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Metastasis 
Polarity reversal 

30c and MTDH. Dual luciferase reporter assays was performed to confirm that the MTDH (met
adherin) 3′UTR bound to miR-30c. MiRNA in situ hybridization (ISH) and immunohistochemistry 
(IHC) were carried out on IMPC patient tissues for miR-30c and MTDH expression, respectively. 
Results: We found miR-30c as a tumor suppressor gene in cell proliferation, metastasis and po
larity reversal of IMPC. Overexpression of miR-30c inhibited cell growth and metastasis in vitro 
and in vivo. MiR-30c could directly target the MTDH 3′UTR. MiR-30c overexpression inhibited 
breast cancer cell proliferation, invasion and metastasis by targeting MTDH. Moreover, miR-30c/ 
MTDH axis could also regulate cell polarity reversal of IMPC. By ISH and IHC analyses, miR-30c 
and MTDH were significantly correlated with tumor size, lymph nodule status and tumor grade, 
the ‘inside-out’ growth pattern, overall survival (OS) and disease-free survival (DFS) in IMPC 
patients. 
Conclusions: Overall, miR-30c/MTDH axis was responsible for tumor proliferation, metastasis and 
polarity reversal. It may provide promising therapeutic targets and prognostic biomarkers for 
patients with IMPC.   

1. Introduction 

Invasive micropapillary carcinoma (IMPC) of the breast is an aggressive subtype of breast cancer (2019 WHO classification of 
breast cancer) characterized by small papillary structures lacking true central fibrovascular cores and special growth patterns of 
clusters of cells with reversed polarity [1,2]. This micropapillary growth pattern has also been identified in multiple tumor tissues, such 
as gastric [3], colon [4], and lung [5] and is associated with poor prognosis. Although the incidence of IMPC ranges from 2 to 8 % of all 
primary breast cancers, it exhibits more aggressive characteristics, such as lymphovascular invasion, lymph node metastasis, and 
distant metastasis [6–12]. Recently, the whole-genome sequencing of tumor cell clusters and spatial transcriptomics reveals gene 
expression characteristics of IMPC [13,14]. The precise pathologic diagnosis and individualized treatment have improved the out
comes of IMPC patients [15]. 

MicroRNA (miRNA), a kind of short noncoding RNA (ncRNA), plays vital regulatory roles in cell proliferation, differentiation, 
autophagy, apoptosis and senescence [16,17]. More than half of human miRNA genes are localized within fragile genomic regions, 
which are subject to different structural genomic alterations in cancer development [18]. The dysregulation of miRNA expression 
seems to be a hallmark of metastasis. MiR-10b overexpression could positively regulate cell migration and invasion by targeting the 
prometastatic gene RHOC [19]. The high levels of serum miR-103 could target multiple endothelial junction genes and promote tumor 
metastasis [20].miR-30c regulated invasion by targeting the cytoskeleton genes Twinfilin 1 and Vimentin, and regulated 
epithelial-to-mesenchymal transition (EMT) and chemo-resistance of breast tumor cells [21,22]. Our previous study showed that 
miR-30c was significantly downregulated in IMPC compared with IDC-NST (Invasive ductal carcinoma no special type) [23]. The 
potential role of miR-30c downregulation in IMPC needs to be further investigated. 

The previously studies found MTDH as an important driver gene in poor-prognosis of breast cancer patients [24,25]. MTDH is also 
significant in tumor initiation, chemotherapy resistance and metastasis [24,26,27]. The whole body gene knockout studies of MTDH in 
prostate, liver, lung, and colorectal cancers had the similar results [26,28,29]. Our previous study showed high expression of MTDH is 
facilitates to lymph node metastasis of IMPC [30]. MTDH is also involved in cell polarity regulation and recruited during the matu
ration of the tight junction proteins ZO-1 and occludin in polarized epithelial cells [31]. 

In the current study, we found miR-30c could inhibit cell proliferation, invasion and metastasis both in vitro and in vivo. MiR-30c 
could directly target the MTDH 3′UTR and inhibit breast cancer cell proliferation, invasion and metastasis. MiR-30c negatively 
regulated MTDH, which may be involved in modifying the apico-basal polarity of IMPC. We also revealed that miR-30c and MTDH 
were significantly associated with multiple clinical pathological characteristics, prognosis and the ‘inside-out’ growth pattern of IMPC 
patients. These findings suggest that the miR-30c/MTDH axis plays an important role in proliferation, metastasis and the polarity 
reversal and may serve as prognostic markers of IMPC. 

2. Materials and Methods 

2.1. Clinical tumor specimens 

Primary breast cancer specimens were obtained from the tissue bank at the Department of Breast Cancer Pathology and Research 
Laboratory, Tianjin Medical University Cancer Institute and Hospital, Tianjin, China. Formalin-fixed paraffin-embedded (FFPE) pri
mary tumor specimens of IMPC (n = 124, from Jan 2007 to Dec 2012) and the period corresponding to IDC-NST (n = 149) were 
diagnosed by three independent pathologists. Patients who had received chemotherapy or radiation before surgery were eliminated, 
and their complete clinical data were available. According to the World Health Organization (WHO) classification, the histologic type 
determination was based on the tumor-node-metastasis (TNM) staging system. The overall survival (OS) and disease-free survival 
(DFS) rates were used to calculate. OS was defined as the time from diagnosis to the date of death. DFS was calculated from diagnosis to 
disease progression or death, regardless of which occurred first. In IMPC patients, the median follow-up was 72 months, recurrence or 
distant organ metastasis was observed in 33 patients, and 22 patients died. The studies were approved by an independent ethics 
committee of the Department of Breast Cancer Pathology and Research Laboratory, Tianjin Medical University Cancer Hospital, 
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Tianjin, China (Grant Nos. Ek2018136). 

