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Background: Pregnancy-related breast cancer is relatively rare, but its incidence is increasing as the age

of childbearing advances. The impact of placenta-specific microRNAs (miRNAs) derived from the chro-

mosome 19 miRNA cluster (C19MC) on pregnancy-associated breast cancer is unclear. Nuclear protein

high mobility group box 3 (HMGB3) plays a role in cancer progression. This study examined the effects

of placenta-specific C19MC miRNAs on the cancer-related gene HMGB3 in the human breast cancer cell

line MCF-7.

Methods: We used target gene prediction programs to identify C19MC miRNAs that modulate HMGB3

and then validated them using analytical procedures (i.e., quantitative PCR, Western blot, and luciferase

reporter assay). We investigated how inhibition of HMGB3 by C19MC miRNAs affects the invasive and

proliferative ability of MCF-7 cells and explored the downstream effectors of this axis.

Results: C19MC miRNA miR-515-3p targeted HMGB3. In MCF-7 cells, reduction of HMGB3 expression

by miR-515-3p increased cell invasion and proliferation. Furthermore, miR-515-3p-mediated HMGB3 in-

hibition led to the upregulation of CTNNB1 and GRB2, implicating invasion- and proliferation-related

signaling pathways (e.g., WNT/β-catenin, Ras/MAPK, and PI3K/AKT/mTOR) in MCF-7 cells.

Conclusions: The impact of C19MC miRNA miR-515-3p on the cancer-related gene HMGB3 in MCF-7

cells suggests a potential tumor-suppressive role for HMGB3 that contrasts with previous reports of on-

cogenic activity. The present findings raise the possibility that placenta-specific C19MC miRNAs play a

role in pregnancy-related breast cancer during pregnancy.

(J Nippon Med Sch 2026; 93 (2): 122―134. https://doi.org/10.1272/jnms.JNMS.2026_93-206)
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Introduction

Breast cancer accounts for 22.3% of all cancers among

Japanese women and is the most frequent cancer site in

women. Analysis of annual trends in breast cancer inci-

dence rates by age group showed that the rate is high

among women in their 40s and 50s1. Among adolescents

and young adults (AYA) generation, who are typically 15

to 39 years of age at the time of diagnosis or care, breast

cancer represents about 5% of all cases, but this rate

starts to increase from the late 20s and is highest among

those aged 35―391. Pregnancy-related breast cancer (de-

fined as breast cancer diagnosed during pregnancy,

within the first year after childbirth, or during lactation)

is relatively rare, but its incidence is increasing as the age

of childbearing advances2.

High mobility group box 3 (HMGB3) is a nuclear pro-

tein belonging to the HMGB protein family, which com-

prises four HMGB proteins (i.e., HMGB1―4)3―5. HMGB3

exhibits amino acid sequences analogous to those ob-

served in HMGB1 and HMGB2 (~80% sequence identity).
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HMGB3 contains two DNA-binding domains, thereby

modulating DNA repair, replication, recombination, and

transcription as well as gene expression. This multifunc-

tional molecule plays a role in various cellular processes,

including the immune response, inflammation, infection,

and cancer progression3―5. Attention has focused on

HMGB1 and HMGB2 because of their association with

cancer, but reports have also linked HMGB3 to cancer,

with high expression in a variety of cancers3―5. In the con-

text of breast cancer, high HMGB3 expression promotes

invasion and proliferation of breast cancer cells6―8. HMGB

3 has also been proposed as a potential indicator of unfa-

vorable outcomes in breast cancer9.

MicroRNAs (miRNAs) are a class of small noncoding

RNA molecules that are about 22 nucleotides long10. They

repress translation of target mRNAs via partial comple-

mentary sequences in their 3’-untranslated regions (3’-

UTRs), thus contributing to various physiological cell

functions and the molecular pathology of diseases11. In

the context of cancer, dysregulation of miRNAs (abnor-

mal expression of miRNAs targeting cancer-related

genes) contributes to carcinogenesis and cancer progres-

sion12. It has been reported that the cancer-related gene

HMGB3 is modulated by deregulated miRNAs in can-

cers, including breast cancer4. While numerous miRNAs

exhibit broad expression across multiple organs, despite

variations in expression levels, certain miRNAs are pre-

dominantly expressed in specific tissues/organs13,14. The

tissue-/organ-specific expression of miRNAs underlies

their specialized regulatory roles in different tissues/or-

gans (e.g., miR-115). The placenta is not an exception in

this regard; chromosome 19 miRNA cluster (C19MC)-

derived miRNAs are placenta-specific miRNAs16. C19MC

miRNAs are detected as early as 2 weeks after implanta-

tion, with their concentrations rising afterwards17,18. Dur-

ing pregnancy, placenta-specific miRNAs are released

from villous trophoblast cells of the placenta into the ma-

ternal bloodstream, where they exert their influence on

maternal cells16,19. However, the impact of placenta-

specific C19MC miRNAs on pregnancy-associated breast

cancer cells remains to be elucidated.

