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Abstract

MicroRNA-3662 (miR-3662) is minimally expressed in normal human tissues but is highly 

expressed in all types of cancers, including breast cancer. As determined with The Cancer 

Genome Atlas dataset, miR-3662 expression is higher in triple-negative breast cancers (TNBCs) 

and African American breast cancers than in other breast cancer types. However, the functional 

role of miR-3662 remains a topic of debate. Here, we found that inhibition or knockout 

of endogenous, mature miR-3662 in TNBC cells suppresses proliferation and migration in 
vitro and tumor growth and metastasis in vivo. Functional analysis revealed that, for TNBC 

cells, knockout of miR-3662 reduces the activation of Wnt/β-catenin signaling. Furthermore, 

using CRISPR-mediated miR-3662 activation and repression, dual-luciferase assays, and miRNA/

mRNA immunoprecipitation assays, we established that HMG-box transcription factor 1 (HBP-1), 

a Wnt/β-catenin signaling inhibitor, is a target of miR-3662 and is most likely responsible for 

miR-3662-mediated TNBC cell proliferation. Our results suggest that miR-3662 has an oncogenic 

function in tumor progression and metastasis via an miR-3662-HBP1 axis, regulating the Wnt /β-

catenin signaling pathway in TNBC cells. Since miR-3662 expression occurs a tumor-specific 

manner, it is a promising biomarker and therapeutic target for patients who have TNBCs with 

dysregulation of miR-3662, especially African Americans.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use: 

Corresponding Authors: Runhua Liu, the University of Alabama at Birmingham, 720 20th Street South, Birmingham, AL 35294, 
runhua@uab.edu; Lizhong Wang, lwang12@uab.edu.
Author Contributions
Conception, design, and financial support: LW, RL. Development of methodology: BY, LW, RL. Acquisition of data (bench/animal 
works, acquired data, etc.): BY, SW, XW, ZL, CZ, ML, SG. Analysis and interpretation of data (e.g., statistical analysis, biostatistics, 
computational analysis): SW, SB, ES, LW, RL. Writing, review, and/or revision of the manuscript: BY, LW, RL. Pathology analysis: 
SW. Study supervision: LW, RL.

Conflict of interest statement: There are no potential conflicts of interest for disclosure.

HHS Public Access
Author manuscript
Oncogene. Author manuscript; available in PMC 2022 May 02.

Published in final edited form as:
Oncogene. 2022 January ; 41(2): 268–279. doi:10.1038/s41388-021-02089-6.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

miR-3662; breast cancer; CRISPR; tumor progression; HBP1

INTRODUCTION

In the United States, breast cancer is the second leading cause of cancer deaths of women, 

and, in 2021, approximately 281,550 new breast cancer cases will be diagnosed, and 43,600 

deaths will occur 1. Invasive breast cancer has a high risk of recurrence to an incurable 

disease, and clinicians need improved prognostic and therapeutic tools. About 15% to 

20% of breast cancers are classified as triple-negative breast cancers (TNBCs) 2, and this 

subtype is associated with aggressive clinical behavior and poor prognosis 3 due to the 

lack of hormone receptors as therapeutic targets. Further, more than one-third of patients 

with TNBCs present with either recurrent or distant metastatic disease 4. However, inherent 

biological drivers of aggressive and metastatic TNBC remain elusive.

MicroRNAs (miRNAs or miRs), non-coding RNAs with a length of 20–22 nucleotides, 

are widely distributed in various organisms. MiRNAs regulate gene expression mainly by 

binding to the 3’-untranslated region (UTR) of their target messenger RNAs (mRNAs) 5. 

MiRNAs can act as oncogenes or tumor suppressor genes 6, and dysregulation of miRNAs 

is involved in the initiation and progression of human cancers 7, including breast cancer 
8, 9. MiRNAs are also emerging as potential biomarkers of breast cancer for diagnosis, 

prognosis, and prediction of therapeutic outcomes 6, 8, 10, 11. Early studies identified the high 

expression levels of hsa-miR-3662 (also miR-3662) in plasma or tumor tissues from patients 

with lung cancer, suggesting that miR-3662 could serve as a biomarker for diagnosis of lung 

adenocarcinoma 12, 13. Genome-wide association studies with functional analysis identified 

miR-3662 as a driver contributing to cell proliferation in acute myeloid leukemia through 

NF-KB– mediated transcription 14. However, later studies revealed that miR-3662 inhibits 

hepatocellular carcinoma growth through decreasing the HIF-1α-mediated Warburg effect 
15 or upregulating hexokinase 2 (HK2) 16. Also, in aggressive melanoma cells, miR-3662 

inhibits the epithelial-mesenchymal transition (EMT) through down-regulation of zinc finger 

E-box binding homeobox 1 (ZEB1) 17. However, the functional role of miR-3662 in human 

cancers remains undefined. In the present study, we investigated the role of miR-3662 in 

TNBC cells in vitro and in vivo. Further, we used multiple approaches to assess the targets 

of miR-3662 and its transcription regulation in TNBC cells.

RESULTS

Characterization of miR-3662 expression in human primary breast cancer

Mature sequence hsa-miR-3662 arises only from the 5′ arm of the miR-3662 hairpin18. 

In The Cancer Genome Atlas (TCGA) dataset, miR-3662 expression was found in human 

carcinomas from bladder, breast, colon, esophagus, head and neck, kidney, liver, lung, 

pancreas, prostate, rectum, skin, stomach, thyroid, and uterus (Fig. S1A). miR-3662 was 

minimally expressed in normal epithelial tissues but overexpressed in all carcinomas (Fig. 

S1A). Notably, the expression of miR-3662 was 3.8-fold higher in breast cancer tissues 

Yi et al. Page 2

Oncogene. Author manuscript; available in PMC 2022 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



than in non-cancerous breast tissue (Fig. 1A). Next, we assessed the clinical relevance 

of miR-3662 in human primary breast cancer. miR-3662 expression was higher in TNBC 

tissues than in luminal breast cancer tissues (Fig. 1B). Further, miR-3662 expression was 

higher in African-American breast cancer tissues than in Caucasian and Asian breast cancer 

tissues (Fig. S1B). High levels of miR-3662 expression were associated with high-stage 

breast cancers (T2–4) (Fig. S1C). In addition, high expression of miR-3662 was associated 

with poor survival of patients with breast cancer (Fig. S1D).

miR-3662 induces proliferation and migration of human TNBC cells

High expression levels of miR-3662 were present in human TNBC cell lines MDA-MD-231, 

BT-20, and MDA-MD-157, but there were low levels in MDA-MD-468, BT-549, and MDA-

MD-453 cells (Figs. S2A and S2B). Also, medium expression levels of miR-3662 were 

present in HER2+ cell lines BT-474, T47D, and SKBR3 (Figs. S2A and S2B). To explore 

the role of miR-3662 in human TNBC cell lines, we used specific synthetic antisense 

inhibitors to sequester the expression of endogenous mature miR-3662 (Fig. S2C) and 

specific synthetic mimics to mimic endogenous, mature miR-3662 (Fig. S2D). MTT assays 

revealed that the proliferation rates of MDA-MB-231 and BT-20 cells were reduced when 

endogenous miR-3662 levels were lowered by an miRNA inhibitor (Fig. 1C and S2E). In 

contrast, the proliferation rates were increased by addition of the miRNA mimic (Fig. 1C 

and S2E). Transwell assays showed that the migration rates of MDA-MB-231 and BT-20 

cells were low when the endogenous miR-3662 levels were reduced by an miRNA inhibitor 

(Figs. 1D,1E, and S2F-G).