2.2. Cell lines and culture 

The normal breast cell line MCF-10A and breast cancer cell lines (MCF-7, T47D, MDA-MB-231, BT-549, Hs-578T, HCC-1806), 
HEK293 and HEK293T cells were purchased from American Type Culture Collection (ATCC, Manassas, USA). As their phenotypic 
characteristics and patterns of genomic copy number variation (CNV) are consistent with those of the IMPC specimens [32], the breast 
cancer cell lines were used in this study. The breast cancer cells were cultured in DMEM high glucose (Gibco) with 10 % fetal bovine 
serum (Thermo Fisher Scientific, USA), 100 U/ml penicillin and 100 U/ml streptomycin (Gibco) at 37 ◦C in a 5 % CO2 incubator. The 
medium was changed every 8 h. In primary breast cancer culture, the cells were treated as previously described [33]. 

2.3. miRNA in situ hybridization and protein immunohistochemical analysis 

miRNA in situ hybridization (ISH) procedures were conducted as previously described [34]. Tumor sections were digested with 
proteinase K for 10 min and hybridized with hybridization solution at 54 ◦C for 2 h with double-DIG-LNA probes for miR-30c, U6 
(positive control) or scrambled RNA (negative control) (Exiqon, Denmark) (Fig. S1). The slides were washed with PBS for three times, 
and incubated with sheep anti-DIG-AP (Roche, Switzerland) and then stained with nitroblue tetrazolium/5-bromo-4- chlor
o-3-indolyl-phosphate (Roche, Switzerland). Nuclear Fast Red was used to counterstain the nuclei. A positive signal appeared blue in 
the cytoplasm and nucleus. The intensities of miR-30c staining were scored as 0–4, according to previously described standards [35]. 

Immunohistochemical staining was performed on FFPE tissue sections. The sections were incubated with primary antibodies 
against MTDH (Invitrogen, catalogue # 40–6500, USA, 1:100), MUC1 (Abcam, catalogue # ab45167, England, 1:100), Vimentin (Cell 
Signaling Technology, catalogue # 3932, USA, 1:200), N-cadherin (BD Biosciences, catalogue # 610920, USA,1:200), E-cadherin (Cell 
Signaling Technology, catalogue # 3195, USA, 1:200), and Ki67 (Thermo Fisher Scientific, catalogue # RM9106S0, USA, 1:500) 
overnight at 4 ◦C. Then, the sections were treated with biotinylated antibody, streptavidin-biotin-peroxidase and DAB complex 
(Beijing Zhongshan Biotechnology, China). The nuclei were counterstained with hematoxylin. The intensities of MUC1 and MTDH 
staining were scored between 0 and 4 as previously described [36,37]. 

2.4. RNA isolation and quantitative real-time polymerase chain reaction (qRT-PCR) 

Total RNA was extracted from breast cancer tissues (n = 12 per group) or cells with TRIzol reagents (Invitrogen, Carlsbad, CA, 
USA), according to the manufacturer’s protocol. The Prime-Script RT reagent kit (TaKaRa, Shiga, Japan) was used to synthesize cDNA 
from mRNA. The realtime PCR was conducted with SYBR Premix Ex Taq (TaKaRa).The miRcute Plus miRNA First-Strand cDNA 
Synthesis Kit (KR211,Tiangen, China) was used to reverse transcribe miRNA. The realtime PCR was conducted with miRcute Plus 
miRNA qPCR Detection Kit (SYBR Green) (FP411,Tiangen, China). Results were analyzed with 2-△△CT method, and GAPDH or U6 
small RNA was used for normalization of MTDH or miR-30c, respectively. The primers were obtained from Tiangen (China): miR-30c 
(Forward, 5′- UGUAAACAUCCUACACUCU CAGC -3’; U6 (Forward, 5′-GCTTCGGCAGCACATATACTAAAA T-3’; Reverse, 5′- 
CGCTTCACGAATTTGCGTGTCAT-3′), MTDH (Forward, 5′- AAATGGGCGGACTGTTGAAGT -3’; Reverse, 5′- CTGTTTTGCACTGCTTT 
AGCAT -3′), GAPDH (Forward, 5′-GGTGGTCTCCTCTGACTTCAACA -3’; Reverse, 5′- GTTGCTGT AGCCAAATTCGTTGT-3′). The entire 
experiment was repeated three times. 

2.5. Vector construction and lentivirus production 

MTDH 3′UTR fragments containing miR-30c putative targeting sites were subcloned into the firefly luciferase 3′UTR. Point mu
tations of miR-30c targeting sites were generated by a plasmid site-directed mutagenesis kit (TaKaRa, Japan). 

