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Abstract 

Increasing evidence demonstrates the existence of two inter-convertible states of breast cancer stem 
cells (BCSCs) with distinct behaviors in proliferation and mobility, and the BCSC heterogeneity is 
accurately regulated by sophisticated mechanisms including microRNAs. The microRNA-200 family 
including miR-200c/141 cluster was reported to affect cancer cell invasion and metastasis by regulating 
epithelial to mesenchymal transition (EMT). However, the effect of miR-200 family on BCSC 
heterogeneity is uncertain. Thus, we investigated whether the miR-200c/141 cluster had different effects 
on breast tumor growth and metastasis by switching the two states of BCSC.  
Methods: The spontaneous mammary tumor mouse model with miR-200c/141 conditional knockout was 
utilized for analyzing the role of miR-200c/141 cluster in vivo. The effect of miR-200c/141 cluster on 
BCSCs was performed by CD24/CD29 staining and ALDEFLUOR assay. miR-200c/141 target expression 
and EMT-related marker expression were verified in tumor sections, primary cells and breast cancer cell 
lines by qRT-PCR or western blotting. Statistical analysis was determined using two-way ANOVA and 
Student’s t-test. All values were presented as the mean ± s.e.m. 
Results: The deletion of miR-200c/141 cluster regulated BCSC heterogeneity and promoted the EMT-like 
BCSC generation, which resulted in increased tumor metastasis and inhibited tumor growth by directly 
upregulating the target gene homeodomain-interacting protein kinase 1 (HIPK1) and sequential β-catenin 
activation.  
Conclusions: Our results indicated that miR-200c/141 played biphasic roles in breast tumor progression 
via affecting the BCSC heterogeneity, suggesting targeting BCSC heterogeneity to simultaneously restrict 
breast cancer initiation and metastasis could be a promising therapeutic strategy for breast cancer. 
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Introduction 
Cancer stem cells (CSCs) were first described in 

acute myeloid leukemia by John Dick [1]as a rare cell 
population possessing self-renewal capacity and 
causing relapse by giving rise to new tumors [2]. The 
concept of CSC was subsequently expanded to solid 
tumors by the successful identification of such rare 
cell population in breast cancer by Clarke and 
Wicha[3], followed by several studies in other solid 
tumors. More and more studies indicate that clarify-
ying the characteristics of BCSCs is crucial to 
developing effective treatments for breast cancer. 
Tumor heterogeneity is a well-recognized character-
istic in the bulk tumor population (e.g. existence of 
both CSCs and non-CSCs) that is important in our 
understanding of the complexity of tumor biology 
and for developing effective tumor treatment[4]. 
Recent research also showed that the heterogeneity or 
plasticity occurred in CSCs[5]. Shipitsin, M et al 
observed different gene expression patterns between 
CSCs isolated from metastases and their primary 
tumors, which generated the hypothesis for two types 
of CSCs - stationary CSCs and mobile CSCs[6]. In 
recent years, increasing evidence demonstrates the 
existence of two inter-convertible states of breast 
cancer stem cells (BCSCs) with epithelial-like (ALDH+ 
BCSCs) and mesenchymal-like (CD24-CD44+ BCSCs) 
properties which have distinct behaviors in 
proliferation and mobility [7-9]. But the underlying 
molecular mechanisms governing the CSC plasticity 
or heterogeneity are still poorly understood.  

microRNAs have potent effects on diverse 
cellular functions[10] and play an essential role in the 
regulation of BCSC self-renewal and differentiation 
[11-13]. The microRNA-200 (miR-200) family consists 
of five members that are located in two gene clusters 
(miR-200c/141 and miR200a/b/429) and is implic-
ated in various biological and disease processes[14, 
15] such as tumor cell chemosensitivity and 
apoptosis[16, 17]. Gibbons et al showed that forced 
expression of miR-200 inhibits tumor cells to undergo 
Epithelial-mesenchymal transformation (EMT), 
invade and metastasize [18]. The EMT hypothesis 
suggest that overexpression of miR-200 could result in 
a decrease in the metastatic potential of cancer cells, 
and silencing zinc finger E box-binding homeobox 
(Zeb) protein expression through their 3′ untranslated 
regions, giving rise to increased E-cadherin express-
ion and the acquisition of epithelial characteristics[14]. 
But the effect of miR-200 on cancer cell proliferation is 
controversial. Jun Yu et al suggested that high levels 
of miR-200c expression correlated with low invasion 
ability would stimulate cell proliferation in 
pancreatic cancer[19]. However, Lei Liu et al found 
that miR-200c suppressed cell invasion, migration and 

proliferation in bladder cancer through targeting 
Bmi-1 and E2F3[20]. Such apparently contradicting 
observations raise the interesting possibility that 
miR-200c may differentially regulate the proliferation 
and invasion property of certain cancer cells. 

