Cells with EGFP positive
was designated the first-round LM-R1EGFP-fLUC sub-line.
The same experimental procedures were used to generate
second-round LM-R2EGFP-fLUC sub-line derived from mice
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inoculated with LM-R1EGFP-fLUC cells. All animal experi-
ments were performed with the approval of Shandong
University Animal Care and Use Committee.

Plasmids, antibodies and reagents

A set of pLKO.1 shRNAs targeting human SREBF1 were a
gift from Wang [15]. For 3′UTR reporter assays, a 1.1 kb
fragment of SREBF1 3′UTR was amplified from genomic
DNA of MDA-MB-231 cells and subcloned into XhoI/XbaI
of pmiRGLO vector (Promega). The miR-18a-5p seed
sequence was further mutated to 5′-CGAGCUUA-3′. For
promoter reporter assays, a 2 kb fragment upstream of the
CDH1 gene was synthetized and subcloned into pGL3-
Basic vector (GenePharma). All constructs were confirmed
by sequencing. The pEnter-SREBF1, pEnter-HDAC1,
pEnter-HDAC2 vector (Vigene Bioscience), and pReceiver-
SNAIL (GeneCopoeia) were all commercially obtained.
The SREBP1 antibody (Proteintech, Cat. 14088-1-AP),
E-cadherin antibody (Proteintech, Cat. 20874-1-AP),
N-cadherin antibody (Immunoway, Cat. YT2988), FN1
antibody (Proteintech, Cat. 15613-1-AP), Snail antibody
(Proteintech, Cat.13099-1-AP), Zeb1 antibody (CST, Cat.
3396S), VIM antibody (CST, Cat. 5741S), Twist antibody
(CST, Cat. 46702S), Slug antibody (CST, Cat. 9585S),
HDAC1 (Proteintech, Cat. 10197-1-AP), and HDAC2
(Proteintech, Cat. 12922-3-AP) were applied in the study.
The miR-18a-5p mimics/inhibitor and the negative control
(NC) were purchased from GenePharma. SREBF1 siRNA
(5′-CUCCUGCUUGAGUUUCUGGTT-3′), SNAIL siRNA
pool (5′-GCAAAUACU GCAACAAGGATT-3′,’-GCUU
GGGCCAAGUGCCCAATT-3′), HDAC1 siRNA (5′-GCA
GAUGCAGAGAUUCAACTT-3′), HDAC2 siRNA (5′-GC
AUCAGGAUU CUGUUACGTT-3′), and NC (5′-UUCU
CCGAACGUGUCACGUTT-3′) were synthesized from
GenePharma. Decitabine (Cat. S1200) and TSA (Cat.
S1045) was obtained from Selleck. All other chemicals and
reagents were from Solarbio and Sigma unless otherwise
indicated.

RNA isolation and qPCR assay

Total RNA was extracted from cultured cells with TRIzol
reagents (Invitrogen) as per the manufacturer’s protocol.
Total RNA was reverse-transcribed to cDNA using Prime-
Script RT reagent Kit (Takara), which was reverse tran-
scribed to miRNA with Mir-X miRNA First-Strand
Synthesis Kit (Takara). Real-time PCR was performed with
the SYBR Premix Ex Taq (Tli RNaseH Plus) (Takara) with
Light Cycler 480 II Real-Time PCR System (Roche).
GAPDH was used as the endogenous control for detection
of mRNA expression level, while U6 were used as endo-
genous control for miRNA expression analysis. Relative

quantification analysis was performed using the compara-
tive C (T) (2(−ΔΔCT)) method. Primer information used in
the study can be found in Supplementary Table 1.

Western blotting and immunoprecipitation (IP)
assay

Western blotting analysis was performed as described pre-
viously [51]. Cells were collected and lysed with Western
and IP lysis buffer (Beyotime) with protease inhibitors.
Equal amounts of proteins was loaded on SDS-PAGE gels
and then transferred to a PVDF membrane (Millipore).
After blocking with 5% non-fat milk, the membrane was
incubated overnight at 4 °C with the primary antibody and
then with horseradish peroxydase-coupled secondary anti-
body (Millipore). Signal was detected with enhanced che-
miluminescence (Millipore). For IP, cells were harvested at
48 h post-transfection and lysed in NP40 lysis buffer sup-
plemented with protease inhibitor cocktail (Roche) for 30
min on ice. Indicated primary antibody and control IgG
were added to the lysate separately and incubated on a
rotator at 4 °C for 1 h. Afterwards, 20 μl protein A/G-
agarose beads (Santa Cruz) were added and incubated at 4 °
C overnight on a rotator. Immunoprecipitates were exam-
ined using the indicated primary antibodies in the same way
as the immunoblotting assay.

