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Abstract

HER2 amplification greatly contributes to the tumorigenesis of multiple cancers. Intronic

miR-4728-5p is transcribed along with its host gene HER2. However, little is known about

the role of miR-4728-5p in cancer. This study aims to elucidate the potential role of miR-

4728-5p and the underlying mechanism in breast cancer. Kaplan-Meier analysis showed

that higher expression of HER2 led to worse survival outcomes in breast cancer patients.

The TCGA dataset revealed that compared to normal breast tissues, HER2 and miR-4728-

5p levels were significantly upregulated in breast cancer tissues with a positive correlation.

In functional assays, miR-4728-5p was confirmed to promote the proliferation and migration

in breast cancer cell BT474. EBP1 was identified as a direct target of miR-4728-5p via bioin-

formatics and luciferase reporter assays. miR-4728-5p was further demonstrated to

increase HER2 expression and promote cell proliferation and migration by directly inhibiting

EBP1 in breast cancer. Taken together, the HER2-intronic miR-4728-5p/EBP1/HER2 feed-

back loop plays an important role in promoting breast cancer cell proliferation and migration.

Our study provides novel insights for targeted therapies of breast cancer.

Introduction

Breast cancer is the most common malignant tumor diagnosed among women, accounting for

30% of all new cancer cases in United States this year [1]. Despite many advances in the diag-

nosis and treatment over the past years, more than 42,260 women in United States are esti-

mated to die of breast cancer this year [2]. Hence, it is of great significance to investigate the

breast cancer pathogenesis and explore novel potential therapeutic targets for treatment.
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microRNAs (miRNAs) are single-stranded noncoding RNA molecules of approximately

19–25 nucleotides and ubiquitously expressed in all kinds of tissues. miRNAs directly target

the 3’ untranslated regions (3’UTR) of message RNAs (mRNAs) by complementary base pair-

ing, leading to silencing or degradation of targeted mRNAs [3]. miRNA dysregulations are

crucially involved in diverse human diseases including cancer [4]. These dysregulated miRNAs

play oncogenic or tumor-suppressive roles in the development and progression of cancer by

participating in various cellular activities such as proliferation, differentiation, apoptosis,

migration and invasion [3, 4].

Intronic miRNAs are derived from the introns of protein-coding genes and transcribed

along with their host genes [5, 6]. miR-4728 is a new-identified intronic miRNA derived from

HER2 (erb-b2 receptor tyrosine kinase 2, also known as ErbB2) [7, 8], which belongs to the

epidermal growth factor receptor (EGFR) family. As a well-known oncogene, HER2 was

found to be amplified in around 25% of breast cancers [9]. HER2 amplification was highly

associated with the recurrence and disease-related death of breast cancer [10, 11]. In recent

years, some groups also raised concern about HER2-encoded miR-4728 in the cancer research

field. For example, miR-4728-3p was reported to target ESR1 (Estrogen Receptor 1) via a non-

canonical seed interaction [7]; another report further demonstrated that co-amplification of

miR-4278 could protect HER2-positive breast cancers from lapatinib treatment through

repressing ESR1 [12]. Besides, miR-4728-3p could participate in regulating the 3’ tailing and

trimming of miR-21-5p through suppressing poly(A) RNA polymerase D5 (PAPD5) [13].

However, so far, the function of miR-4728-5p has not been fully investigated yet.

In this study, we demonstrated HER2-encoded miR-4728-5p could augment cell prolifera-

tion and migration by directly targeting ErbB3-binding protein 1 (EBP1) in breast cancer.

Moreover, miR-4728-5p-mediated downregulation of EBP1 in turn enhanced HER2 expres-

sion, indicating a feedback loop consisting of HER2, miR4728-5p and EBP1. Our study sug-

gests miR-4728-5p as a novel potential therapeutic target and provides new insights for the

tumorigenesis in breast cancer.