To validate the role of endogenous miR-3662 in TNBC cells, using CRISPR/Cas9 genome 

editing, we knocked out the endogenous miR-3662 in MDA-MB-231 and BT-20 cells, 

an effect confirmed by denaturing gradient gel electrophoresis, Sanger sequencing, and 

quantitative real-time PCR (qPCR) (Figs. S2H-K, 1F and 1J). For both MDA-MB-231 and 

BT-20 cells, cell counting assays revealed that the proliferation of miR-3662 knockout (KO) 

cells was slower than that for scrambled control cells (Figs. 1G and 1K), and Transwell 

assays revealed that the migration of KO cells was slower than that for scrambled control 

cells (Figs. 1H-I and 1L-M). Likewise, miR-3662 KO MDA-MB-231 cells showed less 

colony formation compared to scrambled control cells (Figs. S3A-G). In addition, flow 

cytometric analysis of cell cycle distribution showed that miR-3662 KO MDA-MB-231 cells 

had an elevation in the percentages of the G1 population (p=0.0079) and a decline in the 

percentages of the S population (p=0.0929) (Figs. S3H and S3I). Next, we transiently treated 

miR-3662 KO cells with an miR-3662 mimic. After treatment, cell growth was rescued by 

the mimic (Figs. 1N-P). Also, with MDA-MB-231 and BT20 cells, we performed Transwell 

assays in the presence of the cell cycle blocker, mitomycin C. The migration rates of MDA-

MB-231 and BT-20 cells were slower in miR-3662 KO cells than in scrambled control cells 

(Figs. S4A-D). Likewise, in the presence of mitomycin C, we performed Transwell assays 

with miR-3662-low expressing MDA-MB-468 and BT-549 cells with an miR-3662 mimic 

and an antisense inhibitor. The migration rates of these cells were elevated in cells treated 

with the miR-3662 mimic, but there was no change for cells treated with the miR-3662 

antisense inhibitor compared to treatment with a negative miRNA control (Figs. S4E-H). We 

also assessed the effect of miR-3662 KO on EMT markers in MDA-MB-231 cells. However, 

Yi et al. Page 3

Oncogene. Author manuscript; available in PMC 2022 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the miR-3662 KO cells, expression levels of the EMT markers E-cadherin, N-cadherin, 

and vimentin, were not appreciably changed compared to the scrambled control cells (Figs. 

S4I and S4J). These data indicate that miR-3662 induces cell proliferation and migration of 

human miR-3662-high expressing TNBC cells.

miR-3662 KO reduces growth and metastasis of human TNBC cells

To address the role of miR-3662 in vivo, we injected miR-3662 scrambled control and KO 

cells into the fourth mammary fat pads of 8-week-old female NOD SCID gamma (NSG) 

mice. As shown in Figs. 2A-D and 2I-J, miR-3662 KO reduced tumor growth in the mice 

bearing MDA-MB-231-luc and BT-20 cells. Further, lung metastases were not evident in 

mice bearing KO MDA-MB-231-luc cells in contrast to mice bearing scrambled control 

MDA-MB-231-luc cells (Figs. 2E and 2F). Immunohistochemistry (IHC) staining showed 

that the expression of Ki67, a biomarker indicating accelerated proliferation, was lower in 

miR-3662 KO tumors compared with scrambled control tumors (Figs.2G-H and 2K-L).

miR-3662 KO attenuates activation of the Wnt/β-catenin signaling pathway

To elucidate the miR-3662-mediated molecular mechanism in the regulation of tumor 

growth and metastasis, we performed RNA-sequencing (RNA-seq) for miR-3662 scrambled 

control and KO MDA-MB-231 cells. We used five pathway datasets, including Pathway 

Interaction, Hallmark Pathway, WikiPathways, Reactome Pathway, and Hallmark and Kyoto 

Encyclopedia of Genes and Genomes, to identify the candidate pathway list by gene set 

enrichment analysis (GSEA) in KO cells relative to scrambled control cells. As shown 

in Figs. S5, S6A-B and 3A, the gene sets were upregulated in the Wnt signal pathway, 

which was most frequently identified in the top 10 pathways of most datasets. However, 

we also found other candidate pathways, such as c-Myc and TGFβ signaling, which are 

also relevant to the Wnt/catenin pathway. Immunofluorescence (IF) analysis showed that 

nuclear β-catenin (N-β-catenin) expression was lower in KO MDA-MB-231 cells compared 

with scrambled control cells (Figs. 3B-C). Also, cytoplasmic β-catenin expression was 

upregulated in KO cells compared with scrambled control cells (Fig. 3C). The ratio of 

nuclear/cytoplasmic β-catenin was lower in KO cells than in scrambled control cells (Fig. 

3C). This observation was validated by Western blots (Figs. 3D and 3E). However, GSK3β. 

a β-catenin regulator. 19 and its phosphorylation were not appreciably changed, although 

cyclin D1 and c-Myc were downregulated in KO cells relative to scrambled control cells 

(Figs. 3D-G). These data suggest that, in TNBC cells, miR-3662 KO leads to less activation 

of the Wnt/β-catenin signaling pathway.

HBP1 is a potential target gene of miR-3662 in the Wnt signaling pathway

To screen candidate target genes of miR-3662, we analyzed our RNA-seq data with public 

datasets. According to the fold change and q-value, 1378 genes were significantly regulated 

by miR-3662 (Fig. S6A). By scoring algorithm for TargetScan total context score (++) ≤ 

- 0.15 20 (Supplementary Table S1), 417 genes were identified as potential target genes 

(Fig. 4A). Next, we predicted 26 candidate targets as determined by combined RNA-seq 

and Targetscan data (Fig. 4A and Supplementary Table S2). We also analyzed the mRNA 

expression of these candidate target genes in TCGA dataset. Of the 26 candidate genes, 

17 genes were down-regulated, and 4 were upregulated (>1.5-fold change, P< 0.001) in 
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breast cancer tissues compared with normal breast tissues (Fig. 4B). Further, we chose the 

17 downregulated genes as potential target genes of miR-3662. To validate the effect of 

miR-3662 on the downregulated candidate genes, according to the correlation coefficient r 
value (r ≤ - 0.1) of the candidate genes and miR-3662 in the TCGA dataset, we identified 

the 5 top candidate genes, HBP1, LEPROT, CSRNP3, ADHFE1, and ZBTB20 (Fig. 4B). 