The pLKO.1-puro empty vector and plasmids containing shRNA against MTDH were purchased from Sigma. Lentiviral particles 
were produced in HEK293T cells by cotransfecting the cells with pLKO.1, pMD2.G and psPAX2 plasmids using Lipofectamine 2000 
reagent (Invitrogen, CA) according to the manufacturer’s protocol. 

Cells were cultured in 24-well plates with a transfection complex. Approximately 5 μl of 20 μM chemically synthesized miR-30c 
mimic, miR-30c inhibitor or negative siRNA control was used. Ectopic expression of miR-30c, MTDH was achieved by infection 
with lentiviral solution (GenePharma, China) along with vector control lentiviral supernatant containing 5 μg/ml polybrene (Sigma, 
USA). After the cells reached 90 % confluency, 2 μg/ml puromycin (Sigma, USA) was added for 3–5 days to select stable overexpression 
cells. The stable cells were maintained in medium containing 1 μg/ml puromycin. 

2.6. Western blots 

Cells were washed with PBS three times, and the proteins were extracted according to the instructions, then separated by 10 % SDS 
PAGE electrophoresis and transferred to PVDF membranes (Millipore, USA). To block nonspecific binding, the membranes were 
incubated with 5 % skim milk at room temperature for 1 h. Then the membranes were incubated with an antiserum containing an
tibodies overnight at 4 ◦C against MTDH (Invitrogen, catalogue # 40–6500, USA, 1:1000), β-actin (Sigma-Aldrich, catalogue # A2228, 
USA, 1:1000). Western Bright ECL (Advansta, CA) was used following standard protocols, and blots were imaged with the ImageQuant 
LAS 4000 luminescent image analyzer (General Electric, CT). 
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2.7. Dual luciferase reporter assay 

HEK293 cells seeded in 24-well plates were cotransfected with 500 ng firefly luciferase reporter vector containing the MTDH 3′UTR 
(named psiCHECK2-MTDH-3′UTR wt) or MTDH 3′UTR mutant (named psiCHECK2-MTDH-3′UTR mut) and 100 nM of negative control 
siRNA or miR-30c mimics in a final volume of 0.5 ml using Lipofectamine 2000 (Invitrogen, USA). After transfection for 48 h, the 
Firefly and Renilla luciferase activities were measured with dual luciferase assays (Promega, WI) consecutively in triplicate and at least 
three times. 

2.8. SRB assay and colony formation assay 

For the SRB assay, the transfected cells were plated into 24-well plates at 5 × 104 cells/well and cultured. Cells were then fixed and 
stained with sulforhodamine B (SRB). For the colony formation assay, 5000 transfected cells per well were seeded in 6-well plates. 
After fourteen days, colonies were fixed with 4 % paraformaldehyde and then dyed with crystal violet for 15 min. 

2.9. Cell invasion and migration assay 

According to the manufacturer’s protocol, the migration and invasion assay was performed using a Transwell system (24-well, 8 μm 
pore size with polycarbonate membrane; Corning Costar, USA). The invasion assay was also performed with the polycarbonate 
membranes were coated with 50 μl growth factor-reduced Matrigel (BD Biosciences, USA) at 37 ◦C for 1 h. Then, 800 μl serum- 
containing (20 % FBS) medium in each well was added to the lower chamber. A total of 1 × 105 resuspended cells were added to 
the upper inserts with 100 μl serum-free medium. 48 h later, the remaining upper side cells of the transwell device were removed, and 
the invading cells at the bottom side were fixed with 4 % paraformaldehyde and stained with crystal violet. 

For wound healing assays, transfected cells were grown in complete medium, and 10 μl pipette tips were used to create an artificial 
wound in 24-well plates. The cells were washed with PBS to remove debris. After cultured for 24 h, the wound healing was observed. 

2.10. Mouse xenograft model 

The animal experiment was supported by the Animal Care and Use Center of Nankai University, Tianjin, China. 17β-Estradiol 
pellets (0.72 mg, 90-day release; Innovative Research of America, FL) were implanted subcutaneously in the shoulder region of each 4- 
week-old female BALB/c nude mouse (Charles River, China) one day before cell inoculation. MCF-7 cells (1 × 107) transfected with 
lenti-miR-30c or lenti-empty were resuspended in a solution of Matrigel (BD Biosciences, USA) or PBS (equal volume), respectively, 
and then inoculated subcutaneously into the flanks of BALB/c nude mice. Tumor volumes were measured once a week and calculated 
as follows: A × B2/2, where A is the largest diameter and B is the diameter perpendicular to A. After eight weeks, mice were sacrificed 
and tumors were removed. Then the tumors were weighed, and fixed in 4 % formalin for 48 h. H&E staining was used for histological 
examination. 

To evaluate the effect of miR-30c on tumor metastasis, 1 × 106 MDA-MB-231 cells infected with lenti-miR-30c or lenti-empty were 
injected into the tail veins of four-week-old female BALB/c nude mice (seven mice for each group). Four weeks later, the numbers of 
micrometastases in the lung per H&E stained section were analyzed for histological examination. 