Materials and methods

Cells

Breast cancer cells MCF-7 (HER2-) and BT474 (HER2+) were purchased from Shanghai Insti-

tute of Cell Biology, Chinese Academy of Sciences (Shanghai, China) and cultured under sug-

gested conditions [12]. MCF-7 cells were cultured with the high glucose Dulbecco’s modified

eagle medium (high glucose DMEM, Gibco, USA) supplemented with 10% fetal bovine serum

(FBS, Gibco, USA). BT474 cells were grown in RPMI-1640 medium (Gibco, USA) supple-

mented with 10% FBS. Cells were maintained at 37˚C in humidified conditions containing 5%

CO2.

RNA isolation and quantitative RT-PCR

Total RNA was extracted using the TRIzol (Sigma, USA). miRNA and mRNA quantifications

were performed respectively using Taqman probes (Applied Biosystems, USA) or SYBR

Green Dye (Invitrogen, USA) as previously shown [14]. U6 and GAPDH served as internal

controls. Primers sequences were as follows: EBP1 forward: 5’-AGCGACCAGGATTATAT
TCTCAAG-3’; EBP1 reverse: 5’-ATAACATCTGCTTTCCTCCCTG-3’; HER2 forward:

5’-AGCCTTGCCCCATCAACTG-3’; HER2 reverse: 5’-AATGCCAACCACCGCAGA-3’;

GAPDH forward: 5’-GCACCGTCAAGGCTGAGAAC-3’; GAPDH reverse: 5’- TGGTGAA
GACGCCAGTGGA -3’.
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Western blot

Total protein was isolated using RIPA Lysis buffer (Beyotime, China). Protein concentration

was quantified with a Pierce BCA kit (Thermo Scientific, USA). Samples were separated by

10% SDS-PAGE gel (Bio-Rad, USA). Antibodies against EBP1 (sc-393114), HER2 (sc-33684)

and GAPDH (sc-166574) were purchased from Santa Cruz Biotechnology.

Luciferase reporter assay

The EBP1 3’UTR fragment containing miR-4728-5p binding site was inserted into the pMIR-

reporter vector (Ambion, USA). The wild-type binding site was mutated from CCCUCCC to

GGGAGGG in order to generate a mutant luciferase vector. 293T cells were utilized to perform

the luciferase report assay. miR-4728-5p mimics or inhibitor was transfected using Lipofecta-

mine 2000 (Invitrogen, USA) along with luciferase vectors and β-gal control plasmid. The fluo-

rescence value was assayed using a luciferase assay kit (Promega, USA). Relative luciferase

activity was normalized to β-gal.

Plasmid construction and siRNA interference assay

The full-length open reading frame of human EBP1 was cloned into a mammalian expression

plasmid (Invitrogen, USA). An empty plasmid served as the negative control. EBP1 siRNA

(sense: 5’-GTGAGGTGGAAAGGCGT-3’) was synthesized by GenePharma (China). The

EBP1 expression plasmid and siRNA were transfected using Lipofectamine 2000 (Invitrogen,

USA). Total RNA and protein were isolated 24 h post-transfection. Protein and mRNA levels

were assessed by Western blot and quantitative RT-PCR.

Cell proliferation and migration assays

BT474 cells were transfected and seeded into 96-well plates (6×103 cells per well) for the prolif-

eration activity which was determined at 0, 6, 12, 18, and 24 h post-transfection using the Cell

Counting Kit-8 (Dojindo, Japan) according to the manufacturer’s instructions. For the migra-

tion assay, transfected BT474 cells were treated with mitomycin C (10μg/ml, R&D Systems,

USA) for 10 h to prevent proliferation, and equal number of cells were then seeded into the

24-Well Millicell plates (Millipore, Germany) containing an 8-μm pore membrane as previ-

ously described [14] and the transwell-containing plates were incubated for 24 h.

Bioinformatic and statistical analysis

Targetscan [15] was used to predict potential targets of miR-4728-5p. The TCGA data portal

was used to explore the HER2 and miR-4728-5p levels and their correlation in breast cancer

tissues. Kaplan-Meier curves were utilized to generate the overall survival (OS) outcomes of

breast cancer patients (http://kmplot.com/analysis/). Experiments were repeated in triplicate.

Student’s t-test was applied to analyze differences between two groups. P values were consid-

ered to be statistically significant when it is less than 0.05.