However, for MDA-MB-231 and BT20 cells, only HBP1 and LEPROT were upregulated 

in miR-3662 KO cells compared to scrambled control cells (Figs. 4C, 4G-L, 5C-F, and 

S6C-D). Also, only HBP1 and LEPROT fragments per kilobase of transcript per million 

were > 1 in the RNA-seq data. Thus, we selected the two candidate target genes for further 

analysis. According to the GeneCards dataset (www.genecards.org/), there was a strong gene 

network among HBP1 and WNT-related proteins (Fig. S6E). In TCGA breast cancer tissues, 

mRNA expression of HBP1 was inversely related to miR-3662 expression (Fig. S6F). In 

addition, we determined the expression levels of HBP1 in 10 human breast cancer cell lines. 

The expression of HBP1 was lower in MDA-MB-231 and BT20 cell lines than in other cell 

lines (Fig. S6G). Also, in these cells, there was a negative correlation between expression 

levels of miR-3662 and HBP1 (Fig. S6H).

To evaluate the effect of miR-3662 on transcription regulation of HBP1, we transiently 

transfected a negative miRNA control or an miR-3662 inhibitor into scrambled control 

MDA-MB-231 cells. Upregulation of HBP1 expression was evident after transfection with 

the inhibitor (Fig. 4D). Likewise, down-regulation of HBP1 expression was evident after 

transfection with the mimic in either scrambled control cells or KO cells (Figs. 4E and 

4F). Also, expression of HBP1 protein was higher in KO cells compared with scrambled 

control cells (Figs.4G and 4H) and in KO tumors compared with scrambled control tumors 

from xenograft NSG mice (Figs. 4I-J). To determine whether Wnt/β-catenin signaling is the 

main pathway contributing to the miR-3662-mediated function, we transiently transfected 

the miR-3662 mimic into miR-3662 KO MDA-MB-231 cells for rescuing the Wnt/β-catenin 

signaling. As shown in Figs. 4K-L, the miR-3662 mimic reduced HBP1 expression, leading 

to rescued N-β-catenin and c-Myc expression. Of note, knockdown of HBP1 by small 

interfering RNA (siRNA) in miR-3662 KO cells also rescued accumulation of N-β-catenin 

and expression of c-Myc (Figs. 4M and 4N).

Validation of the miR-3662-HBP1 axis-regulated Wnt/β-catenin signaling pathway

Using an additional TNBC cell line, BT20, we further assessed the miR-3662-HBP1 

axis-mediated Wnt/β-catenin regulation. IF analysis validated the lower expression of N-β-

catenin in miR-3662 KO BT-20 cells compared with scrambled control cells (Figs. 5A-B). 

However, cytoplasmic β-catenin expression was not upregulated in KO cells compared with 

scrambled control cells (Fig. 5B). The nuclear/cytoplasmic β-catenin ratio was lower in 

KO cells than in scrambled control cells (Fig. 5B). Also, we validated that miR-3662 KO 

induces HBP1 expression but reduces the accumulation of N-β-catenin and expression of 

c-Myc in BT-20 cells (Figs. 5C and 5D). In the BT-20 xenograft models, HBP1 expression 

was higher in KO tumors than in tumors with scrambled control (Figs. 5E and 5F). Due 

to increased HBP1 by miR-3662 KO, we used HBP1 siRNAs to validate the endogenous 

HBP1-mediated suppression of Wnt pathway activation and N-β-catenin levels in miR-3662 

KO BT20 cells. As shown in Figs. 5G-H, we confirmed the effects of endogenous HBP1 
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on Wnt pathway activation and N-β-catenin levels. To determine the effect of HBP1 
on cell proliferation, we transfected HBP1 siRNAs into miR-3662 KO cells for HBP1 
silencing (Figs. 6A and 6B). Cell counting, clone formation, and Transwell assays revealed 

that reducing HBP1 enhanced proliferation and the migration rate of miR-3662 KO MDA-

MB-231 cells (Figs. 6C-G). Thus, silencing of HBP1 in TNBC cells is likely to antagonize 

the miR-3662 KO-mediated inhibition of cell proliferation.

Post-transcriptional regulation of HBP1 by miR-3662 in human TNBC cells

To determine if transcription of HBP1 is regulated by miR-3662, we predicted the 

miR-3662-targeting sequences in the 3’-UTR of HBP1. Sequence alignment analysis 

revealed the potential miR-3662-targeting sites (Fig. S7A). The post-transcriptional 

regulation of HBP1 by miR-3662 was determined using a luciferase reporting system (Fig. 

S7A). In HEK293T cells, transfection of the miR-3662 mimic reduced the luciferase activity 

of the WT HBP1 3’-UTR by 1.41-fold (Fig. 6H). However, deletion of the miR-3662-

targeting sequence (CATTTT) in the HBP1 3’-UTR rescued the luciferase activity of HBP1 
3’-UTR in HEK293T cells transfected with the miR-3662 mimic (Fig. 6I). In contrast, 

transfection of the miR-3662 inhibitor induced (2.2-fold) the luciferase activity of the WT 

HBP1 3’-UTR in HEK293T cells (Fig. 6H).

To determine if endogenous, mature miR-3662 interacts with HBP1 mRNA, we performed 

an miRNA-mRNA interaction analysis using miRNA target immunoprecipitation (IP) with 

Ago1/2/3 proteins in MDA-MB-231 cells with or without transfection of the miR-3662 

mimic (Fig. S7B). Ago IP analysis showed that, in MDA-MB-231 and BT-20 cells, HBP1 
mRNA binds with Ago1/2/3 proteins in the presence of miR-3662 relative to scrambled 

control miRNA (Fig. 6J and S7C), supporting a direct interaction of miR-3662 with HBP1 
mRNA in TNBC cells. However, in MDA-MB-231 and BT-20 cells, no direct interaction of 

miR-3662 with LEPROT mRNA was evident in the presence or absence of the miR-3662 

mimic (Figs. S7D and S7E), suggesting an indirect regulation of LEPROT by miR-3662 in 

TNBC cells.