Our previous study showed that the expressions 
of miR-200c and miR-141, very closely located next to 
each other in the same cluster, were significantly 
increased in the epithelial-like ALDH+ BCSCs [7, 21]. 
Studies by other groups also showed that miR-200c/ 
141 play an important role in mesenchymal- 
epithelial-transition (MET)[22, 23] in cultured cells or 
xenograft models. Since there is a good correlation 
between epithelial-mesenchymal-transition (EMT) 
and CSC characteristics [24], these results suggest that 
miR-200c/141 cluster could affect BCSC heterogeneity 
and plasticity. Nevertheless, there have been very few 
studies to examine directly such potential functions 
and mechanisms using in vivo models for miRNAs, 
and none for miR-200c/141 cluster. In this study, we 
utilized a miR-200c/141 conditional knockout mouse 
model that bearing spontaneous mammary tumor 
and identified a critical role of miR-200c/141 in 
regulating BCSC heterogeneity. This effect is yielded 
by its direct targeting of homeodomain-interacting 
protein kinase 1 (HIPK1), HIPK1 induces the EMT of 
breast cancer cells by activating Wnt/β-catenin 
signaling pathway. Our results show that miR-200c/ 
141-HIPK1-Wnt/β-catenin axis mediates breast tumor 
cell proliferation and invasion by modulation of EMT 
and inter-conversion between the epithelial and 
mesenchymal states of BCSCs. 

Materials and Methods 
Mice 

C57BL/6 miR-141/200cflox/flox mice (Jackson 
Laboratory, USA) were backcrossed to the FVB back-
ground for six generations. Obtained FVB miR-141/ 
200cflox/flox mice were crossed to MMTV-Cre transg-
enic mice (provided by Dr. Yi Arial Zeng) to generate 
mice with mammary specific deficient miR-141 and 
miR-200c (miR-141/200c–/–) then bred to MMTV- 
PyMT mice (provided by Yi Arial Zeng). miR-141/ 
200cflox/flox; PyMT mice were used as wild type 
controls in MMTV-Cre; miR-141/200cflox/flox; PyMT 
experiments. All mice were maintained in a specific 
pathogen-free facility and animal experimentation 
was conducted in accordance with institutional 
guidelines.  

Tumorigenesis and metastasis studies 
Littermate controls were used in all experiments 

when possible. For spontaneous tumorigenesis 
studies, female mice carrying the specific oncogenes 
were examined weekly for mammary tumors. Tumors 
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were considered for initiation when they reached 
2-3mm and tumors were measured weekly by calipers 
for calculation of tumor volumes (length × width2/2). 
Mice were sacrificed when the diameter of bearing 
tumor reached 15mm. For each tumor, one part was 
embedded in paraffin for histological analysis and the 
rest was digested with collagenase/hyaluronidase 
(Stem Cell Technologies, USA) for flow cytometry. 
Lung nodules were counted after sectioning and 
staining of the lungs. 

Immunohistochemistry and 
immunofluorescence 

The human breast cancer tissues used in the 
study were obtained from Fudan University Shanghai 
Cancer Center (Shanghai, China). The slices of 
paraffin-embedded tissues were dewaxed and 
rehydrated in xylene and graded alcohol solutions. 
Anti-HIPK1 (1:50, Abcam, USA), anti-Ki67 (1:100, 
Abcam, USA), anti-E-cadherin (1:100, Proteintech, 
USA) and anti-Vimentin (1:100, CST, USA) were used 
as primary antibodies. Goat anti-mouse/rabbit IgG 
conjugated with HRP and DAB Kit (DAB-0031, 
Maxim, China) were used for immunohistochemistry 
staining. For immunofluorescent, both of goat 
anti-mouse IgG AlexaFluor-488 and goat anti-rabbit 
IgG AlexaFluor-679 (1:200, Life Technologies, USA) 
were used and nuclei was co-stained with DAPI (Life 
Technologies, USA).  

Cell culture  
Breast cancer cell lines MCF-7, BT474 and T47D 

were purchased from ATCC and SUM149 were 
obtained from Asterand. All cell lines were cultured 
according to the recommends from ATCC or 
Asterand. Primary cells used in the study were 
derived from digested tumor tissues and cultured 
with EpiCult™-B Mouse Medium Kit (#05610, 
STEMCELL, USA) under directions. 

Interference of gene expression 
Sequence-specific miRNA inhibitor (RIBOBIO, 

China) was used to inhibit endogenous miR-200c or 
miR-141 by combining with mature miRNA. 
Transfection experiments were carried out using 
Lipofectamine 3000 Reagent (Invitrogen, USA). 
Lentiviral system was used for establishment of stable 
cell lines with HIPK1 knockdown or overexpression.  

MTT assay 
Cells were seeded in 96-well plates one thousand 

per well and cultured for 3, 5, or 7 days. Each group 
was performed triplicate. For each well 20µl MTT 
(5mg/ml, Biosharp, China) was added and plates 
were incubated at 37°C for 3 hours. After removing 
the supernatant, 100 µl DMSO per well was added 

and kept shaking for 10 minutes. The optical density 
(OD) value was measured at 490 nm with microplate 
reader (Elx800, BioTek, USA). 