Results

High HER2 and miR-4728 levels lead to poor survival outcomes of breast

cancer patients and miR-4728-5p is upregulated in breast cancer tissues

along with HER2

We assessed the survival outcomes of breast cancer patients using Kaplan-Meier curves

(http://kmplot.com/analysis/) and found that higher-expressed HER2 (Fig 1A) or higher-
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expressed miR-4728 (Fig 1B) resulted in worse overall survival (OS). Next, we determined the

high expressions of HER2 (Fig 1C) and miR-4728-5p (Fig 1D) in breast cancer patients based

on the TCGA dataset. miR-4728-5p was found to be positively correlated with HER2 expres-

sion (Fig 1E). In addition, this positive correlation also exists in Lung Adenocarcinoma

(LUAD) and Stomach adenocarcinoma (STAD) (S1 Fig).

miR-4728-5p promotes breast cancer cell proliferation and migration

The biological function of miR-4728-5p was studied in BT474 cell using CCK-8 (Cell Counting

Kit-8) and transwell assays. As shown, overexpression of miR-4728-5p remarkably promoted

cell proliferation (Fig 2A) and migration (Fig 2B and 2C) and vice versa, indicating that miR-

4728-5p functions as an oncogene in the breast cancer tumorigenesis.

EBP1 is directly downregulated by miR-4728-5p, which in return promotes

HER2 expression

Among the potential targets of miR-4728-5p predicted via bioinformatics, EBP1 drew our

attention as it could suppress HER2 transcription by binding to the promoter region [18]. Two

Fig 1. The association of survival outcomes in breast cancer patients with HER2 expression and miR-4728-5p levels in

breast cancer tissues based on the TCGA dataset. (A and B) Influence of HER2 and miR-4728 expression on overall

survival (OS) by Kaplan-Meier analysis in breast cancer patients. The detailed information for the analysis of survival

outcomes with HER2 (mRNA database [16]) and miR-4728 (miRNA database [17]) expression was in S1 Table. (C and D)

Analyses of HER2 and miR-4728-5p expression levels in normal breast tissues and breast cancer tissues based on the TCGA

dataset. (E) The Pearson’s correlation analysis between the expression levels of miR-4728-5p and HER2 in breast cancer

tissues (BRCA) from the TCGA dataset (S2 Table).

https://doi.org/10.1371/journal.pone.0245832.g001
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predicted binding sites of miR-4728-5p in the 3’UTR of EBP1 were illustrated (Fig 3A). To

explore the exact relationship between miR-4728-5p and EBP1, we overexpressed or knocked

down miR-4728-5p using miR-4728-5p mimics or inhibitor both in BT474 and MCF-7 cells

(Fig 3B). Due to the low expression level of miR-4728-5p in MCF-7 (S2 Fig), knockdown of

miR-4728-5p was not performed in MCF-7 cells. Western blot data showed that miR-4728-5p

overexpression dramatically downregulated EBP1 protein levels while miR-4728-5p knock-

down remarkably increased EBP1 protein levels (Fig 3C and 3D). Because EBP1 was a negative

regulator of HER2, here we also detected HER2 protein levels. As shown, HER2 protein levels

were enhanced by miR-4728-5p overexpression but decreased by miR-4728-5p knockdown

(Fig 3C and 3D). Luciferase reporter assays further confirmed the direct binding between

miR-4728-5p and EBP1 3’UTR. The fluorescence intensity was weakened by miR-4728-5p

overexpression but strengthened by miR-4728-5p knockdown (Fig 3E).

miR-4728-5p accelerates cell proliferation and migration by targeting

EBP1

To figure out whether miR-4728-5p promotes cell proliferation and migration by targeting

EBP1, we constructed an EBP1 overexpression vector without the miR-4728-5p responsive

3’UTR to specifically restore EBP1 expression inhibited by miR-4728-5p. Subsequently, resto-

ration of EBP1 (Fig 4A and 4B) completely abolished the promotion effects of miR-4728-5p on

cell proliferation and migration (Fig 4C–4E). These results suggest that miR-4728-5p is an

oncogenic miRNA that accelerates breast cancer cell proliferation and migration by directly

suppressing EBP1.