Identification of a functional miR-3662-HBP1 axis and its contribution to proliferation and 
the Wnt pathway of human TNBC cells

To assess the dynamic effect of an miR-3662-HBP1 axis on cell proliferation, 

we established cell models stably expressing Dox-inducible CRISPR-dCas9-KRAB 

for CRISPR interference (CRISPRi) and CRISPR-dCas9-VPR for CRISPR activation 

(CRISPRa) 21 with single-guide RNAs (sgRNAs) for dynamic changes of miR-3662 

expression in HEK293T and MDA-MB-231 cells (Figs. 7A and 7B). A U6 promoter-based 

lentiviral delivery system for sgRNA was designed for the different target regions upstream 

of the miR-3662 transcription start site 22. In subsequent experiments, the designed sgRNAs 

were used for CRISPRa and CRISPRi (Fig. 7C). After induction with Dox for 24, 48, or 

72 hours, miR-3662 expression was down-regulated in CRISPRi HEK293T cells, whereas 

miR-3662 expression was steadily upregulated in CRISPRa HEK293T cells (Figs. 7D and 

7E). Likewise, after induction with Dox for 1–7 days, miR-3662 expression was down-

regulated in CRISPRi MDA-MB-231 cells but upregulated in CRISPRa MDA-MB-231 cells 

(Figs. 7F-H and 7M). After Dox induction, the mRNA levels of HBP1 were upregulated 
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in CRISPRi MDA-MB-231 cells but down-regulated in CRISPRa MDA-MB-231 cells 

(Figs. 7I and 7N). To evaluate the efficiency of CRISPRi/a, cell proliferation was analyzed 

by MTT. Dox induction decreased the proliferation of CRISPRi MDA-MB-231 cells but 

increased the proliferation of CRISPRa MDA-MB-231 cells (Figs. 7J and 7O), suggesting 

regulation of cell proliferation through an miR-3662-HBP1 axis in human TNBC cells. 

Likewise, CRISPRi enhanced protein expression of HBP1, leading to lower expression 

of N-β-catenin and c-Myc (Figs. 7K-L and S8A). In contrast, CRISPRa reduced protein 

expression of HBP1, leading to accumulation of N-β-catenin and higher expression of 

c-Myc (Figs. 7P-Q and S8B).

Although, in TCGA dataset, expression of miR-3662 was higher in TNBCs than in luminal 

breast cancers, only 50% (3/6) of TNBC cell lines had miR-3662 overexpression. Thus, 

a miR-3662-mediated oncogenic role may not be specific to the TNBC subtype. To 

assess whether the miR-3662-regulated Wnt pathway functions in other cancer types, we 

investigated, with colorectal cancer cell lines, the effect of miR-3662 on cell proliferation, 

HBP1, and the Wnt pathway using the miR-3662 mimic/antisense inhibitor. As shown in 

Figs. S2A and S9A, expression levels of miR-3662 in the three colorectal cancer cell lines 

were lower than in MDA-MB-231 and BT-20 cells, but expression levels of miR-3662 in 

SW480 and SW837 cells were relatively higher than in HT29 cells. We transiently treated 

miR-3662-low expressing HT29 cells with the miR-3662 mimic, but, after treatment, there 

were no changes in cell growth and few changes in HBP1 expression and Wnt signaling 

activation (Figs. S9B and S9D-F). However, when we transiently treated miR-3662-high 

expressing SW480 cells with the miR-3662 antisense inhibitor, cell growth was slower 

than in negative control miRNA-treated cells (Fig. S9C). Also, for SW480 cells, the 

miR-3662 inhibitor induced expression of HBP1 but reduced accumulation of N-β-catenin 

and increased expression of c-Myc (Figs. S9D and S9G-H). Thus, miR-3662 may have an 

oncogenic role in endogenous miR3662 high-expressing cancer cells but may not be specific 

to TNBC cells.

DISCUSSION

Based on TCGA dataset analysis, miR-3662 is rarely expressed in normal human 

epithelial tissues but is overexpressed in human cancer tissues. High expression levels 

of miR-3662 are evident in high-stage or African-American breast cancers. The present 

study provided evidence that, for TNBC cells, reduction of miR-3662 levels inhibits cell 

proliferation and migration in vitro and tumor growth and metastasis in vivo, highlighting 

an oncogenic function of miR-3662. Our functional analysis revealed that, in human TNBC 

cells, miR-3662 targets the 3’-UTR of HBP1 and post-transcriptionally suppresses HBP1 
expression, leading to activation of the Wnt/β-catenin signaling pathway and to subsequent 

facilitation of tumor progression and metastasis (Fig. S10).

Regarding the role of miR-3662 in cancer cells, previous studies have found conflicting 

results. In acute myeloid leukemia, miR-3662 is a driver contributing to cell proliferation 

through NF-KB–mediated transcription 14. However, in hepatocellular carcinoma, miR-3662 

is an inhibitor of tumor growth through the ERK and JNK signaling pathways 15 or up-

regulation of HK2 16. In addition, for melanoma, miR-3662 is an inhibitor of the aggressive 
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process of epithelial-mesenchymal transition through down-regulation of ZEB1 17. In the 

present study, our data support an oncogenic role of miR-3662 through activation of Wnt/β-

catenin signaling in human TNBC cells. This finding was validated by a combination 

approach, including miRNA changes by a synthetic mimic and an inhibitor, CRISPR/Cas9 

genome editing, and CRISPRi/a epigenome editing. Wnt/β-catenin signaling, a conserved 

pathway in postnatal evolution, is activated by a Wnt-LRP6-Axin complex, leading to 

inhibition of β-catenin phosphorylation and thereby to the stabilization of β-catenin, 

which travels to the nucleus and activates Wnt target gene transcription, such as cyclin 
D1 and c-Myc 23. Breast cancer was the first cancer to be associated with the Wnt 

signaling pathway, which is involved in proliferation, metastasis, immune microenvironment 

regulation, stemness maintenance, therapeutic resistance, and phenotype shaping of cancer 
24. However, in our candidate list of miR-3662 target genes, the regulatory components of 

Wnt/β-catenin signaling pathway have not been identified as direct targets of miR-3662. 

During screening of potential targets of miR-3662, we identified a binding site of miR-3662 

within the 3’-UTR of HBP1, which is likely responsible for miR-3662-mediated activation 

of the Wnt/β-catenin signaling in human TNBC cells. Although in the present study, 

the previously reported targets and signaling pathways of miR-3662 were not identified 

in human TNBC cells, we cannot exclude these findings due to the potential roles and 

mechanisms of miR-3662 in different organs. Also, HBP1 is not the only miR-3662 target 

gene in TNBC cells. Other target genes, such as LEPROT (Leptin Receptor Overlapping 
Transcript), may contribute to the miR-3662-mediated oncogenic function in these cells. 

LEPROT may be involved in breast cancer development and in aging processes 25. However, 

our data, derived with TNBC cells, showed no direct interaction of miR-3662 with LEPROT 
mRNA, suggesting that LEPROT is unlikely to be a direct target of miR-3662.