Colony formation assays  
Cells were plated in a 6-well plate as 1000 cells 

per well. When visible colonies formed, remove 
media and fix cells with 4% paraformaldehyde. Cells 
were stained with 0.5% crystal violet and colonies 
were counted under microscope.  

Invasion assay 
Transwell chambers (#3422, Corning, USA) 

pre-coated with matrigel (354234, Corning, USA) 
were placed in 24-well plate at 37°C for 3-4 hours. 
Then 4 X104 cells were plated on chambers without 
serum and medium containing 10% fetal bovine 
serum offered in the bottom well. After 36 hours, 
chambers were fixed (methyl alcohol: glacial acetic 
acid=3:1) and stained with 0.1% crystal violet, then 
invaded cells were photographed for statistical 
analysis. 

Flow cytometry 
For the ALDEFLUOR assay (StemCell, USA), 

dissociated cells were suspended in assay buffer 
containing ALDEFLUOR substrate and incubated 
with or without aldehyde dehydrogenase inhibitor 
DEAB. A CD24/CD44 or CD24/CD29 assay was 
performed with anti-CD24 (1:20, 561647, BD), 
anti-CD44 (1:100, 560532, BD), anti-CD24 (1:40, 
101814, BioLegend, USA) and anti-CD29 (1:80, 102226, 
BioLegend). For analysis of tumor cells from 
spontaneous breast cancer mice, anti-mouse-lineage 
antibodies were used for gating: H2Kd (1:100, 116607, 
Biolegend), CD45 (1:50, 555483, BD), CD31 (1:50, 
555446, BD), CD140b (1:50, 558821, BD), and CD235a 
(1:50, 555570, BD). The CytoFLEX instrument (Beck-
man Coulter, USA) was used for data acquisition and 
analysis were performed in CytExpert software. 

RNA extraction and quantitative real-time 
PCR 

Total RNA were extracted by TRIzol Reagent 
(Takara, China) and extracted RNA was measured on 
Nanodrop (Thermo Fisher Scientific, USA). cDNA 
was prepared from 1 µg RNA using ReverTra Ace 
qPCR RT Kit (TOYOBO, China). QRT-PCR was 
performed using SYBR Green PCR Kit (Vazyme 
Biotech, China) with 7300 Real-Time PCR system 
(Applied Biosystems, USA). 5sRNA or GAPDH were 
used as a reference gene for miRNA or mRNA, 
respectively. All primers used are shown in Table S1. 

Western blotting  
Cells were lysed in RIPA buffer (Beyotime, 
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China) and protein concentration was measured by 
BCA Protein Assay Kit (Pierce, USA). Protein sample 
mixed with loading buffer were separated by 
SDS-PAGE and subsequently transferred onto PVDF 
membranes (Millipore, USA). Membrane was blocked 
in 5% de-fat milk and incubated with primary 
antibody and HRP-conjugated secondary antibody 
sequentially. Following antibodies were used in this 
study: anti-HIPK1 (ab152109, Abcam), anti-E- 
cadherin (20874-1-AP, Proteintech), anti-Vimentin 
(5741s, CST), anti-snail (3879, CST), anti-Actin 
(HC201, TransGen, China), goat anti-mouse IgG-HRP 
(sc-2005, Santa Cruz, USA) and goat anti-rabbit 
IgG-HRP (sc-2004, Santa Cruz). ImageQuant LAS 
4000 mini imaging system (GE, Fairfield, USA) and 
Western HRP Substrate (WBLUF0500, Millipore) were 
used in chemiluminescent detection. 

Luciferase reporter assay 
293T cells were transfected with miR-200c or 

miR-141 overexpression plasmid (pTRIPZ vector) 
were seeded in 96-well plate and were transfected 
with 200 ng luciferase reporter plasmids containing 
sequence of HIPK1 3’UTR wild type or the 
corresponding deletion. 24 hours after transfection, 
luciferase activity was measured according to the 
instructions of luciferase assay kit (E2920, Promega, 
USA). 

Patients and clinical samples  
The human breast cancer tissue used in this 

study, obtained from the Fudan Universitay Shanghai 
Cancer Center (Shanghai, China), was comprised of 
25 pairs of breast cancer tissues and their corresp-
onding adjacent normal tissues (Table S2). The study 
was approved by ethical committee of Fudan 
University.  

Statistical analysis 
All values are presented as the mean ± s.e.m. and 

at least three repeated individual experiments were 
performed for each group, except where otherwise 
indicated. Statistical analysis was determined using 
two-way ANOVA and Student’s t-test with GraphPad 
Prism 6 (GraphPad Software, USA). A p-value < 0.05 
was considered statistically significant. 