Discussion

The EGFR family, crucially involved in the tumorigenesis of multiple cancers, comprises four

receptors, namely, EGFR/HER1, HER2, HER3 and HER4. Dimerization between EGFR mem-

bers is essentially required for the signaling activities and functions of these receptors [19]. For

example, HER2 is a transmembrane tyrosine kinase without a known ligand while HER3 lacks

Fig 2. miR-4728-5p plays an oncogenic role in breast cancer cells. (A) Overexpression of miR-4728-5p remarkably promoted the proliferation activity of

BT474 cells and inhibition of miR-4728-5p reduced cell proliferation. (B and C) The migratory ability of BT474 cells was enhanced by miR-4728-5p

overexpression but repressed by miR-4728-5p inhibition. Scale bar, 50μm. ��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0245832.g002
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innate kinase activity [20]. However, HER2 can heterodimerize with HER3 to trigger a com-

plex network of key signaling pathways including the MAPK and PI3K-Akt pathways, result-

ing in cell proliferation, survival, division and motility [20, 21]. The HER2-HER3 dimer is

considered as the most active EGFR signaling dimer and is crucial for the activation of down-

stream signaling pathways in tumors with HER2 amplification [22]. In addition, co-

Fig 3. EBP1 is directly inhibited by miR-4728-5p. (A) The schematic diagram of the predicted binding sites of miR-4728-5p at the EBP1 3’ UTR. (B) miR-4728-5p

expression levels were successfully increased by miR-4728-5p mimics and decreased by miR-4728-5p inhibitor. (C and D) miR-4728-5p overexpression lessened EBP1

protein levels and enhanced HER2 protein levels. Conversely, miR-4728-5p downregulation increased EBP1 protein expressions and inhibited HER2 protein

expressions. (E) Firefly luciferase reporters containing either wild-type (wt) or mutant (mut) miR-4728-5p binding sites in the EBP1 3’-UTR were co-transfected with

equal doses of miR-4728-5p mimic, miR-4728-5p inhibitor or the ncRNA. Relative luciferase activity was markedly reduced in the cells transfected with miR-4728-5p

mimic and increased in those transfected with miR-4728-5p inhibitor. The mutated luciferase report was unaffected by either overexpression or knockdown of miR-

4728-5p. �p<0.05, ��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0245832.g003
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amplification of HER2 and HER3 is frequently found in human malignant tumors [23–25]

and is remarkably associated with the poor prognosis of breast cancer [25].

EBP1 is a ligand of HER3 but can reduce HER2 transcriptions by mitigating the activity of

HER2 promoter [26]. Studies have reported that EBP1 could inhibit cell growth in breast can-

cer [27] and increase the sensitivity of prostate cancer cells to lapatinib [28]. However, the reg-

ulatory mechanism of EBP1 in breast cancer remains not fully clarified.

In the present study, we first focused on the potential function of HER2-encoded miR-

4728-5p in breast cancer. Through analyzing gene expressions from a TCGA cohort of breast

cancer patients, we found miR-4728-5p was highly expressed along with HER2 in the cancer

tissues. Pearson analysis showed a positive correlation between miR-4728-5p and HER2

expression levels. Furthermore, overexpressing of miR-4728-5p dramatically accelerated the

proliferation and migration activities of BT474 cells, while silencing of miR-4728-5p had the

reverse effect, indicating miR-4728-5p plays an oncogenic role in breast cancer.

When further predicting the potential target genes of miR-4728-5p using bioinformatics,

we found EBP1 that had two binding sites of miR-4728-5p at the 3’UTR. We next tried to fig-

ure out whether HER2-encoded miR-4728-5p could directly regulate EBP1. The luciferase

reporter assays verified the direct binding between miR-4728-5p and EBP1 3’UTR. Overex-

pression of miR-4728-5p significantly repressed EBP1 protein expressions as well as increased

Fig 4. miR-4728-5p promotes breast cancer cell proliferation and migration by suppressing EBP1. (A and B) EBP1 vector successfully restored the EBP1 protein

levels that were reduced by miR-4728-5p, while the change in HER2 protein expression was just the opposite of EBP1. (C) miR-4728-5p facilitated BT474 cell

proliferation by inhibiting EBP1. (D and E) miR-4728-5p promoted BT474 cell migration by inhibiting EBP1. Scale bar, 50μm. ��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0245832.g004
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HER2 protein levels in BT474 and MCF-7 cells. We also introduced the rescue experiments to

confirm the negative regulation of EBP1 by miR-4728-5p. EBP1 overexpression vector was

used to specifically restore EBP1 expression inhibited by miR-4728-5p. As a result, restoration

of EBP1 in BT474 completely abolished the promoting effect of miR4728-5p on cell prolifera-

tion and migration.