HBP1, a potential tumor suppressor for various types of cancer, is a transcriptional repressor 
26–30. HBP1 is also an inhibitor of Wnt/β-catenin signaling and, in breast cancer cells, 

negatively regulates proliferation by suppressing DNA binding and transactivation of the 

TCF-β-catenin complex and transcription of Wnt target genes, such as cyclin D1 and 

c-Myc 27, 31, 32. The canonical Wnt/β-catenin signaling is activated in more than 50% of 

patients with breast cancer 33, 34 and is required for TNBC development and progression 
35–37. In the present study, we established the relevance of HBP1 with miR-3662-mediated 

regulation of the Wnt signaling pathway in human TNBC cells. Our data suggest that, in 

these cells, miR-3662 induces activation of the Wnt/β-catenin signaling pathway through 

targeting HBP1. To our knowledge, this is the first evidence supporting a functional role 

for miR-3662-HBP1-Wnt signaling in TNBC progression. However, HBP1 may also inhibit 

proliferation through direct interaction with other proteins, such as c-Myc and AKT 32. 

Thus, pathways other than the WNT signaling pathway may also contribute to miR-3662/

HBP1-mediated tumor progression.

Conclusion

The present study showed that overexpression of miR-3662 in human breast cancer cells, 

especially TNBC cells, has an oncogenic function during tumor progression and metastasis. 

Functional analysis identified an miR-3662-HBP1 axis involving binding of miR-3662 to the 

3′-UTR of HBP1, leading to activation of Wnt/β-catenin signaling in TNBC cells. Since, in 
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human cancers, including breast cancers, miR-3662 is present in a tumor-specific manner, it 

is likely to serve as a biomarker or therapeutic target for breast cancer diagnosis and therapy, 

particularly for African-American TNBC patients.

MATERIALS AND METHODS

Cell lines, antibodies, and reagents

Human breast cancer cell lines BT-20, BT-474, BT-549, MDA-MB-157, MDA-MB-231, 

MDA-MB-468, SKBR3, and T-47D; breast epithelial cell line MCF10A; and embryonic 

kidney epithelial cell line HEK293T were obtained from the American Type Culture 

Collection (Manassas, VA). The MDA-MB-231-luc cell line was obtained from GenTarget 

(San Diego, CA). All cell lines were cultured for less than 6 months, authenticated by 

examining morphology and growth characteristics, and confirmed to be mycoplasma-free. 

Short tandem-repeat analysis for DNA fingerprinting was also used to verify the cell lines. 

Cells were maintained in high-glucose Dulbecco’s modified eagle medium supplemented 

with 10% fetal bovine serum and 1% penicillin-streptomycin (100 U/L penicillin and 100 

U/L streptomycin) (Thermo Fisher Scientific, Waltham, MA), and cultured in a saturated 

humidity atmosphere containing 5% CO2 at 37°C. Antibodies used were specific for the 

following targets: HBP1 (Cat No. 11746–1-AP, 1:5000 for Western blots, 1:100 for IHC 

staining; Proteintech, Rosemont, IL), β-catenin (Cat No. ab32572, 1:5000 for Western blots, 

1:500 for IF staining; Abcam, Cambridge, MA), E-cadherin (Cat No. ab76055, 1:3000 for 

Western blots; Abcam), N-cadherin (Cat No. ab18203, 1:3000 for Western blots; Abcam), 

vimentin (Cat No. 5741, 1:200 for IHC staining; Cell Signaling Technology, Danvers, MA), 

GSK-3β (Cat No. 3915, 1:3000 for Western blots; Cell Signaling Technology), p-GSK-3β 
(Cat No. 9336, 1:3000 for Western blots; Cell Signaling Technology), c-Myc (Cat No. 

904401, 1:3000 for Western blots; BioLegend, San Diego, CA), Ki67 (Cat No. ab15580, 

1:200 for IHC staining; Abcam), cyclin D1 (Cat No. ab134175, 1:5000 for Western blots, 

Abcam), lamin B (Cat No. sc-374015, 1:5000 for Western blots; Santa Cruz Biotechnology, 

Dallas, TX), GAPDH (Cat No. 5174, 1:5000 for Western blots; Cell Signaling Technology), 

β-actin (Cat No. sc-47778, 1:5000 for Western blots; Santa Cruz Biotechnology), and β-

tubulin (Cat No. ab6046, 1:5000 for Western blots; Abcam). Cells (1×105) were transfected 

with negative scrambled control or miRNA mimic (50 nmol/L) or inhibitor (100 nmol/L) 

using Lipofectamine 3000 (Thermo Fisher Scientific) for 48 hours. After transfection, cell 

morphology, viability, and numbers were monitored microscopically daily. Lentiviral vectors 

were co-transfected with packaging plasmids psPAX2 and pMD2G (Addgene, Cambridge, 

MA) into HEK293T cells.

Establishment of miR-3662 KO cell lines

The miR-3662 sgRNAs were designed using the online CRISPR design tool (Benchling, 

San Francisco, CA, https://benchling.com). The pri-miR-3662 region was selected to be 

targeted by CRISPR/Cas9 genome editing. A ranked list of sgRNAs was generated with 

specificity and efficiency scores. In two flanking sites of the mature miR-3662 sequence, 

a pair of sgRNAs with more than 30% specificity and efficiency scores were selected. 

The pair of oligos for two targeting sites was annealed and ligated to the BbsI-digested 

pSpCas9(BB)-2A-GFP (pX458) vector (#48138, Addgene). The pX458 plasmid containing 
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each target sgRNA sequence or an pX458 empty vector was transfected into cells with 

Lipofectamine 3000. After flow cytometry sorting with GFP, 4000 GFP+ cells were 

seeded into each well of a 10-cm dish. After selection of single colonies, miR-3662 

KO colonies were determined by Sanger sequencing with isolated genomic DNA, and 

miR-3662 expression levels in each clone were validated by qPCR. All sgRNAs were 

accessed using the online off-target searching tool (Cas-OFFinder, Daejeon, South Korea, 

http://www.rgenome.net/cas-offinder) 38 (Supplementary Table S3A and S3B). For each KO 

colony, the potential off-target regions were subjected to Sanger sequencing to exclude an 

off-target effect, as described previously 39, 40. The scrambled control cells were obtained 

by sorting Cas9+ (GFP+) cells, which was validated by vertical gels and Sanger sequencing 

for cells without CRISPR/Cas9 cutting at both on-target and potential off-target loci. The 

sgRNAs and primers for CRISPR design and DNA construct are shown in Supplementary 

Table S4.