Immunofluorescence (IF), immunohistochemistry
(IHC), and TUNEL

For IF, cells cultivated on glass cover slides were fixed in
4% paraformaldehyde for 10 min, permeabilized in 0.2%
Triton X-100 for 20 min, and blocked in 100% FBS for 1 h.
Chromatin was stained by DAPI (Invitrogen). Specimens
were covered with ProLong Gold Antifade (Invitrogen). As
a NC, all staining were performed without primary anti-
body. The IHC method to study altered protein expression
was performed as previously described [52]. In summary,
paraffin-embedded tissue slides were de-paraffinized with
xylene, rehydrated through a graded alcohol series and
retrieved in 10 mM sodium citrate buffer (pH 6.0). After
cooling down to room temperature, the slides were incu-
bated with 3% hydrogen peroxide, followed by incubation
with normal serum to block nonspecific binding. The slides
were then incubated with the primary antibody overnight at
4 °C in a humidified chamber. The secondary antibody was
from PV9000 IHC reagent kit (Zhongshan Biotechnology).
Sections were stained with diaminobenzidine (DAB) and
counterstained with hematoxylin. All of staining was
assessed by two pathologists blinded to the origination of
the samples using a semi-quantitative method. Each speci-
men was assigned a score according to the intensity and
percentage of the nucleic and cytoplasmic staining. TUNEL

SREBP1, targeted by miR-18a-5p, modulates epithelial-mesenchymal transition in breast cancer via. . . 855



assay was conducted using the in situ Cell Death Detection
Kit (Roche).

Cell viability and clonogenic assay

Cell proliferation was assessed by the 3-(4, 5-dimethyl-
thiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
assay. Breast cancer cells were plated in 96-well plates (2 ×
103 per well). After incubation at 37 °C for 1–5 days, 20 μl
of MTT (5 mg/ml in PBS) was added to each well, and cells
were incubated for another 4 h at 37 °C. The supernatants
were carefully removed and 100 μl of dimethyl sulfoxide
(DMSO) was added to each well. The plates were gently
shaken and the absorbance values were measured at 550 nm
with a Microplate Reader (Perkin Elmer). To determine
clonogenic ability, cells were plated in triplicate at a density
of 8 × 102 per 6 cm disk and were allowed to grow for
14 days to form colonies, which were then stained with 2%
crystal violet (Sigma).

Migration and invasion assay

Migration and invasion assays were performed as described
previously [53] using transwell system (BD Biosciences).
The invasion assay was performed using the same protocol
as the migration assay, except that the membrane was
coated with Matrigel (Corning). Briefly, the polycarbonate
membranes were coated with 40 μL matrigel at 37 °C for 2 h
to form a reconstituted basement membrane. Seven hundred
microliters of the medium with 20% FBS was added to the
lower well of each chamber and 1 × 105 of cells resus-
pended in the serum-free medium were added to the upper
inserts. The total number of cells adhering to the lower
surface of the membrane was acquired in six representative
fields.

In vivo tumorigenesis and metastasis assay

The in vivo tumorigenesis and metastasis assay was per-
formed as described previously [19]. Briefly, breast cancer
cells (1 × 107 cells in 100 µl of PBS: Matrigel (1:3, v/v))
were injected subcutaneously into each flank of 4–5 weeks-
old BALB/c nu/nu female mice. Tumor growth rate was
monitored by measuring tumor diameters every 4 days and
the tumor growth curve was recorded accordingly. Both
maximum (L) and minimum (W) length of the tumor were
measured using a slide caliper, and the tumor volume was
calculated as ½ LW2. Once the mice were sacrificed, tumors
were collected and weighed. To produce experimental lung
metastasis, 5 × 105 cells were injected into the lateral tail
veins of 4–5 weeks-old BALB/c nu/nu female mice. All the
mice were killed under anesthesia. The lungs were collected
and fixed in 10% formalin. For tissue morphology

evaluation, hematoxylin and eosin (HE) staining was per-
formed on sections from embedded samples.