Based on these results, we draw an intriguing conclusion that HER2-intronic miR-4728-5p

could facilitate the expression of its host gene HER2 by directly repressing EBP1. Thus, co-

amplification of HER2 and miR-4728-5p plays a dual oncogenic role in the pathogenesis of

breast cancer. The feedback loop of HER2-intronic miR-4728-5p/EBP1/HER2 is of great

importance in HER2-positive breast cancer and leads to poor prognosis. Our findings may

provide a better understanding of HER2 signaling pathway in breast cancer, as well as potential

therapeutic targets.

Supporting information

S1 Fig. The positive correlation between miR-4728-5p and HER2 expression in Lung Ade-

nocarcinoma (LUAD) and Stomach adenocarcinoma (STAD) tissues based on the TCGA

dataset. (A and B) The Pearson’s correlation analysis between the expression levels of miR-

4728-5p and HER2 in LUAD and STAD tissue obtained from the TCGA dataset (S2 Table).

(TIF)

S2 Fig. The RNA expression levels in MCF-7 and BT474. The RNA expression levels of miR-

4728-5p, EBP1 and Erbb2 in MCF-7 and BT474. The expression levels of miR-4728-5p and

Erbb2 mRNA are very low. ���p<0.001.

(TIF)

S3 Fig. Uncropped Western blot image for Fig 3C.

(TIF)

S4 Fig. Uncropped Western blot image for Fig 4A.

(TIF)

S1 Table. The detailed information for the analysis of survival outcomes with HER2 and

miR-4728 expression.

(DOCX)

S2 Table. The original analyzed data of gene expressions based on the TCGA dataset.

(XLS)

Acknowledgments

We thank all the members of the Jiangsu Engineering Research Center for MicroRNA Biology

and Biotechnology, especially Prof. Qipeng Zhang and Ms. Jihong Zou.

Author Contributions

Conceptualization: Xi Chen.

Data curation: Yu Zhou, Xueliang Wang, Yimin Quan.

Formal analysis: Yu Zhou, Xueliang Wang.

Funding acquisition: Chen-Yu Zhang, Minghui Liu, Chen Wang.

Investigation: Yu Zhou, Yuan Yuan, Liuyi Li, Chunyu Liu.

PLOS ONE miR-4728-5p facilitates HER2 expression and accelerates cell proliferation and migration in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0245832 February 2, 2021 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245832.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245832.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245832.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245832.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245832.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245832.s006
https://doi.org/10.1371/journal.pone.0245832


Methodology: Yu Zhou, Yuan Yuan, Liuyi Li, Xueliang Wang, Mengchao Yu, Xiuting Hu,

Xiangfeng Meng, Zhen Zhou.

Project administration: Chen-Yu Zhang, Xi Chen, Minghui Liu, Chen Wang.

Writing – original draft: Yu Zhou, Minghui Liu.

Writing – review & editing: Chen Wang.

References
1. DeSantis CE, Ma J, Gaudet MM, Newman LA, Miller KD, Goding Sauer A, et al. Breast cancer statistics,

2019. CA Cancer J. Clin. 2019; 69(6):438–51. Epub 2019/10/03. https://doi.org/10.3322/caac.21583

PMID: 31577379.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J. Clin. 2019; 69(1):7–34. Epub

2019/01/09. https://doi.org/10.3322/caac.21551 PMID: 30620402.

3. Gebert LFR, MacRae IJ. Regulation of microRNA function in animals. Nat. Rev. Mol. Cell Biol. 2019; 20

(1):21–37. Epub 2018/08/16. https://doi.org/10.1038/s41580-018-0045-7 PMID: 30108335.