Generation of inducible CRISPRi and CRISPRa cell lines

Our CRISPRi/a lines were designed by co-expression of piggyBac (PB)-based dead 

Cas9 (dCas9) effector and sgRNA in the cells. The PB-based dCas9 constructs 

[(pSLQ1922 for CRISPRi: KRAB-SpdCas9, PiggyBac-Tre3g-KRAB-dCas9 (Bstx1)-2NLS-

p2A-sfGFP-SV40polyA/R (EF1a-Zeocin-f2A-rtTA-1); pSLQ1932 for CRISPRa: VPR-

SpdCas9, PiggyBac-Tre3g-dcas9-VRP-sfGFP-SV40polyA/R (EF1a-Zeocin-f2A-rtTA-1); 

both gifts from Dr. Stanley Qi, Stanford)] were used for CRISPR-dCas9-mediated miR-3662 

transcription regulation. sgRNAs were cloned into the pLenti U6-spsgTRE3G CMV-mIFP 

(pSLQ2837, a gift from Dr. Stanley Qi, Stanford), as described previously 22, to generate 

sgRNA lentiviral constructs. sgRNA target sequences are listed in Supplementary Table S4.

To create stable CRISPRi/a cell lines, reporter cells were seeded at a density of 5×105 per 

well in 6-well plates and transfected with 3.6 μg PB-based dCas9 construct and 1.4 μg 

Super PB Transposase construct (Systems Biosciences, Palo Alto, CA) using Lipofectamine 

3000. Then, 100 μg/mL Zeocin (Thermo Fisher Scientific) was added for the selection. Next, 

the CRISPR/dCas9 stably expressing cell lines were transduced with sgRNA lentiviruses 

(pSLQ2837-gRNAs). After transduction, cells were sorted by fluorescence-activated cell 

sorting using a BD FACS Aria2 with GFP and mIFP. Finally, the CRISPRi or CRISPRa 

stably expressing MDA-MD-231 cell lines were established (Supplementary Table S5). 

Doxycycline (Dox, 1 μg/mL) was supplemented daily to induce expression of dCas9-

KRAB and dCas9-VPR in the CRISPRi/a cell lines. The plasmids are summarized in 

Supplementary Table S4.

Western Blotting

Western blotting was performed as described previously 41, 42. For nuclear proteins, the 

cells were first incubated in buffer A [10 mmol/L HEPES (pH 7.8), 10 mmol/L KCl, 2 

mmol/L MgCl2, 0.1 mmol/L EDTA, 1% NP40, and protease inhibitors], and the pellet was 

suspended in buffer B [50 mmol/L HEPES (pH 7.8), 300 mmol/L NaCl, 50 mmol/L KCl, 

0.1 mmol/L EDTA, 10% (v/v) glycerol, and protease inhibitors] 43.
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Quantitative real-time PCR

For miRNA expression, 2 μg of RNA was reverse-transcribed using miScript II RT Kits 

(QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. Then, cDNA 

was used as a template for real-time PCR using a LightCycler 480 Real-Time PCR 

System (Roche Applied Sciences, Indianapolis, IN) with miScript SYBR Green PCR kits 

(QIAGEN) at 95°C for 2 min, followed by 45 cycles of 95°C for 15 sec and 60°C for 1 min. 

The relative quantities of miRNA were determined by the comparative method (2−ΔCt) with 

an RNU6B or miR-16–5p reference, as described previously 44, 45. For mRNA expression 

of coding genes, relative expression levels were determined by qPCR with SYBR Green 

Dye (Thermo Fisher Scientific) using the comparative method (2−ΔCt) against endogenous 

GAPDH in accordance with the manufacturer’s protocol. The qPCR primer sequences are 

listed in Supplementary Table S4.

Cell proliferation, migration, and cell cycle assays

For the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay 

(Millipore Sigma, Burlington, MA), cells were plated in 96-well plates (1,000 cells per 

well, 3 wells per cell line), and MTT assays were conducted each day over a 6-day period. 

Briefly, 20 μL of MTT solution (2 mg/mL in PBS) was added to the culture medium at a 

final concentration of 0.5 mg/mL and incubated at 37°C for 4 hours. Then, the supernatants 

were aspirated, 150 μL of dimethyl sulfoxide was added to each well to dissolve the 

reaction product of MTT, and the optical density was spectrophotometrically measured at 

570 nm (GMI Awareness Stat Fax 4200, Ramsey, MN), with dimethyl sulfoxide as a blank. 

Viability was expressed as a percentage of the values for vehicle-treated cultures, set to 

100%. Cells were plated in 24-well plates (5,000 cells per well, 6 wells per cell line), 

and cell morphology, viability, and numbers were monitored microscopically daily. The 

Transwell assays for migration were performed with Transwell inserts with 8.0-μm-pore 

polycarbonate membranes (Millipore Sigma) as described previously 40. To avoid the effect 

of cell proliferation on migration analysis, cells were incubated with 10 μg/ml mitomycin 

C (Sigma-Aldrich) for 2 hours prior to the Transwell migration assay. For evaluation of the 

cell cycle, after starvation of cells for 48 hours, the cells were collected and subjected to 

propidium iodide (PI) (50 μg/ml, BD Biosciences) staining and flow cytometry as described 

previously 41, 42.

Xenogeneic transplantation

NSG mice were purchased from the Jackson Laboratory (Bar Harbor, ME). All animal 

experiments were performed under the protocol approved by the Institutional Animal Care 

and Use Committee of University of Alabama at Birmingham (UAB; Birmingham, AL). 1 

× 106 cells were subcutaneously injected into the fourth mammary fat pads of 8-week-old 

female NSG mice. Xenograft tumor growth was assessed for 4 weeks after tumor cell 

injection. Tumor growth was measured with calipers every other day, and their volume 

was determined as (width2 × length)/2 43, 46. Xenograft tumor metastasis was monitored by 

imaging using an IVIS Lumina Series III (PerkinElmer, Akron, OH).
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IHC

Xenograft tumors were fixed with 10% neutral buffered formalin for 12–24 hours, 

then dehydrated with 70% alcohol and embedded in paraffin blocks. ABC kits 

(Vector Laboratories, Burlingame, CA) were used for immunostaining according to the 

manufacturer’s protocol.

Dual-luciferase assay

The pmirGLO luciferase reporter vectors (Promega, Madison, WI) were used to construct 

DNA fragments from the 3’-UTR of HBP1 (Transcript: HBP1–201 ENST00000222574.4) 

by Pmel and Xbal (Promega) digestion according to the manufacturer’s protocol. The 

sequences for DNA construction and mutagenesis are listed in Supplementary Table S4. 