Dual luciferase reporter assay

The 3′UTR of SREBP1 containing one putative miR-18a-
5p binding sites was amplified and cloned into pmirGLO
vector separately (Promega). The miR-18a-5p com-
plementary sites with the sequence GCACCUUA in
SREBP1 3′UTR were mutated singly to remove com-
plementarity to miR-18a-5p as described previously [54].
Cells cultured in 96-well plates were co-transfected with
100 ng of wide-type or mutated SREBP1 3′UTR constructs,
and NC or miR-18a-5p mimics. The human CDH1 gene
promoter segment covering from ‒2000 bp to +58 bp was
cloned into the pGL3-basic vector (Promega), which was
designated as pGL3 -2000 vector. The vector of pEnter-
SREBP1 with or without pReceiver-SNAIL, pEnter-
HDAC1, and pEnter-HDAC2 vector was co-transfected
with pGL3 -2000 and pRL-TK vector. Luciferase activity
was measured with the dual-luciferase reporter assay system
(Promega).

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed with EZ-ChIP Kit (Millipore)
according to the manufacturer’s protocol. To be brief, MCF-
7 cells were transfected with pEnter-SREBP1 or pEnter
vector before ChIP assay. Forty-eight hours after transfec-
tion, cells were cross-linked with 1% formaldehyde and
terminated after 5 min by addition of glycine. Cells were
harvested with SDS lysis buffer and were sheared by
sonication cycles to generate DNA fragments with an
average size of 200–1000 bp for qChIP. Preclearing and
incubation with antibody or IgG control overnight was
performed, followed by incubation with protein-A/G beads
for 2 h at 4 °C. Washing and reversal of crosslinking was
performed. The immunoprecipitated DNA was extracted
with Phenol-chloroform followed by ethanol precipitation.
Purified DNA was analyzed by quantitative real-time PCR
(qPCR) and the enrichment was expressed as fold enrich-
ment compared with IgG.

Microarray hybridization and data analysis

Total RNA from MDA-MB-231EGFP-fLuc, LM-R1EGFP-fLUC,
and LM-R2EGFP-fLUC cells was subjected to hybridization to
Affymetrix U133 plus 2.0 arrays, performed by Shanghai
Gene Company. The total RNA from MDA-MB-231 and
MCF-7 cells with SREBP1 shRNA or control vector was
subjected to hybridization to Affymetrix GeneChip Array
performed by Shanghai Genminix Company. As for
the miRNA microarray for MDA-MB-231EGFP-fLuc,
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LM-R1EGFP-fLUC, and LM-R2EGFP-fLUC cells, all of the
human mature miRNAs in the miRBase database (Release
13.0) were used for designing probes for constructing the
in-house miRNA microarray and a total of 1105 probes
have been successfully designed according to the principle
proposed by Wang [55]. The microarray was fabricated and
hybridized as described previously [56]. All microarray data
were normalized according to the median intensity of each
sample. The microarray data have been deposited in Gene
Expression Omnibus of the National Center for Bio-
technology Information (GSE106144).

Patients and tissue samples

A paraffin-embedded, archived breast cancer tissue micro-
array with 329 patients had been clinically and histo-
pathologically diagnosed at Qilu hospital of Shandong
University was subjected to IHC of SREBP1. Furthermore,
the infiltrating carcinoma tissues were collected from
January 2007 to December 2016 in Qilu hospital at the
time of surgery and cDNA of these tissues were stored
in −80 °C until use. A total of 74 patients were involved
to study the association between SREBP1 and E-cadherin/
N-cadherin/Fibronectin mRNA expression as well as
the survival for SREBP1 and E-cadherin combined
analysis.

Statistics

Unless stated otherwise, data are presented as mean ± SD in
the figures. The software SPSS V22.0 was used for statis-
tical analysis. Student’s t-test and one-way ANOVA ana-
lysis were used to determine the significance of two groups
and multiple groups respectively. Clinicalpathological
characteristics were compared between groups using Pear-
son’s Chi-square test. Survival curves were generated using
the Kaplan–Meier method, and differences between curves
were analyzed with log-rank test. Univariate and multi-
variate Cox proportional hazard model was applied to
estimate the association of covariates with OS and disease-
specific survival (DSS). Differences with P < 0.05 were
considered significant.

Study approval

For all participants in this study, written informed consent
was obtained from participants prior to inclusion in the
study as delineated by the protocol that was approved by the
Ethics Committee on Scientific Research of Shandong
University Qilu Hospital. All animal experiments were
performed with the approval of the Ethics Committee on
Scientific Research of Shandong University Qilu Hospital.
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