Results 
Deletion of miR-200c/141 cluster inhibits 
mammary tumor formation but increases lung 
metastasis in vivo  

To investigate the role of miR-200c/141 in 
regulating BCSC heterogeneity in vivo, we condition-
ally deleted the miR-200c/141 cluster in mammary 
gland by intercrossing miR-200c/141fl/fl mice with 

MMTV-PyMT and MMTV-Cre transgenic mice using 
a similar strategy as described previously [25] and in 
Figure 1A. Genotyping by PCR analysis of genomic 
DNA identified cohorts of offsprings containing 
miR-200c/141fl/fl, MMTV-PyMT and MMTV-Cre 
alleles (designated as cKO mice) and miR-200c/141fl/fl 
and MMTV-PyMT alleles (designated as Control 
mice, WT) (Figure S1A). QRT-PCR analysis of 
mammary glands showed significantly decreased 
expression of miR-200c and miR-141 in cKO mice 
(Figure S1B, S1C).  

Relative to control (WT) mice, cKO mice 
presented a delay in mammary tumor development 
(Figure 1B). The inhibition effect of miR-200c/141 
cluster deletion on tumor formation was also 
supported by a greater number of tumor-free 
mammary glands (Figure 1C) and reduced tumor 
burden (Figure 1D) in cKO mice. We next stained the 
tumor sections for a cell proliferation marker Ki67 and 
found a significantly decreased number of Ki67+ cells 
in breast tumors of cKO mice (Figure 1E). Surpris-
ingly, in contrast to the reduced tumor development, 
histological analysis showed significantly increased 
lung metastatic nodules in cKO mice (Figures 2A and 
2B). However, decreased proliferating (i.e. Ki67+) cells 
were also detected in metastatic nodules in cKO mice, 
(Figure 2C). Together, these results suggest that 
miR-200c/141 may confer a growth advantage during 
tumorigenesis at both the primary sites and 
metastasis sites but inhibit the tumor metastasis.  

miR-200c/141 mediates mammary tumor 
progression in a biphasic manner via regulating 
BCSC plasticity  

Previous research demonstrated that BCSCs 
exist in alternative epithelial-like and mesenchymal- 
like states. The mesenchymal-like state characterized 
as CD24-CD44+ is associated with expression of 
mesenchymal markers, relative quiescence, and high 
invasive capacity, whereas the epithelial-like state 
characterized as ALDH+ is associated with expression 
of epithelial markers, establishment of cell polarity, 
and extensive proliferation[7, 8]. More recent study 
showed two distinct subpopulations of BCSCs with 
CD24+CD29+ markers for the mesenchymal popula-
tion and ALDH+ for the epithelial BCSCs [8, 26]. To 
examine the effect of miR-200c/141 cluster deletion on 
BCSCs directly, tumors from cKO and WT mice were 
minced and digested into single cell suspensions for 
BCSC analysis by flow cytometry using these two sets 
of BCSC markers. Intriguingly, the CD24+CD29+ 
mesenchymal subset was significantly increased, but 
the ALDH+ epithelial subset was decreased in cKO 
mice (Figures 2D and S2) suggesting that 
miR-200c/141 could regulate BCSC heterogeneity in 
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PyMT mouse model of breast cancer. Considering the 
role of miR-200c/141 cluster in mesenchymal to 
epithelial transition (MET), the epithelial marker 
(E-cadherin) and mesenchymal marker (Vimentin) 
were detected by immunofluorescence on tumor 
sections and immunoblotting analysis on mouse 
primary tumors and tumor cells isolated and cultured 

from primary tumors (Primary cells). We found that 
miR-200c/141 deletion decreased E-cadherin and 
increased Vimentin expression (Figure 2E and 2F), 
suggesting that increased EMT in bulk tumors may be 
driven by the elevated levels of mesenchymal BCSCs, 
which could contribute to increased lung metastases 
in cKO mice. 

 

 
Figure 1. Deletion of miR-200c/141 cluster inhibits mammary tumor formation. (A) Schematic view of cross-breeding among MMTV-PyMT, MMTV-Cre 
transgenic mice and mice carrying loxP sites flanking the miR-200c/141fl/fl, and the generation of spontaneous breast tumor mice with mammary-specific 
deletion of miR-200c/141 cluster (miR-200c/141-/-; PyMT). (B) Kinetics of mammary tumor onset in MMTV-PyMT female mice of indicated genotypes. (log-rank test; 
WT: n=40,cKO:n=41) *p < 0.05. (C) The percentage of tumor-free mammary glands at indicated ages and indicated genotypes of mice. (D) Total tumor burden 
in WT and cKO cohorts evaluated at 15 weeks in the same mice as in (C). *p < 0.05. (E) The representative images for Ki67 IHC staining in tumor sections and 
quantification of Ki67 positive cells per tumor section in the same cohort of mice from (C). ***p < 0.001 

 