4. He W, Xu J, Huang Z, Zhang J, Dong L. MiRNAs in cancer therapy: focusing on their bi-directional

roles. ExRNA. 2019; 1(1):7. https://doi.org/10.1186/s41544-019-0005-1

5. Gao X, Qiao Y, Han D, Zhang Y, Ma N. Enemy or partner: relationship between intronic micrornas and

their host genes. IUBMB Life. 2012; 64(10):835–40. Epub 2012/09/04. https://doi.org/10.1002/iub.1079

PMID: 22941954.

6. Ying SY, Lin SL. Current perspectives in intronic micro RNAs (miRNAs). J. Biomed. Sci. 2006; 13(1):5–

15. Epub 2005/10/18. https://doi.org/10.1007/s11373-005-9036-8 PMID: 16228283.

7. Newie I, Søkilde R, Persson H, Grabau D, Rego N, Kvist A, et al. The HER2-encoded miR-4728-3p reg-

ulates ESR1 through a non-canonical internal seed interaction. PLoS ONE. 2014; 9(5):e97200. Epub

2014/05/16. https://doi.org/10.1371/journal.pone.0097200 PMID: 24828673.

8. Persson H, Kvist A, Rego N, Staaf J, Vallon-Christersson J, Luts L, et al. Identification of new micro-

RNAs in paired normal and tumor breast tissue suggests a dual role for the ERBB2/Her2 gene. Cancer

Res. 2011; 71(1):78–86. Epub 2011/01/05. https://doi.org/10.1158/0008-5472.CAN-10-1869 PMID:

21199797.

9. Owens MA, Horten BC, Da Silva MM. HER2 amplification ratios by fluorescence in situ hybridization

and correlation with immunohistochemistry in a cohort of 6556 breast cancer tissues. Clin. Breast Can-

cer. 2004; 5(1):63–9. Epub 2004/05/14. https://doi.org/10.3816/cbc.2004.n.011 PMID: 15140287.

10. Arteaga CL, Sliwkowski MX, Osborne CK, Perez EA, Puglisi F, Gianni L. Treatment of HER2-positive

breast cancer: current status and future perspectives. Nat. Rev. Clin. Oncol. 2011; 9(1):16–32. Epub

2011/11/30. https://doi.org/10.1038/nrclinonc.2011.177 PMID: 22124364.

11. Waks AG, Winer EP. Breast Cancer Treatment: A Review. Jama. 2019; 321(3):288–300. Epub 2019/

01/23. https://doi.org/10.1001/jama.2018.19323 PMID: 30667505.

12. Floros KV, Lochmann TL, Hu B, Monterrubio C, Hughes MT, Wells JD, et al. Coamplification of miR-

4728 protects HER2-amplified breast cancers from targeted therapy. Proc. Natl. Acad. Sci. U.S.A.

2018; 115(11):E2594–E603. Epub 2018/02/25. https://doi.org/10.1073/pnas.1717820115 PMID:

29476008.

13. Newie I, Søkilde R, Persson H, Jacomasso T, Gorbatenko A, Borg Å, et al. HER2-encoded mir-4728

forms a receptor-independent circuit with miR-21-5p through the non-canonical poly(A) polymerase

PAPD5. Sci. Rep. 2016; 6:35664. Epub 2016/10/19. https://doi.org/10.1038/srep35664 PMID:

27752128.

14. Yang R, Liu M, Liang H, Guo S, Guo X, Yuan M, et al. miR-138-5p contributes to cell proliferation and

invasion by targeting Survivin in bladder cancer cells. Mol. Cancer. 2016; 15(1):82. Epub 2016/12/17.

https://doi.org/10.1186/s12943-016-0569-4 PMID: 27978829.

15. Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB. Prediction of mammalian microRNA tar-

gets. Cell. 2003; 115(7):787–98. Epub 2003/12/31. https://doi.org/10.1016/s0092-8674(03)01018-3

PMID: 14697198.

16. Gyorffy B, Lanczky A, Eklund AC, Denkert C, Budczies J, Li QY, et al. An online survival analysis tool to

rapidly assess the effect of 22,277 genes on breast cancer prognosis using microarray data of 1,809

patients. Breast Cancer Res Treat. 2010; 123(3):725–31. https://doi.org/10.1007/s10549-009-0674-9

PMID: 20020197.