Using the breast cancer cell line MCF-7 to investigate

the effects of placenta-specific C19MC miRNAs on the

cancer-related gene HMGB3 in breast cancer cells, we

found that C19MC miRNA miR-515-3p targeted HMGB3.

Moreover, whereas previous studies reported that

HMGB3 inhibition suppresses cancer cell invasion and

proliferation, we observed that miR-515-3p-mediated

HMGB3 inhibition promoted cell invasion and prolifera-

tion in MCF-7 cells.

Materials and Methods

Culture

The E2-responsive MCF-7 human breast cancer cell line

was obtained from the Cell Bank (ID TKG 0479, Cell Re-

source Center for Biomedical Research, Institute of Devel-

opment, Aging and Cancer Tohoku University, Sendai,

Japan). MCF-7 cells (passages 33―72) were maintained in

RPMI-1640 medium (cat. no. 189-02025, Wako, Osaka, Ja-

pan) supplemented with 10% fetal bovine serum (FBS;

cat. no. 10438, Gibco, USA) at 37°C under 5% CO2.

Transfection of RNA Oligos

For miRNA transfection analysis, miRNA mimic oligos

for hsa-miR-515-3p, hsa-miR-519a-5p, and cel-miR-239b-5p

as a negative control miRNA (designated as miR-NC)

were purchased from Ajinomoto Bio-Pharma (Osaka, Ja-

pan). For mRNA-knockdown analysis, the following

small interfering RNA (siRNA) oligos were used: siRNA

for HMGB3 (designated as siHMGB3), sense: 5’-

GUUGUCUUGUUUCUGUAUAUA-3’ and antisense: 5’-

UAUACAGAAACAAGACAACCU-3’; siRNA for nega-

tive control ( designated as siNC ) , sense : 5 ’ -

UUCUCCGAACGUGUCACGUTT-3’ and antisense: 5’-

ACGUGACACGUUCGGAGAATT-3’ (Ajinomoto Bio-

Pharma). Each miRNA and siRNA oligo (at final concen-

trations of 50 nM) was transfected into cells using

Lipofectamine 2000 (cat. no. 11668019, Invitrogen,

Waltham, MA, USA) at 37°C for 4 h.

Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was isolated from the samples with RNAiso

Plus (cat. no. 9109, Takara Bio, Shiga, Japan), according

to the manufacturer’s instructions. Then, qPCR was per-

formed with the HT7900 FAST Real-Time PCR System

(Applied Biosystems Waltham, MA, USA) according to

the manufacturer’s instructions. TB Green Premix Ex Taq

(cat. no. RR420, Takara Bio) was used for the quantitative

analysis of mRNA level. To normalize the expression

level of mRNAs, 18S ribosomal RNA (designated as 18S)

was used. The PCR assays were conducted three to five

times under each experimental condition. The mRNA

primers used in this investigation are listed in Table 1.

Western Blotting

Western blotting was performed as described previ-

ously20. Cell lysates were obtained using radioimmuno-

precipitation (RIPA) lysis buffer: 50 nM Tris-HCl pH 7.5,



Sato et al.

124 J Nippon Med Sch 2026; 93 (2)

Table　1　Primer list for qPCR

Gene Primer orientation (5’–3’) Primer sequence

HMGB3
Forward (F) TCCGCTTATGCCTTCTTTGTGC
Reverse (R) ATGCCGGGGTTTGTGGATTTG

HMGB1
F TAAGAAGCCGAGAGGCAAAA
R CTCTTTCATAACGGGCCTTG

HMGB2
F AGAAAAAGGACCCCAATGCT
R TGCTCAGACCACATTTCACC

CTNNB1
F CTTACACCCACCATCCCACT
R GCACGAACAAGCAACTGAAC

MYC
F TCCTCGGATTCTCTGCTCTC
R ACTCTGACCTTTTGCCAGGA

MMP2
F TATGGCTTCTGCCCTGAGAC
R CACACCACATCTTTCCGTCA

MMP7
F TGCTCACTTCGATGAGGATG
R GGGATCTCCATTTCCATAGGT

MMP9
F TTGACAGCGACAAGAAGTGG
R CGGCACTGAGGAATGATCTAA

MMP14
F TCCATCAACACTGCCTACGA
R TCCAGAAGAGAGCAGCATCA

GRB2
F ACGATGGGGCCTTTCTTATC
R AACTTCACCACCCAGAGGAA

18S
F AGTTGGTGGAGCGATTTGTC
R CGGACATCTAAGGGCATCAC

150 mM NaCl, 1% Triton X-100 (cat. no. X100-100 mL,

Sigma-Aldrich, St. Louis, Missouri, USA), 1% deoxycho-

late (cat. no. 194-08311, FUJIFILM Wako Pure Chemical

Corp., Osaka, Japan), 0.1% SDS (cat. no. 191-07145, FUJI-

FILM Wako Pure Chemical Corp.), and 1 mM PMSF (cat.