 
Figure 2. Deletion of miR-200c/141 cluster increases mammary tumor lung metastasis and induces EMT. (A) Images of lungs from the same cohort 
of mice as shown in Figure 1B. Red arrows represent metastatic nodules in lungs. (B) HE staining of lung sections from (A) and the numbers of metastatic lesions per 
lung section were counted. ***p < 0.001. (C) The representative images for Ki67 IHC staining in lung sections from WT or cKO mice and quantification of Ki67 
positive cells. ***p < 0.001. (D) FACS was performed to detect the effect of miR-200c/141 cluster on breast cancer stem cells (BCSCs) with CD24/CD29 and 
ALDEFLUOR assay. (E) E-cadherin (E-cad) and Vimentin (Vim) expression was verified by Immuno- fluorescence staining in tumor sections with indicated genotypes. 
(F) E-cadherin (E-cad), Vimentin (Vim) and Zeb1 protein immunoblotting in freshly lytic tumors and primary cells from the mice with indicated genotypes. 
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To evaluate a potential role of miR-200c/141 in 
human BCSCs and further investigate the involved 
mechanisms, we treated human breast cancer cell 
lines SUM149 (Basal subtype) and T47D (Luminal 
subtype) with specific miR-200c/141 inhibitors or 
scramble controls and examined the effects on the cell 
functions. MTT and colony formation assays showed 
that miR-200c/141 antagonists inhibited the cell 
proliferation of both cell lines (Figure 3A-3C). 
Interestingly, we found that miR-200c/141 inhibitor 
treatment increased invasive capacity of both cell lines 
(Figure 3D and 3E). These results markedly resembled 
the phenotypes of reduced tumorigenesis and 
increased metastasis upon miR-200c/141 deletion that 
we observed in the PyMT mouse model in vivo (see 
Figures 1 and 2). Then we examined the BCSC status 
by flow cytometry using CD24-CD44+ markers to 
detect mesenchymal-like human BCSC as described 
previously [7]. Similar to our findings in PyMT mouse 
models, inhibition of miR-200c/141 increased 
mesenchymal-like CD24-CD44+ BCSC population but 
decreased epithelial-like ALDH+ BCSC population 
(Figures 3F, 3G and S3). Furthermore, attenuated 
E-cadherin and elevated Vimentin and Snail were 
found after miR-200c/141 inhibition, suggesting an 
EMT occurred in these cells (Figure 3H). All those 
results were also confirmed in another human cancer 
cell line BT474 (Her2 subtype) and primary cultured 
cells isolated from PyMT mouse tumors (Figure S4). 
All these results suggest that miR-200c/141 could 
regulate BCSC heterogeneity via inhibiting EMT in 
human breast cancers through similar mechanisms as 
in mouse models. 

HIPK1 is a direct target of miR-200c/141 and 
correlated with breast cancer malignancy 

To study the mechanisms of miR-200c and 
miR-141 in controlling breast cancer development and 
progression, we explored downstream gene targets 
common for these two miRNAs. Analyses of two 
databases miRBase and targetScan for candidate 
targets identified 10 overlapping genes for miR-200c 
and miR-141 (Figure 4A). We then examined mRNA 
expression of these 10 genes in mammary tumors and 
isolated primary cells from cKO and WT mice, and 
found a greatest increase for HIPK1 and YWHAG in 
mammary tumor tissues from cKO mice (Figure 4B). 
The proteins levels for these two proteins were then 
analyzed by Western blotting. We found a more 
significant increase for HIPK1 than YWHAG in cKO 
mice compared to those from WT mice (Figure 4C). 
Similar increases in the expression of HIPK1 were 
found upon inhibition of miR-200c/141 in SUM149 
and T47D cells (Figure 4D and 4E). To further assess 
the possibility of HIPK1 as a direct repression target 

by miR-200c/141, we cloned the human HIPK1 3’UTR 
into a luciferase reporter plasmid. The HIPK1 3’UTR 
contains two predicted binding sites for 
miR-200c/141: one for miR-200c and another for 
miR-141 (Figure 4F). Indeed, mutation of each of the 
binding site released repression by miR-200c and 
miR-141, respectively (Figure 4G), suggesting that 
HIPK1 is a direct downstream target of miR-200c/141 
through these sites [2]. 

We next examined the functional role of HIPK1 
in breast cancer. A Kaplan-Meier survival curves 
between HIPK1 mRNA expression and breast cancer 
patients was carried out based on TCGA database, 
and it showed that patients with low HIPK1 
expression had a longer overall survival (Figure 4H). 
At the same time, paired breast tumors with different 
subtypes (Luminal, Her2+, Basal) and their adjacent 
normal tissues (paratumor) from same patients were 
analyzed and quantified for HIPK1 expression by IHC 
(Figure 4I and 4J). HIPK1 was up-regulated in tumors 
significantly and when the samples were classified 
into paratumor, Luminal, Her2 and Basal, HIPK1 
expression was increased with the malignant level. 
These results indicated the oncogenic role of HIPK1 in 
breast cancer. 