PLOS ONE miR-4728-5p facilitates HER2 expression and accelerates cell proliferation and migration in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0245832 February 2, 2021 9 / 10

https://doi.org/10.3322/caac.21583
http://www.ncbi.nlm.nih.gov/pubmed/31577379
https://doi.org/10.3322/caac.21551
http://www.ncbi.nlm.nih.gov/pubmed/30620402
https://doi.org/10.1038/s41580-018-0045-7
http://www.ncbi.nlm.nih.gov/pubmed/30108335
https://doi.org/10.1186/s41544-019-0005-1
https://doi.org/10.1002/iub.1079
http://www.ncbi.nlm.nih.gov/pubmed/22941954
https://doi.org/10.1007/s11373-005-9036-8
http://www.ncbi.nlm.nih.gov/pubmed/16228283
https://doi.org/10.1371/journal.pone.0097200
http://www.ncbi.nlm.nih.gov/pubmed/24828673
https://doi.org/10.1158/0008-5472.CAN-10-1869
http://www.ncbi.nlm.nih.gov/pubmed/21199797
https://doi.org/10.3816/cbc.2004.n.011
http://www.ncbi.nlm.nih.gov/pubmed/15140287
https://doi.org/10.1038/nrclinonc.2011.177
http://www.ncbi.nlm.nih.gov/pubmed/22124364
https://doi.org/10.1001/jama.2018.19323
http://www.ncbi.nlm.nih.gov/pubmed/30667505
https://doi.org/10.1073/pnas.1717820115
http://www.ncbi.nlm.nih.gov/pubmed/29476008
https://doi.org/10.1038/srep35664
http://www.ncbi.nlm.nih.gov/pubmed/27752128
https://doi.org/10.1186/s12943-016-0569-4
http://www.ncbi.nlm.nih.gov/pubmed/27978829
https://doi.org/10.1016/s0092-8674%2803%2901018-3
http://www.ncbi.nlm.nih.gov/pubmed/14697198
https://doi.org/10.1007/s10549-009-0674-9
http://www.ncbi.nlm.nih.gov/pubmed/20020197
https://doi.org/10.1371/journal.pone.0245832


17. Lanczky A, Nagy A, Bottai G, Munkacsy G, Szabo A, Santarpia L, et al. miRpower: a web-tool to vali-

date survival-associated miRNAs utilizing expression data from 2178 breast cancer patients. Breast

Cancer Res Treat. 2016; 160(3):439–46. https://doi.org/10.1007/s10549-016-4013-7 PMID: 27744485.

18. Lu Y, Zhou H, Chen W, Zhang Y, Hamburger AW. The ErbB3 binding protein EBP1 regulates ErbB2

protein levels and tamoxifen sensitivity in breast cancer cells. Breast Cancer Res. Treat. 2011; 126

(1):27–36. Epub 2010/04/10. https://doi.org/10.1007/s10549-010-0873-4 PMID: 20379846.

19. Olayioye MA, Neve RM, Lane HA, Hynes NE. The ErbB signaling network: receptor heterodimerization

in development and cancer. EMBO J. 2000; 19(13):3159–67. Epub 2000/07/06. https://doi.org/10.

1093/emboj/19.13.3159 PMID: 10880430.

20. Baselga J, Swain SM. Novel anticancer targets: revisiting ERBB2 and discovering ERBB3. Nat. Rev.

Cancer. 2009; 9(7):463–75. Epub 2009/06/19. https://doi.org/10.1038/nrc2656 PMID: 19536107.

21. Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nat. Rev. Mol. Cell Biol. 2001; 2

(2):127–37. Epub 2001/03/17. https://doi.org/10.1038/35052073 PMID: 11252954.

22. Pinkas-Kramarski R, Soussan L, Waterman H, Levkowitz G, Alroy I, Klapper L, et al. Diversification of

Neu differentiation factor and epidermal growth factor signaling by combinatorial receptor interactions.

EMBO J. 1996; 15(10):2452–67. Epub 1996/05/15. PMID: 8665853.