no. ab141032, Abcam, Cambridge, UK) containing a Halt

protease inhibitor cocktail (cat. no. 78430, Thermo Fisher

Scientific). The lysates were sonicated three times and in-

cubated on ice for 15 min. The lysates were cleared by

centrifugation at 12,000 × g at 4°C for 5 min. Protein con-

centration was quantified using a TaKaRa BCA protein

assay kit (cat. no. T9300A, Takara Bio). Three micrograms

of the cell lysate protein was separated using Mini-

PROTEAN TGX gels (4―20% gel: cat. no. 456-1094, Bio-

Rad, Hercules, CA, USA) with a Model 200/2.0 power

supply (100 V, 96 min; cat. no. 165-4761, Bio-Rad). The

proteins were then transferred onto polyvinylidene fluo-

ride membranes using Sequi-Blot PVDF membranes (cat.

no. 162-0184, Bio-Rad) with a Trans-Blot SD Semi-Dry

Electrophoretic Transfer Cell (cat. no. 1703940, Bio-Rad).

Blotted proteins were incubated with primary antibodies

(rabbit anti-HMGB3 [cat. no. 27465-1-AP, Proteintech,

Rosemont, IL, USA], rabbit anti-CTNNB1 [cat. no. 9562,

Cell Signaling, Danvers, MA, USA], mouse anti-GRB2

[cat. no. 610111, BD Transduction Laboratories, Franklin

Lakes, NJ, USA], or mouse anti-GAPDH [cat. no. sc-

32233, Santa Cruze, Dallas, TX, USA]) at 4°C overnight,

followed by incubation with horseradish peroxidase-

conjugated anti-mouse (cat. no. 115-035-003, Jackson Im-

munoReserch, West Grove, PA, USA) or anti-rabbit (cat.

no. 111-035-144, Jackson ImmunoReserch) secondary anti-

body at 22°C for 2 h. Signals were detected with an Am-

ersham ECL Prime Western Blotting Detection Reagent

(cat. no. RPN2232, GE Healthcare, Chicago, IL, USA) and

visualized using an Amersham ImageQuant 800 OD

Western blot imaging system (cat. no. 29399483, Cytiva,

Tokyo, Japan). The Western blot assays were conducted

three times under each experimental condition.

Cell Invasion Assay

The cell invasion assay was performed as described pre-

viously21. In brief, growth factor reduced BD Matrigel

(cat. no. 356231, Corning, NY, USA) was coated onto cell

culture inserts ( Falcon Transparent polyethylene

terephthalate [PET] Membrane/24 well, 8.0 μm pore size;

cat. no. 353097, Corning). The Matrigel concentration was

200 μg/mL (2.2%). These upper chambers were set onto

the lower chambers (Falcon 24-well TC-treated Cell Poly-

styrene Permeable Support Companion Plate; cat. no.

353504, Corning). MCF-7 cells were transfected with

miRNA mimics or the siRNAs described above. After

transfection for 24 h, the cells in 400 μL of each culture
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medium without FBS were seeded in the upper chamber

(1.5 × 105 cells/well). Then, 700 μL of each culture me-

dium with 10% FBS was added to the lower chamber. Af-

ter incubation for 6, 12, 24, or 48 h, the cells were fixed

with 3% glutaraldehyde (cat. no. G003, TABB, Berkshire,

UK)-PBS and stained with hematoxylin (cat. no. 131-

09665, FUJIFILM Wako Pure Chemical Corp.). Noninvad-

ing cells at the top of each Transwell chamber were

scraped off using cotton swabs. The invading cells at the

bottom of the membrane were cut out with the mem-

brane and sealed with CC/Mount (cat. no. K002, Diag-

nostic BioSystems, Harge, Netherlands) and counted

manually using a light microscope (DFC7000T, Leica Mi-

crosystems, Wetzlar, Germany) under 200× magnification.

The average numbers of invading cells in five areas were

counted to reflect the invasive ability. The invasion as-

says were conducted three times under each experimen-

tal condition.