HIPK1 knockdown rescues the effects of 
miR-200c/141 inhibition on breast cancer cells 

We had identified HIPK1 as a clinically relevant 
direct target of miR-200c/141. In order to investigate 
whether HIPK1 served as a major downstream 
effector of miR-200c/141, we established HIPK1 
knockdown SUM149 cell line via a specific shRNA 
lentiviral infection. Epithelial/mesenchymal markers, 
E-cadherin, Vimentin and Snail were detected by 
western blotting (Figure 5A). The results showed that 
the EMT induced by the miR-200c/141 inhibition 
could be attenuated by the HIPK1 knockdown. The in 
vitro assays revealed an increased cell proliferation 
and reduced invasion in rescued group compared to 
miR-200c/141 inhibitor treatment alone (Figure 
5B-5E). Furthermore, the HIPK1 knockdown 
abrogated the effects of the miR-200c/141 antagonist 
on both CD24-CD44+ and ALDH+ BCSC population 
(Figures 5F, 5G and S5). These results confirmed that 
HIPK1 served as a functional direct target of 
miR-200c/141 in regulating cancer cell proliferation, 
cell invasion, and BCSCs heterogeneity regulation. 

In addition, to examine whether HIPK1 can 
mimic the effect of miR-200c/141 cluster deletion on 
breast cancer cell functions and BCSCs, we 
overexpressed HIPK in SUM149 cells (Figure S6A) 
and examined the effects on the cell functions. MTT 
and colony formation assays showed that HIPK1 
overexpression inhibited the cell proliferation of both 
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cell lines (Figures S6B, S6C). Similar to the effects of 
miR-200c/141 cluster deletion, we found that HIPK1 
overexpression increased invasive capacity of 
SUM149 cells (Figure S6D). Furthermore, attenuated 
E-cadherin and elevated Vimentin were also found 
after HIPK1 overexpression, suggesting an EMT 
occurred in these cells (Figure S6E). HIPK1 over-

expression increased mesenchymal-like CD24-CD44+ 

BCSC population but decreased epithelial-like 
ALDH+ BCSC population (Figure S6F). These results 
markedly resembled the effects of miR-200c/141 
inhibition on breast cancer cell functions that we 
observed above (Figures 3, S3 and S4). 

 

 
Figure 3. Inhibition of miR-200c and miR-141 results in reduced cell proliferation and increased cell invasion in vitro by regulating BCSC 
plasticity. SUM149 and T47D cells were treated with 200nM miR-200c and miR-141 inhibitors (miR200c- 141inh) or negative control inhibitor (NC) for 48h. (A) 
Treated SUM149 or T47D cells were accessed for proliferation ability which was performed with MTT assay as described in methods. **p<0.01. (B-C) The 
plate colony formation assay was carried out with 500 treated SUM149 (B) or T47D(C) colonies were counted in the whole field for statistics. **p<0.01. (D-E) 
The invasive ability of treated SUM149 (D) or T47D (E) cells was investigated with the transwell assay according to the manufacturer's protocol. Quantitative analysis 
was accessed for the total invasive cells from three independent experiments. *p<0.05, **p<0.01. (F-G) Flow cytometry analysis of BCSCs was carried out for 
the CD24/CD44 and ALDEFLUOR assay in treated SUM149 (F) and T47D (G) cells. (H) After being treated for 48 hours, cells were harvested to detect the protein 
expression levels of E-cadherin (E-cad), Snail, Vimentin (VIM) and ZEB1 by Western Blotting. 
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Figure 4. HIPK1 is a direct and functional target of miR-200c and miR-141, and is correlated with breast cancer malignancy. (A) Schematic diagram 
of genes targeted by both of miR-200c and miR-141 were analyzed based on miRBase and targetScan databases. (B) Candidate target genes were confirmed with 
qRT-PCR assay in both tumor and primary cells from miR-200c/141 cKO mice. (C) The protein expression levels of HIPK1 and YWHAG were detected by Western 
Blotting. (D) mRNA expression levels of HIPK1 and YWHAG were confirmed with qRT-PCR assay in SUM149 treated with miR200c and miR141 inhibitors or 
negative control. **p<0.01. (E) Protein expression levels of HIPK1 and YWHAG were confirmed by Western Blotting in SUM149 and T47D cells treated with 
indicated inhibitors. (F) Predicted miR-200c and miR-141 binding region sequence in 3'UTR of HIPK1. (G) The potential miR-200c and miR-141 binding regions in 
3'UTR of HIPK1 were confirmed with luciferase reporter assay. The relative luciferase activity is defined as the value of activity of luciferase gene folded over internal 
control. **p<0.01. (H) The Kaplan-Meier survival curve of breast cancer patients (log-rank test, ***p < 0.001), data from TCGA. (I) The HIPK1 protein level in clinical 
breast tumor tissues and paratumor tissues was shown by immunohistochemistry (IHC) (Brown: HIPK1). Bar, 200um. (J) Quantification of HIPK1-positive cells ratio 
in IHC staining sections of breast cancer patient tissues from (I). ***p<0.001 

 
Beta-catenin (β-catenin) was activated to 
regulate the BCSC heterogeneity and cancer 
progression by both the deletion of 
miR-200c/141 cluster and the HIPK1 
overexpression 