23. Bobrow LG, Millis RR, Happerfield LC, Gullick WJ. c-erbB-3 protein expression in ductal carcinoma in

situ of the breast. Eur. J. Cancer. 1997; 33(11):1846–50. Epub 1998/02/21. https://doi.org/10.1016/

s0959-8049(97)00244-x PMID: 9470844.

24. Tanner B, Hasenclever D, Stern K, Schormann W, Bezler M, Hermes M, et al. ErbB-3 predicts survival

in ovarian cancer. J. Clin. Oncol: official journal of the American Society of Clinical Oncology. 2006; 24

(26):4317–23. Epub 2006/08/10. https://doi.org/10.1200/JCO.2005.04.8397 PMID: 16896008.

25. Gregory CW, Whang YE, McCall W, Fei X, Liu Y, Ponguta LA, et al. Heregulin-induced activation of

HER2 and HER3 increases androgen receptor transactivation and CWR-R1 human recurrent prostate

cancer cell growth. Clin. Cancer Res. 2005; 11(5):1704–12. Epub 2005/03/10. https://doi.org/10.1158/

1078-0432.CCR-04-1158 PMID: 15755991.

26. Ghosh A, Awasthi S, Hamburger AW. ErbB3-binding protein EBP1 decreases ErbB2 levels via a tran-

scriptional mechanism. Oncol. Rep. 2013; 29(3):1161–6. Epub 2012/12/18. https://doi.org/10.3892/or.

2012.2186 PMID: 23242156.

27. Zhang Y, Akinmade D, Hamburger AW. Inhibition of heregulin mediated MCF-7 breast cancer cell

growth by the ErbB3 binding protein EBP1. Cancer Lett. 2008; 265(2):298–306. Epub 2008/03/22.

https://doi.org/10.1016/j.canlet.2008.02.024 PMID: 18355957.

28. Awasthi S, Ezelle H, Hassel BA, Hamburger AW. The ErbB3-binding protein EBP1 modulates lapatinib

sensitivity in prostate cancer cells. Mol. Cell. Biochem. 2015; 405(1–2):177–86. Epub 2015/04/17.

https://doi.org/10.1007/s11010-015-2409-z PMID: 25876877.

PLOS ONE miR-4728-5p facilitates HER2 expression and accelerates cell proliferation and migration in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0245832 February 2, 2021 10 / 10

https://doi.org/10.1007/s10549-016-4013-7
http://www.ncbi.nlm.nih.gov/pubmed/27744485
https://doi.org/10.1007/s10549-010-0873-4
http://www.ncbi.nlm.nih.gov/pubmed/20379846
https://doi.org/10.1093/emboj/19.13.3159
https://doi.org/10.1093/emboj/19.13.3159
http://www.ncbi.nlm.nih.gov/pubmed/10880430
https://doi.org/10.1038/nrc2656
http://www.ncbi.nlm.nih.gov/pubmed/19536107
https://doi.org/10.1038/35052073
http://www.ncbi.nlm.nih.gov/pubmed/11252954
http://www.ncbi.nlm.nih.gov/pubmed/8665853
https://doi.org/10.1016/s0959-8049%2897%2900244-x
https://doi.org/10.1016/s0959-8049%2897%2900244-x
http://www.ncbi.nlm.nih.gov/pubmed/9470844
https://doi.org/10.1200/JCO.2005.04.8397
http://www.ncbi.nlm.nih.gov/pubmed/16896008
https://doi.org/10.1158/1078-0432.CCR-04-1158
https://doi.org/10.1158/1078-0432.CCR-04-1158
http://www.ncbi.nlm.nih.gov/pubmed/15755991
https://doi.org/10.3892/or.2012.2186
https://doi.org/10.3892/or.2012.2186
http://www.ncbi.nlm.nih.gov/pubmed/23242156
https://doi.org/10.1016/j.canlet.2008.02.024
http://www.ncbi.nlm.nih.gov/pubmed/18355957
https://doi.org/10.1007/s11010-015-2409-z
http://www.ncbi.nlm.nih.gov/pubmed/25876877
https://doi.org/10.1371/journal.pone.0245832