2.11. Three-dimensional (3D) morphogenesis assays 

A three-dimensional (3D) morphogenesis assay was performed as previously described [38]. 50 μl of growth factor-reduced 
Matrigel (BD Biosciences, CA) were added to the eight-well chamber slides. After 1 h, a total of 5000 treated cells/well were over
laid onto the gel in DMEM supplemented with 10 % FBS and 2 % Matrigel and cultured for two weeks for counting using an inverted 
microscope. The three-dimensional culture Images were determined by the covered area of each sphere, and diameter of spheres were 
determined by the circle formula under a phase contrast microscope. Smaller spheres (less than 40 mm) were excluded. Experiments 
were repeated a minimum of three times. 

For the three-dimensional (3D) morphogenesis assays assessment of breast cancer primary cell, after digested and centrifuged, the 
cells with a density of 1.5 × 105/ml were embedded in collagen gel in a 24-well plate. The complete medium was changed every 3 days. 
Then, the spheroids were harvested and counted after 3–7 days. The lenti-miR-30c or lenti-empty was added on the day of planting 
(according to the GenePharma lentiviral solution instructions). 

2.12. Immunofluorescence analysis 

Immunofluorescence analysis was performed as previously described [26].4 % paraformaldehyde for 20 min and washed with PBS 
for three times. After added 0.25 % Triton X-100 to the well for 20 min, the Collagen gel was blocked with 3 % bovine serum albumin 
for 40 min. After washed with PBS for three times, the cells were incubated in a darkroom at 4 ◦C overnight with a primary antibody, 
MUC-1 (1:2000, Abcam ab45167, England), and incubated at room temperature for 2 h with a secondary antibody. After washed with 
PBS for three times, the nucleus is dyed with DAPI (blue). The spheroids of ‘inside-out’ staining pattern of MUC1 were harvested and 
counted by morphological observation. The immunofluorescent images were observed by the Olympus IX51 (Olympus, Tokyo, Japan) 
confocal microscope. 
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Fig. 1. MiR-30c overexpression inhibits the cell proliferation, migration and invasion in vitro. (A) Relative miR-30c expression levels in the normal 
breast cell line and six breast cancer cell lines were examined by quantitative real-time PCR (qPCR) assay, while U6 was used as an endogenous 
control for miRNA expression analysis. (B) The overexpression of miR-30c in MCF-7, T47D and MDA-MB-231 cells were validated by qPCR. (C)The 
down expression of miR-30c in MDA-MB-231and T47D cells was validated by qPCR. (D) Growth curves are presented after MCF-7 and T47D were 
transfected with miR-30c mimics or negative control. Cell growth was quantified and normalized to that at day 1. (E) Growth curves are presented 
after MDA-MB-231and T47D cells were transfected with miR-30c inhibitors or negative control. The growth of cells was quantified and normalized 
to that at day 1. (F) Transwell assays were performed to examine the migration and invasion abilities of MCF-7 and T47D cells transfected with miR- 
30c mimics or negative control. The relative migration and invasion abilities of MCF-7 and T47D cells were analyzed quantitatively. (G) Transwell 
assays were performed to examine the migration and invasion ability of MDA-MB-231 cells and T47D cells transfected with miR-30c inhibitors or 
negative control. The relative migration abilities of MDA-MB-231 cells and T47D cells were analyzed quantitatively. Columns, average of at least 
three biological repeats; bars represent s. d.; *p < 0.05; **p < 0.01. 
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Fig. 2. MiR-30c inhibits tumorigenesis and metastasis in vivo. (A) MCF-7 cells transfected with lenti-miR-30c or lenti-empty were inoculated 
subcutaneously into the flanks of BALB/c female mice (n = 12), as described in the Materials and Methods. (B) Sixty days after injection, the mice 
were sacrificed, necropsies were performed, and the tumors were weighed. (C) The size of tumors in the two groups was measured and calculated 
and compared every week. (D, E) Histological examination of the tumor xenografts. Immunohistochemical analysis revealed Ki67 expression in 
xenografts (magnification at 400 × ). (F) MDA-MB-231 cells with lenti-miR-30c or lenti-empty were injected into the tail veins of nude mice (n = 7 
per group). Four weeks after injection, mice were sacrificed. The numbers of pulmonary metastatic nodules in the lung were counted and compared 
with Student’s t-test. Representative images of lung metastasis in each group (left). The micrometastases of the two groups in the lung per H&E 
stained section from individual mice were present (right). (G) The numbers of pulmonary metastatic nodules in each group were calculated and 
compared. (H) IHC analysis shows the expression of MTDH, E-cadherin, N-cadherin, Vimentin in xenografts (magnification at 400 × ). Columns, 
average of at least three biological repeats; bars represent s. d.; *p < 0.05; **p < 0.01. 
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Fig. 3. MiR-30c inhibits MTDH expression by directly targeting its 3′UTR. (A) MiR-30c target genes were predicted by TargetScan, PicTar and 
DIANA algorithms. The overlapping genes were MTDH, LHX8, and EED. (B) The alignment of miR-30c target sequences in the MTDH 3′UTR from 
five mammals. The evolutionarily conserved nucleotides are highlighted in red. (C) Two predicted miR-30c target sites reside at nucleotides 
287–294 and 1569–1576 of the MTDH 3′UTR; Wt: wild type, Mut: mutant. (D) Relative luciferase activity was analyzed after the Wt or Mut reporter 
plasmids were cotransfected into HEK293 cells with miR-30c mimics or negative control. (E) Western blot analysis of MTDH protein levels in MCF-7, 
T47D, MDA-MB-231 cells transfected with miR-30c mimics (20 μM, 5 μl) or negative control. Relative expression level was defined as the ratio 
between the gray value of MTDH and β-actin. (F) Relative MTDH mRNA levels were determined by quantitative real-time PCR (qPCR). GAPDH was 
used as the endogenous control for MTDH mRNA level analysis. Columns, average of at least three biological repeats; bars, s. d.; *p < 0.05; **p <
0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2.13. Image analysis 