In order to further elucidate the downstream 
signaling pathway regulation by the deletion of the 
miR-200c/141 cluster, we performed the RNA-Seq 
assay in primary tumor cells from cKO and WT PyMT 

mice. Gene Set Enrichment Analysis (GSEA) indicated 
that the downregulated genes in the cKO PyMT 
primary tumor cells were negatively correlated to the 
Wnt/β-catenin pathway which exerts a critical role in 
cell self-renewal and differentiation (Figure 6A) and 
HIPKs were also reported to directly interact with 
β-catenin [27, 28]. Then, we verified the β-catenin 
transcription activity was increased in both miR- 
200c/141- inhibited and HIPK1-overexpressed cells 
by TOP/FOP luciferase assay (Figure 6B). Further-
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more, we found that the active form of β-catenin was 
upregulated consistently in both miR-200c/141- 
inhibited and HIPK1-overexpressed cells as well as in 
the tumors from miR-200c/141 knockout mice (Figure 
6C), and the HIPK1 knockdown diminished the 
activation of β-catenin by miR-200c/141 inhibition 
(Figure 6D). In addition, we confirmed the 
corresponding response of the β-catenin downstream 
effector c-Myc in both miR-200c/141-inhibited and 
HIPK1-overexpressed cells (Figure S7A, S7B) and 
proved that HIPK1 phosphorylated β-catenin protein 
at Ser552 in vitro (Figure S8). According to the 
findings above, we treated HIPK1-overexpressing 
SUM149 cells with Wnt/β-catenin pathway inhibitor 

ICG-001 resulting in slightly rescued cell proliferation 
but significantly diminished invasion from HIPK1 
overexpression (Figures 6E-6G). There might be some 
other suspicious signals mediating the effects of 
HIPK1 on cell proliferation, such as p21 which was 
significantly upregulated in miR-200c/141 knocking- 
down or HIPK1-overexpressing cells (data not 
shown). In addition, increase of CD24-CD44+ and 
decrease of ALDH+ BCSC population in HIPK1- 
overexpressing group were partially inhibited after 
β-catenin inhibition (Figures 6H, 6I). These results 
demonstrated that HIPK1/β-catenin axis was crucial 
in regulating BCSC heterogeneity. 

 

 
Figure 5. HIPK1 knockdown rescues the effects of miR-200c/141 inhibition on breast cancer cells. SUM149 and T47D cells were transfected with 
HIPK1-shRNA lentivirus and then treated with miR-200c/141 inhibitors. (A) Protein expression level of HIPK1, E-Cadherin (E-cad), Snail and Vimentin (VIM) were 
detected by Western Blotting. Samples were harvested after cells had been treated for 48 hours. (B-C) MTT assay was performed with treated SUM149 (B) and 
T47D (C) cells for cell proliferation ability. *p<0.05, **p<0.01. (D-E) The invasive ability was investigated with treated SUM149 (D) or T47D (E) cells by transwell 
assay. Quantitative analysis of the total invasive cells from three independent experiments. ***p<0.001 (F-G) The heterogeneity of BCSCs was analyzed by Flow 
cytometry with two sets of markers (CD24-CD44+ and ALDH+) in treated SUM149 (F) and T47D (G) cells. 
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Figure 6. miR-200c/141 cluster regulates breast cancer metastasis and BCSCS states through β-catenin activity. (A) The downregulated genes from 
primary tumors of cKO PyMT mice compared to WT PyMT mice were applied to Gene Set Enrichment Analysis (GSEA). (B) The transcriptional activity of β-catenin 
was measured in both miR-200c/141-inhibited and HIPK1-overexpressed cells by TOP/FOP luciferase assay. (C) The activated β-catenin (non-phosphorylation at 
ser33/37/thr41 sites) and Phosphorylation of β-catenin in ser552 site in both miR-200c/141-inhibited and HIPK1- overexpressed cells as well as in the tumors from 
miR-200c/141 knockout mice were measured by Western Blotting. (D) Rescue experiment was performed in miR-200c/141 and HIPK1 double knockdown cell lines 
by Western Blotting. (E-G) The cell proliferation ability was measured for HIPK1-overexpressing SUM149 cells in the absence or presence of ICG-001 (10uM, 24h) by 
the MTT assay (E) and plate colony formation assay (F) and the cell invasive ability was tested by transwell assay (G). Quantitative analysis of the cells was done 
from three independent experiments. ICG- 001: Wnt/β-catenin pathway inhibitor. (H-I) Flow cytometry analysis of BCSCs was carried out for the CD24/CD44 
analysis and ALDEFLUOR assay in SUM149 cells. 
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Discussion 
Developing understandings of CSCs make it a 

consensus that targeting CSCs could be a better 
therapeutic approach to cure cancer. The fundamental 
problem is that ascertain the mechanism of regulating 
CSC heterogeneity. We previously identified two 
distinctive BCSC populations with mesenchymal-like 
or epithelial-like characters which show different 
tumor proliferation or invasion properties [7]. Chen et 
al [29] found CD133+/ALDHhigh cells appear to be a 
tumor initiating subpopulation, whereas CD133−/ 
ALDHlow cells harbor more chemoresistance and 
invasion property in hepatoma. Therefore, unveiling 
the potential mechanisms regulating BCSC transfor-
mation cross distinctive states is necessary to 
understand the plasticity of CSCs. In this study, we 
describe that two states of BCSC populations could 
mutually transform in EMT process mediated by 
miR-200c/141-HIPK1/β-catenin axis. 