Luciferase activity was measured as described previously 46–48. Briefly, cells were plated at 

a density of 1× 104 per well into 96-well plates and then transiently co-transfected using 

Lipofectamine 3000 with luciferase gene reporter vectors (pmirGLO-HBP1–3’-UTR) and 

miR-3662 mimic (50 nmol/L) or inhibitor (100 nmol/L) according to the manufacturer’s 

protocol. After transient transfections for 48 hours, cells were washed twice with ice-cold 

PBS and were lysed in 1 x lysis buffer (Promega) for 15 min on a shaker. The luciferase 

activity was assessed with a Veritas Microplate Luminometer (TD-20/20 Luminometer, 

Turner Designs) using a Dual-Luciferase Assay System (Promega).

miRNA/mRNA IP assay

miRNA/mRNA IP was performed by use of miRNA Target IP kits (Active Motif, Carlsbad, 

CA) according to the manufacturer’s protocol. Briefly, cells (1.5 × 107) were transfected 

with a negative scrambled control or an miRNA mimic (50 nmol/L) or inhibitor (100 

nmol/L) using Lipofectamine 3000 for 24 hours. Transfected cells of each sample were 

lysed in 150 μL of complete lysis buffer and incubated on ice for 5 min and then at −80°C 

for 2 hours. Protein G magnetic beads (50 μL) were mixed with 200 μL of BSA solution for 

10 min, and then the tubes were placed on a magnet to pellet the beads. After removing the 

supernatant, 100 μL of wash buffer containing 5 μg of anti-argonaute (Ago)1/2/3 antibody 

or negative control anti-IgG antibody was incubated for 30 min. The lysate, mixed with 

1,000 μL IP buffer, was added to the protein G magnetic beads, incubated overnight at 

4°C, and treated with proteinase K to digest protein for 30 min at 55°C. Procedures for 

purification and detection of mRNA and miRNA are described above. The results of Ago-IP 

were normalized to that of negative control IgG-IP.

Prediction of miR-3662 target genes

An in silico search for possible miRNA-binding sites in the 3′-UTR of target genes was 

performed using Targetscan (www.targetscan.org) and Starbase (www.starbase.sysu.edu.cn). 

The source of potential miR-3662 target genes was selected from TargetScan 20 and our 

RNA-seq data analysis. Briefly, candidate target genes of miR-3662 were selected from 

TargetScan due to their total context score (++) ≤ - 0.15. The overlap genes between 

the TargetScan dataset and our RNA-seq data were regarded as target genes, for which 

enrichment analysis was conducted using GSEA terms (www.gsea.umt.edu) and KEGG 
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pathways (www.genome.jp/kegg). Based on these results, the miRNA-Gene Ontology (GO)-

network and the miRNA-KEGG-network were generated.

RNA-seq

RNA libraries were prepared using TruSeq Stranded mRNA Library Prep Kits (Illumina, 

San Diego, CA) according to the manufacturer’s protocol. Integrity was assessed with an 

Agilent 2200 Tapestation instrument (Santa Clara, CA). First-strand cDNA syntheses were 

performed using random hexamers and ProtoScript II Reverse Transcriptase (New England 

Biolabs, Ipswich, MA). The libraries were normalized, pooled, and subjected to cluster, and 

pair-read sequencing was performed for 150 cycles on a HiSeqX10 instrument (Illumina), 

according to the manufacturer’s instructions. The RNA-seq data were submitted to NCBI 

GEO (accession No. GSE169128).

RNA interference (RNAi)-mediated gene knockdown

HBP1 and negative control siRNAs (Integrated DNA Technologies, Coralville, IA) were 

transfected by Lipofectamine 3000 into MDA-MB-231-miR-3662-KO cells. The cells were 

incubated for 48 hours at 37°C in a CO2 incubator until assayed for gene knockdown.

Bioinformatic analysis

Analysis of the differentially expressed genes (DEGs) was performed by fold change and 

q-value. miRNA expression data in cancer and normal tissue samples were obtained from 

Oncomir (www.oncomir.umn.edu) and TCGA (www.cancer.gov/about-nci/organization/ccg/

research/structural-genomics/tcga). Coding gene mRNA expression data in cancer and 

normal tissue samples were obtained from TCGA. The ClueGO (apps.cytoscape.org/apps/

cluego), a Cytoscape plug-in, was used to create and visualize a functionally grouped 

network of terms and pathways for large gene clusters, which were uploaded from a 

text file or interactively from the Cytoscape network. KEGG (www.genome.jp/kegg/) 

analysis of the obtained DEGs was performed to retrieve interacting genes and proteins 

(string-db.org/). The interaction network diagram of DEGs was constructed with Cytoscape 

software (cytoscape.org/).

Statistical analyses

Differences in outcome between two groups were compared by a two-sided t-test or the 

Mann-Whitney U test. Analysis of variance (ANOVA), one- and two-way, were used to test 

for overall differences, followed by a Dunnett post hoc test for differences between groups. 

All data were entered into an access database using Excel 2016 and analyzed with SPSS 

(version 25; IBM, Armonk, NY) and GraphPad (Prism 8, San Diego, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. miR-3662 KO inhibited cell proliferation and migration of TNBC cells.
A. The normalized expression levels of miR-3662 in TCGA human primary breast cancers 

and normal breast tissues. B. Expression of miR-3662 in TCGA human triple-negative 

breast cancer (TNBC), HER2+ breast cancer, and luminal breast cancer tissues. C-E. 
Proliferation and migration determined by MTT assays and Transwell assays for MDA-

MB-231 cells transfected with an miR-3662 mimic, inhibitor, or NC. F, J. Validation of 

miR-3662 KO in MDA-MB-231 and BT-20 cells by qPCR. G, K. Proliferation of miR-3662 

scrambled control and KO cells for 6 days. H, L. Migration of scrambled control and KO 

cells for 24 hours as determined by Transwell assays. Images of 10 different 10× fields 

were captured from each membrane, and the numbers of migratory cells were counted by 

fluorescence microscopy. I, M. Quantification of rates of cell migration. N, O. Proliferation 

and colony formation of miR-3662 scrambled control, KO, and miR-3662 mimic-transfected 

KO cells for 6 days. P. Quantification of colony numbers. Data are presented as means 

± standard deviation (SD). P values were determined by a two-tailed t-test or a two-way 

ANOVA test. NC, negative miRNA control; Scr, scrambled control; KO, knockout. All 

experiments were repeated three times.
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Figure 2. miR-3662 KO reduced tumor growth and metastasis of TNBC xenografts in NSG mice.
A. Tumor growth in NSG mice subcutaneously injected with miR-3662 scrambled control or 

KO MDA-MB-231-luc cells. The tumor sizes were measured, and volumes were calculated 

according to the following formula: volume = (width2 × length)/2. B-D. Representative 

bioluminescent and optical images and weights of scrambled control and KO MDA-

MB-231-luc xenograft tumors and pulmonary metastases at day 45 after transplantation. 