To quantitate spheroids polarity, spheroids were stained for MUC1, and nuclei and analyzed with a confocal microscope. Spheroids 
with MUC1 staining at the interior were identified as spheroids with normal polarity (interior apical pole). Spheroids in IMPC with 
MUC1 staining at the surface (basal pole) and in which was absent from the interior apical pole were considered as inverted polarity. 
The spheroids of ‘inside-out’ staining pattern of MUC1 were counted by morphological observation and calculated as follows: the ratio 
= A/B, where A is the’inside-out’ staining spheroids and B is the total spheroids [39,40]. The Smaller spheroids (less than 40 mm) were 
excluded. Experiments were repeated at least three times. 

2.14. Statistics 

Statistical analyses were performed using GraphPad Prism 5 software (GraphPad, CA) and the SPSS 21.0 software package (SPSS 
Inc, USA). Clinicopathological variables between the IMPC and IDC-NST groups were analyzed using the Chi-square test. Correlations 
between miR-30c, MTDH or MUC1 expression and clinicopathological variables were evaluated by Mann-Whitney U test and 
Spearman’s rank correlation analysis. The Kaplan-Meier analysis was used to estimate OS and DFS rates. The relevant prognostic 
factors were determined by the Cox proportional risk regression analysis. Student’s t-test was used for experimental quantitative 
analysis between the two groups. The statistical analysis was two-sided, and p-values less than 0.05 were considered statistically 
significant. 

3. Results 

3.1. MiR-30c overexpression inhibits the cell proliferation, migration and invasion in vitro 

We examined the expression of miR-30c in the normal breast cell line and a series of breast cancer cell lines (Fig. 1A). Quantitative 
real-time PCR demonstrated that miR-30c mimics or inhibitors could efficiently regulate miR-30c by transfection in MCF-7, T47D and 
MDA-MB-231 cells (Fig. 1B and C). , We applied the SRB assay to examine of the effect of miR-30c regulation in cell growth ability. The 
overexpression of miR-30c was able to suppress cell proliferation in vitro significantly (Fig. 1D). We also adopted the colony formation 
and the three-dimensional (3D) morphogenesis assay to evaluate its oncogenic ability. As shown in Fig. S2A-B, overexpression of miR- 
30c exhibited reduced cologinic ability and inhibited tumorsphere formation in breast cancer cells. Moreover, we used miR-30c in
hibitors to abrogate miR-30c expression in MDA-MB-231 and T47D cells. As expected, anti-miR-30c significantly induced cell pro
liferation ability (Fig. 1E). 

To further explore the role of miR-30c in invasive behaviors in vitro, we used the transwell assay to detect the migration and in
vasion ability after miR-30c overexpression. As shown in Fig. 1F, miR-30c overexpression could potentially suppress migration and 
invasion of MCF-7 and T47D cell lines. Quantitative analysis showed on the right panel. As expected, anti-miR-30c significantly 
induced cell invasion and metastasis ability (Fig. 1G).These results indicated that ectopic expression of miR-30c suppressed cell 
proliferation, invasion and metastasis in vitro. 

3.2. MiR-30c suppresses tumorigenesis and metastasis in a xenograft model 

To further study the role of miR-30c in tumorigenesis in vivo, 1 × 107 MCF-7 cells infected with lenti-miR-30c or lenti-empty were 
inoculated subcutaneously into the flanks of twelve mice. Tumor volume was observed every week, and tumor growth curves were 
plotted. Lentivirus-mediated miR-30c overexpression significantly inhibited the tumor volume and weight compared with that in the 
lenti-empty group (Fig. 2A–C). 

As indicated by Ki67 immunostaining, lenti-miR-30c significantly inhibited cell proliferation compared with that in the lenti-empty 
group in vivo (Fig. 2D and E). 

To determine the role of miR-30c in breast cancer cell lung metastases, MDA-MB-231 cells were infected with lenti-miRNA-30c or 
lenti-empty and then tail vein injected. Four weeks after injection, mice were sacrificed, and lung metastasis was investigated. As 
shown in Fig. 2F and G, pulmonary metastatic nodules were reduced in the lenti-miR-30c group compared with the lenti-empty group. 
According to these results, enhanced expression of miR-30c decreased the tumorigenesis and metastasis in vivo. In addition, immu
nohistochemistry and Western blot analyses revealed that E-cadherin expression levels were upregulated and N-cadherin, Vimentin 
expression levels were downregulated in the lenti-miR-30c group compared with the lenti-empty group, indicating that miR-30c 
overexpression might inhibit the process of EMT (Fig. 2H, Fig.S3A). 