For exploring the mechanisms of BCSC 
transformation, we chose miR-200c/141 cluster which 
we found is highly expressed in the epithelial state 
BCSCs (ALDH+) and the MMTV-PyMT transgenic 
mice as entry points. Delayed tumor development 
and increased lung metastasis were observed in 
miR-200c/141 cKO mice. However, Fischer KR et al 
reported miR-200 overexpression did not impair the 
ability of MMTV-PyMT tumor cells to form distant 
lung metastases [30]. Considering MMTV-PyMT 
mouse model is a widely used autochthonous 
mammary tumor model which develops luminal 
adenocarcinoma [31] and the majority cells from 
primary tumors in MMTV-PyMT mouse are epithelial 
type [30], conditional knockout of miR-200/141 
cluster may present more remarkable mesenchymal 
phenotype responsible for the lung metastasis 
compared with miR-200/141-expressing mouse 
model. And human breast cancer cell lines including 
T47D, BT474 and SUM149 which covered luminal, 
Her2 and basal subtypes of human breast cancer were 
used for experimental assays in vitro for addition. The 
similar phenotype gained a consistent conclusion that 
inhibition of miR-200c/141 induced cells more 
invasive but is anti-proliferative, along with enriched 
mesenchymal BCSCs and reduced ALDH+ 
population, which is very stimulating and intrigues us 
to further explore the molecular mechanisms. 

Previous studies have demonstrated that 
miR-200c/141 cluster is involved in cancer 
progression by promoting MET. As we know, EMT is 
a process in which epithelial cells lose their cell 
polarity and cell-cell adhesion, and gain migratory 
and invasive mesenchymal properties, and MET is the 
reverse process. Both of the two processes are critical 
for development of many tissues and organs[32]. EMT 

has been shown to occur in the initiation of metastasis 
and drug resistance across different cancer types 
[33-35] and EMT process was reported to induce 
CD24-CD44+ BCSCs [36], but less is known about the 
effects on ALDH+ BSCSs. Our current results showed 
EMT could indeed increase invasion but decrease the 
tumor initiating and proliferation via differentially 
modulating BCSC population. 

 The classical targets of miR-200 are the 
E-cadherin transcriptional repressors ZEB1 and ZEB2 
[22] in which there is no miR-141 binding site at 3’UTR 
region. However, miR-200c and miR-141 are located 
in the same cluster regulated with one promoter[37] 
and our study showed that inhibiting any of those 
two miRNAs had similar effects on tested breast 
cancer cell function (data not shown), so we focused 
on the common predicted target genes for both. With 
the analysis of online miRNA-binding predicting 
tools and subsequent experimental confirmation, we 
provided evidence for the functional role of 
miR-200c/141 in regulating BCSC heterogeneity by 
directly repressing HIPK1, a homeodomain- 
interacting protein kinase.  

HIPK1 is observed highly expressed in several 
cancers, but its function appears to be complicated as 
a tumor repressor or an oncogene in a context- 
dependent manner [38-40]. Although high expression 
of HIPK1 is identified in invasive breast cancer cells, 
the mechanism is not certain [41]. Here, we identified 
HIPK1 as a direct functional target of miR-200c/141 in 
regulating BCSC heterogeneity and tumor progress-
ion. In addition, we authenticated β-catenin was 
activated by both miR-200c/141 inhibition and ectopic 
expression of HIPK1 that played a critical role in the 
regulation of breast cancer.  

Taken together, our study supports the finding 
of distinct BCSC states harboring different properties 
and reveals a miR-200c/141- HIPK1-dependent 
mechanism in regulating BCSC heterogeneity and 
breast cancer progression. This effect is subsequently 
mediated by deregulation of Wnt/β-catenin pathway. 
Combination of targeting BCSC heterogeneity 
especially the mesenchymal-like population and the 
traditional chemotherapies to simultaneously restrict 
breast cancer initiation and metastasis may be a 
promising therapeutic strategy for breast cancer. 

Abbreviations 
BCSCs: Breast cancer stem cells; EMT: Epithelial 

to mesenchymal transition; HIPK1: Homeodomain- 
interacting protein kinase 1; CSCs: Cancer stem cells; 
ALDH: Aldehyde dehydrogenase; Zeb: zinc finger E 
box-binding homeobox; qRT-PCR: Quantitative 
real-time PCR; GSEA: Gene Set Enrichment Analysis. 
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