E. Bar chart of metastatic tumors in the lung. F. Representative H/E and IHC staining 

with anti-vimentin antibody in metastatic pulmonary lesions. G. Representative H/E and 

IHC staining with anti-Ki67 antibody in xenograft tumor lesions. H. The percentage of 

Ki67+ cells in xenograft tumor tissues. For each mouse, at least five 40× fields were 

counted. I, J. Representative optical images and weights of scrambled control and KO BT-20 

xenograft tumors at day 45 after transplantation. K. Representative H/E and IHC staining 

with anti-Ki67 antibody in xenograft tumors. L. The percentage of Ki67+ cells in xenograft 

tumors. Data are presented as means ± SD. P values were determined by a two-tailed t-test 

or a two-way ANOVA test. Scr, scrambled control; KO, knockout. All experiments were 

repeated two times.
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Figure 3. miR-3662 KO repressed the activation of Wnt/β-catenin signaling in MDA-MB-231 
cells.
A. Enrichment of the WNT/β-catenin signaling pathway by GSEA analysis in miR-3662 

scrambled control MDA-MB-231 cells compared to KO cells. B. Expression levels and 

nuclear localization of β-catenin by IF analysis in scrambled control and KO cells. C. 
Quantification of expression levels of nuclear/cytoplasmic β-catenin and their ratio. D, 
E. Expression levels of N-β-catenin, total β-catenin, and cyclin D1 in scrambled control 

and KO cells determined by Western blots. There were two bands in cyclin D1 protein 

expression. Based on cyclin D1 protein size, the lower band is cyclin D1, and the upper 

band is a non-specific band. F, G. Expression levels of total and phosphorylated GSK3β 
in scrambled control and KO cells determined by Western blots. Data are presented as 

means ± SD. P values were determined by a two-tailed t-test. GSEA, gene set enrichment 

analysis; IF, immunofluorescence; Scr, scrambled control; KO, knockout. All experiments 

were repeated three times.
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Figure 4. Identification of HBP1 as a target gene of miR-3662 in MDA-MB-231 cells.
A. Venn diagram showing the intersection of differentially upregulated genes in RNA-seq 

and target gene predictions from Targetscan. B. Heat-map-based clustering of expression 

of miR-3662 candidate target genes using our RNA-seq data with TCGA breast cancer 

dataset. The 26 candidate target genes were divided into three groups according to the 

expression data from TCGA. The colors of the heat-map represent the expression levels 

of the 26 candidate genes. The red arrowheads indicate the top candidate 5 genes, for 

which their expressions were negatively correlated with the expression of miR-3662, and the 

Spearman’s correlation coefficient was < −0.1 in TCGA dataset. C. qPCR analysis of HBP1 
in miR-3662 scrambled control and KO cells. D-F. qPCR analysis of HBP1 in scrambled 

control or KO cells with miR-3662 mimic or inhibitor. Numbers on the x-axis in D indicate 

treatment time (hours) with the miR-3662 inhibitor. G, H. Western blot analyses of HBP1 

protein expression in scrambled control and KO cells. I, J. Expression of HBP1 protein 

determined by IHC analysis in scrambled control and KO xenograft tumors from NSG mice. 

K, L. Western blots and quantitative analyses of expression of HBP1 and Wnt signaling 

proteins in scrambled control, KO, and miR-3662 mimic-transfected KO cells. M, N. 
Western blots and quantitative analyses of expression of HBP1 and Wnt signaling proteins 

in KO, scrambled control, and HBP1 siRNA-transfected KO cells. Data are presented as 

means ± SD. P values were determined by a two-tailed t-test or a one-way ANOVA test 

followed by a Dunnett post hoc test. NC, negative miRNA control; Scr, scrambled control; 

KO, knockout. All experiments were repeated three times.
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Figure 5. Validation of miR-3662-HBP1 axis-mediated regulation of the Wnt/β-catenin signaling 
pathway in BT-20 cells.
A. Expression levels and nuclear localization of β-catenin by IF analysis in scrambled 

control and KO cells. B. Quantification of expression levels of nuclear/cytoplasmic β-

catenin and their ratio. C, D. Western blot and quantitative analyses of expression of HBP1 

and Wnt signaling proteins in miR-3662 scrambled control and KO cells. E, F. Expression 

of HBP1 protein determined by IHC analysis in scrambled control and KO xenograft tumors 

from NSG mice. G, H. Western blot and quantitative analyses of expression of HBP1 and 

Wnt signaling proteins in KO, scrambled control, and HBP1 siRNA-transfected KO cells. 

Data are presented as means ± SD. P values were determined by a two-tailed t-test. Scr, 

scrambled control; KO, knockout. All experiments were repeated three times.
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Figure 6. miR-3662-mediated functional role and post-transcriptional regulation of HBP1.
MDA-MB-231 miR3662 KO cells were transfected with either scrambled control siRNA 

or HBP1-specific siRNA. A. Western blot analysis of HBP1 protein expression. B. qPCR 

analysis of HBP1 expression. C. Cell proliferation measured by cell counts for 6 days. D, 
E. Clonogenic cell assay. After 2 weeks, the cloning formation was analyzed with crystal 

violet staining. F, G. Transwell invasion assays. H. Luciferase activity of HEK293T cells 

transfected with the miR-3662 mimic or inhibitor. The dual-luciferase reporter assay was 

performed on aliquots of the samples, and firefly luciferase activity, normalized to Renilla 

luciferase, was plotted. I. Specificity of the miRNA-HBP1 interaction validated by directed 

mutagenesis of miRNA-binding sites in HBP1 3′-UTR. J. Interaction analysis of miR-3662 

with the 3′-UTRs of HBP1 mRNA by miRNA/mRNA IP assay in MDA-MB-231 cells. Data 

are presented as means ± SD. P values were determined by a two-tailed t-test or a two-way 

ANOVA test. siRNA, small interfering RNA; KO, knockout. All experiments were repeated 

three times.
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Figure 7. Regulation of the miR-3662-HBP1 axis and its effect on growth and the Wnt signaling 
pathway.
A, B. Schematic illustration of the CRISPRi/a system. C. Design and sequences for 

CRISPRi/a sgRNAs. D, E. Relative expression levels of mi-R3662 measured by qPCR 

in CRISPRi/a HEK293T cells after Dox induction (days 0–3). F, G. Expression of dCas9-

KRAB, dCas9-VPR, and sgRNA determined by flow cytometric and IF analyses with GFP 

and mIFP in CRISPRi/a MDA-MB-231 cells. H, M. Expression changes of mi-R3662 

in CRISPRi/a MDA-MB-231 cells after Dox induction (days 0–7) measured by qPCR. I, 
N. Expression changes of HBP1 in CRISPRi/a MDA-MB-231 cells after Dox induction 

(days 0–7) measured by qPCR. J, O. Changes of proliferation of CRISPRi/a MDA-MB-231 

cells after Dox induction (days 1–7) assayed by MTT. K, L. Western blot and quantitative 

analyses of expression of HBP1 and Wnt signaling proteins in CRISPRi MDA-MB-231 cells 

before and after Dox induction (days 0 and 4). P, Q. Western blot and quantitative analyses 

of expression of HBP1 and Wnt signaling proteins in CRISPRa MDA-MB-231 cells before 

and after Dox induction (days 0 and 4). Data are presented as means ± SD. P values were 

determined by a two-tailed t-test or a one- or two-way ANOVA test. All experiments were 

repeated three times.
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