3.3. MiR-30c inhibits MTDH expression by directly targeting its 3′UTR 

Our previous research revealed that miR-30c was significantly downregulated in IMPC compared with IDC-NST [23]. To explore 
the downstream targets of miR-30c, we employed TargetScan, PicTar and DIANA bioinformatic tools to predict the target genes of 
miR-30c. As shown in Fig. 3A, three genes were predicted as a miR-30c target by the three different algorithms. Among the 3 genes, 
MTDH have revealed its crucial metastatic role in the metastatic ability of IMPC as our previous studies [30]. Moreover, 3′UTR of 
MTDH contain the two predicted target sites located at 287–294 nt and 1569–1576 nt were conserved among vertebrates (Fig. 3B). As 
indicated in Fig. 3C, two MTDH 3′UTR fragments containing the putative target sites and the corresponding mutant vectors with 
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several nucleotide substitutions were subcloned into the 3′UTR of the luciferase expression vector. As shown in Fig. 3D, miR-30c 
overexpression significantly downregulated luciferase activity in both reporter assays. Point mutations that interrupt base pairing 
between the miR-30c seed sequence and MTDH 3′UTR could block the inhibitory effect of miR-30c. MiR-30c overexpression could 
downregulate the protein levels of MTDH and anti-miR-30c significantly increased the protein levels of MTDH (Fig. 3E–S3B). How
ever, miR-30c mimics slightly inhibiting MTDH mRNA levels (Fig. 3F). This is consistent with the common view that mammalian 
miRNAs mainly regulate gene expression through translational inhibition. All these results demonstrated that miR-30c regulated 
MTDH through direct binding to its 3′UTR. 

3.4. MiR-30c inhibits breast cancer cell proliferation, migration and invasion by targeting MTDH 

We examined MTDH knockdown could significantly inhibited tumor sphere formation in breast cancer cells (Fig.S3C). To further 
determine whether miR-30c exerts its function by inhibiting MTDH, we investigated the effects of miR-30c when MTDH was over
expressed. LV6-MTDH was introduced into MCF-7 and T47D cells to establish stable MTDH overexpression cells. Next, we re-expressed 
miR-30c in LV6-vector and LV6-MTDH cells (Fig. 4A). Relative expression rate of western blotting assay was showed in Fig.S3D. The 

Fig. 4. MiR-30c inhibits breast cancer cell proliferation, migration and invasion by targeting MTDH. (A) Western blotting assay of MTDH are 
presented after MCF-7 and T47D cells were transfected with miR-30c mimics or negative control together with either LV6-MTDH or LV6-vector. 
β-actin was used as the endogenous control. (B) Growth curves are presented after MCF-7 and T47D cells were transfected with miR-30c mimics 
or negative control together with either LV6-MTDH or LV6-vector. Cell growth was quantified and normalized to that at day 1. (C, D) Transwell 
assays were performed to examine the migration and invasion abilities of MCF-7 and T47D cells transfected with miR-30c mimics or negative 
control together with either LV6-MTDH or LV6-vector. The relative migration and invasion abilities of MCF-7 and T47D cells were analyzed 
quantitatively. Columns, average of at least three biological repeats; bars, s. d. *p < 0.05; **p < 0.01. 
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results showed that overexpression of miR-30c significantly promoted proliferation ability of the cells, while overexpression of MTDH 
reversed such an effect partially (p < 0.05, Fig. 4B). 

We examined whether miR-30c regulated cell migration and invasion via targeting MTDH. As shown in Fig. 4C-D, MTDH over
expression could rescue the inhibitory effects of miR-30c overexpression on migration and invasion. Quantitative analysis showed on 
the right panel. All these observations demonstrated that MTDH is a direct functional target of miR-30c. 

3.5. MiR-30c regulates the polarity reversal of tumor cell clusters in IMPC by targeting MTDH 

Mucin glycoproteins promote proliferation, invasion, and regulate cell polarity through diverse pathways in epithelial cancers 
[41]. Since the morphological characterization of IMPC can be assessed by the ‘inside-out’ staining pattern of epithelial membrane 
antigen (MUC1), we hypothesized that the miR-30c/MTDH axis might regulate the ‘inside-out’ growth pattern of IMPC. Quantitative 
real-time PCR and Western blot showed miR-30c mimics could overexpress miR-30c efficiently and downregulated the protein levels of 
MTDH in IMPC primary cells (Fig. 5A and B).To further analyze the role of the miR-30c/MTDH axis in cell polarity, IMPC primary cells 
were used for polarity studies in vitro. The results showed that miR-30c overexpression could decrease the spheroids of the ‘inside-out’ 
staining pattern of MUC1, and LV6-MTDH overexpression could increase the spheroids of the ‘inside-out’ staining pattern of MUC1. 
MTDH overexpression rescued the inhibitory effects of miR-30c overexpression on the spheroids of the inside-out staining pattern of 
MUC1, as demonstrated by multidimensional invasive spherical mass analysis (Fig. 5C and D). Our results indicate that miR-30c 
negatively regulates the polarity reversal of tumor cell clusters in IMPC by targeting MTDH, but there is not a strong overlapping 
localization between MTDH and MUC1 observed in confocal images of immunofluorescence in IMPC primary cells (Fig.S4). 

3.6. MiR-30c/MTDH is correlated with the clinicopathologic characteristics and prognosis of IMPC 

To explore miR-30c and MTDH expression in IMPC, we measured miR-30c and MTDH levels in 124 IMPC tissues and corresponding 
149 IDC-NST tissues by ISH and IHC. Representative images of miR-30c, MTDH and MUC1 expression in IMPC and IDC-NST are shown 
in Fig. 6A and B, demonstrating that miR-30c expression was remarkably downregulated in IMPC tissues compared with IDC-NST 
tissues (0.78 vs 0.62, p < 0.05) (Table S1). Furthermore, we compared the expression levels of miR-30c between IMPC and IDC- 

Fig. 5. MiR-30c regulates the polarity reversal of tumor cell clusters in IMPC by targeting MTDH. (A) The overexpression of miR-30c in IMPC 
primary cells was validated by qPCR. (B) Western blot analysis of MTDH protein levels in IMPC primary cells transfected with miR-30c mimics (20 
μM, 5 μl) or negative control. Relative expression level was defined as the ratio between the gray value of MTDH and β-actin. (C) Immunofluo
rescence image of the inside-out staining pattern of MUC1 in LV6-vector and LV6-MTDH IMPC primary cells transduced by negative control or miR- 
30c mimics. (D) The spheroids of the inside-out staining pattern of MUC1 were analyzed quantitatively in LV6-vector and LV6-MTDH IMPC primary 
cells transduced by negative control or miR-30c mimics. Columns, average of at least three biological repeats; bars represent s. d.; *p < 0.05; **p 
< 0.01. 
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NST paired tissues by quantitative real-time PCR (n = 12). The results showed that the expression of miR-30c was downregulated in 
IMPC tissues compared with IDC-NST tissues (Student’s t-test, p < 0.05, Fig. 6C). MTDH expression was significantly upregulated in 
IMPC tissues compared with IDC-NST tissues (0.64 vs 0.51, p < 0.05) (Table S1). Low expression levels of miR-30c were correlated with 
larger tumor size, multiple lymph node metastases, higher tumor grade and higher histologic grade (p = 0.042, p < 0.01, p < 0.01 and 
p = 0.013, respectively; Table 1). The MTDH levels were significantly higher in IMPC tissues, and the high expression of MTDH was 
correlated with large tumor size, multiple lymph node metastases and higher tumor grade (p = 0.038, p < 0.01 and p < 0.01, 
respectively; Table 1). To further study the association between miR-30c and MTDH expression, correlation analysis revealed that miR- 
30c was negatively correlated with MTDH in IMPCs (Table 2). The polarity reversal phenotype of MUC1 was negatively correlated with 
the miR-30c level and positively correlated with the MTDH expression level in IMPC patients (Table 2). These data indicated miR-30c 
reduction might contribute to the MTDH overexpression and lead to the polarity reversal of tumor cell clusters in IMPC. 

Survival analysis showed IMPC patients with high miR-30c expression had better OS and DFS than patients with low miR-30c 
expression (p = 0.015 and p < 0.01, respectively; Fig. 6D and E). OS and DFS were better in IMPC patients with low MTDH 
expression than high MTDH expression (p < 0.01 and p < 0.01, respectively; Fig. 6F and G). Univariate and multivariate survival 
analyses for OS and DFS were also performed. Tumor stage (p = 0.043) and MTDH (p = 0.028) expression were independent risk 
factors for OS in IMPC (Table S2). Nodal stage (p = 0.026) and MTDH (p = 0.01) expression were independent risk factors for DFS in 
IMPC (Table S3). The results implicated a potential relationship between miR-30c and MTDH in the metastasis and prognosis of IMPC 
patients. Altogether, our results indicated that the miR-30c/MTDH axis might be important in the proliferation, metastasis and polarity 
reversal of tumor cell clusters of IMPC (Fig. 6H). 

Fig. 6. MiR-30c/MTDH is correlated with the clinicopathologic characteristics and prognosis of IMPC. The miR-30c expression levels were analyzed 
in IMPC and IDC-NST tissues by in situ hybridization (ISH). MTDH and MUC1 expression levels were analyzed in IMPC and IDC-NST tissues by 
immunohistochemistry (IHC). (A, B) Representative images of miR-30c, MTDH and MUC1 expression in IMPC and IDC-NST tissues. (C) QPCR 
analysis shows the expression levels of miR-30c in 12 pairs of tissues. Expression for the gene was normalized to U6 expression. *p < 0.05. (D, E) The 
overall survival and disease-free survival of patients with high or low miR-30c expression in IMPC patients. (F, G) The overall survival and disease- 
free survival of patients with high or low MTDH expression in IMPC patients. (H) A schematic showing how the signaling pathway of miR-30c 
regulates tumor cell invasion, metastasis and polarity reversal in invasive micropapillary carcinoma of the breast. 

Table 1 
Relationships between miR-30c and MTDH expression and clinicopathologics in IMPC patients.  

Characteristic miR-30c expression z p-value MTDH expression z p-value 

High Low High Low 

Age (years)   − 0.424 0.671   − 0.321 0.748 
≥55 12 50   40 22   
＜55 15 47   40 22   

Tumor stage   − 2.037 0.042   − 2.075 0.038 
T1 - T2 25 72   58 39   
T3 - T4 2 25   22 5   

Nodal stage   − 3.296 <0.01   − 3.461 <0.01 
N0 10 8   8 10   
N1 6 24   15 15   
N2 6 21   17 10   
N3 5 44   40 9   

Grade   − 3.268 <0.01   − 2.925 <0.01 
I 10 6   7 9   
II 7 29   19 17   
III-IV 10 62   54 18   

Histologic grade   − 2.493 0.013   − 0.506 0.613 
1 14 26   25 15   
2 11 53   41 23   
3 2 18   14 6   

ER   − 0.664 0.507   − 0.589 0.556 
Negative 9 26   24 11   
Positive 18 71   56 33   

PR   − 0.427 0.669   − 0.179 0.858 
Negative 8 33   26 15   
Positive 19 64   54 29   

HER2   − 0.488 0.626   − 0.758 0.448 
Negative 23 86   69 40   
Positive 4 11   11 4   

Subtype   − 0.941 0.347   − 1.135 0.256 
ER/PR + HER2- 22 72   58 36   
ER/PR + HER2+ 2 6   6 2   
ER/PR-HER2+ 2 5   5 2   

Triple negative 1 14   11 4   

p-values were calculated by Mann-Whitney U test. 
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4. Discussion 

In the present study, for the first time, we demonstrated the important regulatory role of miR-30c in proliferation, metastasis and 
polarity reversal in IMPC. We found that miR-30c could negatively regulate MTDH expression by directly binding to its 3′UTR. MiR- 
30c/MTDH axis could inhibit cell proliferation, migration and invasion by targeting MTDH. MiR-30c/MTDH axis could also regulate 
the polarity reversal of tumor cell clusters in IMPC cells. Moreover, we revealed that miR-30c and MTDH were significantly associated 
with multiple clinical pathological characteristics, prognosis, and the ‘inside-out’ growth pattern of IMPC patients. 

As an aggressive subtype of breast cancer, IMPC is characterized by a special growth pattern of tumor cell polarity reversal, invasion 
and metastasis [42,43]. Consistent with our previous study [9], 86 % of IMPC patients and 45 % of IDC-NST patients had lymph node 
metastasis, indicating a high lymph node metastasis rate in IMPC compared to IDC-NST. The prevalence of ER expression was 72 % and 
60 % in IMPC and IDC-NST, respectively, comparable with previous reports by Chen AC and Tresserra F et al. [44,45]. 

MiR-30c can regulate multiple tumorigenesis processes by targeting variable genes [22,46,47]. But the underlying mechanism of 
miR-30c dysregulation in IMPC is unclear. Marchi C et al. showed that the genomic locations of miR-30c-1 and miR-30c-2, 1p34.2 and 
6q13, respectively, were lost in IMPC [38]. The loss of chromatin regions may be responsible for the low expression of miR-30c in 
IMPC. 

The dysregulation of MTDH is associated with several cancer-related processes, including cell proliferation, death, invasion, 
endothelial adhesion, metastasis and angiogenesis [27,48–50]. Hu et al. found that the MTDH genomic region 8q22 was frequently 
amplified in breast cancer, which led to MTDH overexpression, thereby promoting chemoresistance and metastasis of breast cancer 
patients with poor prognosis [49]. Genomic DNA deep sequencing results revealed that the entire 8q region was amplified in breast 
IMPC [51]. In the present study, by reporter assay and western blotting, we showed that miR-30c could target MTDH. Zhang et al. 
found that miR-30a could suppress proliferation, invasion and metastasis by targeting MTDH [50]. However, our previous real-time 
PCR results showed that only miR-30c (not miR-30a) was downregulated in IMPC compared with IDC-NST [23]. Using cell culture and 
xenograft models, the current research revealed that dysregulated miR-30c might post transcriptionally contribute to the over
expression of MTDH, thereby enhancing the aggressive characteristics of IMPC. 

Loss of apico-basal polarity is recognized as an important factor in tumor development [52]. Several IMPC-specific genes and 
ontology pathways are involved in the regulation of cell polarity, adhesion and migration [53]. Accordingly, elucidation of the mo
lecular mechanism of polarity reversion in IMPC may contribute to understanding the metastasis mechanism of breast cancer. MUC1 is 
localized to the external surface of the IMPC cell clusters, and has been described as an ‘inside-out’ growth pattern [42]. It might 
represent a more malignant phenotype when MUC1 staining patterns beyond apical localization [54]. MUC1 is also important in the 
initial attachment of carcinoma cells to tissues at distant sites to occur metastasis [55]. Our previous findings suggested that Sialyl 
Lewis X, an MUC1 epitope, might play an important role in lymph node metastasis in IMPC [43]. MTDH is also recruited during the 
maturation of the tight junction proteins ZO-1 and occludin in polarized epithelial cells [31], suggesting that MTDH is involved in cell 
polarity regulation. Overall, our study indicated that miR-30c negatively regulated MTDH, resulting in tumor cell cluster polarity 
reversal and might contribute to invasion and metastasis of IMPC. 

In conclusion, we identified a miR-30c/MTDH mediated pathway that regulated proliferation, metastasis and polarity reversal of 
tumor cell clusters in IMPC. The components of this pathway represent attractive targets for the development of new therapeutic 
strategies in breast cancer, particularly in IMPC. 
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Table 2 
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