Cell Proliferation Assay

Evaluation of cell proliferation ability was performed us-

ing a Cell Counting Kit-8 (CCK-8) (cat. no. 341, Dojindo,

Kumamoto, Japan). MCF-7 cells were transfected with

miRNA mimics (50 nM) or siRNAs (50 nM) described

above. After transfection for 24 h, 1.0 × 105 cells were

seeded in 96-well plates. Following an additional incuba-

tion for 12, 24, or 48 h, 10 μL of CCK-8 was added per

well and maintained at 37°C for 4 h. At 450 nm, the ab-

sorption values were measured using an iMerk mi-

croplate absorbance reader (Bio-Rad, CA, USA). The cell

proliferation assay was measured three times for each ex-

perimental condition.

Luciferase Reporter Assay

The luciferase reporter assay was performed as described

previously21. To construct a reporter plasmid, we first

cloned the 3’-UTR of human HMGB3 into the pMIR-

REPORT vector (cat. no. AM5795, Applied Biosystems).

Total RNA isolated from MCF-7 cells was reverse-

transcribed to cDNA using PrimeScript reverse transcrip-

tase (cat. no. 2680A, Takara Bio). The portion of the

HMGB3 3’-UTR (2,857 nucleotides [nt]) including the tar-

get candidate sequence of miR-515-3p was then amplified

from the cDNA with the following primers :

GCCGAGCTCAGAAACTGTTTATCTGTCTCCTTG (SacI

site underlined) and GCCACGCGTTTTTTGGGAA-

GAGTGATTAAGA (MluI site underlined). After sequence

verification, the HMGB3 3’-UTR (2,857 nt) was cloned

into pMIR-REPORT via the SacI and MluI restriction

sites. This final construct was designated as pMIR-

HMGB3/wild. To construct reporter plasmids with two

predicted mutated miR-515-3p recognition sites (seed se-

quence pairing regions: nt 248―254 and nt 2,099―2,105

from the 5’ end) in the HMGB3 3’-UTR (Figure 1C), an

inverse PCR method was used22. The primers used for

the inverse PCR were as follows: HMGB3 3’-UTR-

mutation 1, forward: gtgTTCTCCTcactctgtgc and reverse:

gagGACATTCtttcatttaaaaatg (complementary sequence

shown in lowercase); HMGB3 3’-UTR-mutation 2, for-

ward: tccAGAATTTcccctcctg and reverse : acaGA-

CATTCctgggcaaac (complementary sequence shown in

lowercase). PCR amplification was performed using the

previously cloned vector ZERO Blunt TOPO (cat. no.

K280002, Thermo Fisher Scientific) containing the HMGB

3 3’-UTR. Plasmid DNA was digested by DpnI. Ampli-

fied DNA was transformed into Escherichia coli (One Shot

TOP10: cat. no. C404003, Thermo Fisher Scientific). After

sequence verification, the two mutated 3’-UTR sequences

were cloned into pMIR-REPORT via the SacI and MluI

restriction sites. Two final constructs for the miR-515-3p

recognition sites (seed sequence pairing regions: nt 248―
254 and nt 2,099―2,105) in the HMGB3 3’-UTR were des-

ignated as pMIR-HMGB3/mut1 and pMIR-HMGB3/

mut2, respectively. In a manner analogous to the con-

struction of the reporter plasmids with the predicted mu-

tated miR-515-3p recognition sites in the HMGB3 3’-UTR,

reporter plasmids with mutations introduced into two

predicted miR-519a-5p recognition sites (seed sequence

pairing regions: nt 145―152 and nt 2,049―2,055) were con-

structed (Figure 1D). The two final constructs for the

miR-519a-5p recognition sites (seed sequence pairing re-

gions: nt 145―152 and nt 2,049―2,055) in the HMGB3 3’-

UTR were designated as pMIR-HMGB3/mut3 and pMIR-

HMGB3/mut4, respectively (Figure 1D).

For the reporter assay, MCF-7 cells were transfected

with these generated pMIR-REPORT vectors and the con-

trol vector pRL-TK (Renilla luciferase expression plas-

mid), together with 50 nM miRNA mimic using Lipofec-

tamine 2000 in 24-well plates. At 24 h after transfection,

luciferase assays were performed using the Dual Lu-

ciferase Reporter Assay System (cat. no. E1910, Promega,

Madison, WI, USA). Firefly luciferase (from the pMIR-

REPORT vector) and Renilla luciferase (from the phRL-

TK vector) activities in the cell lysates were measured us-

ing the Glomax-Multi Detection System (Promega). Fire-

fly luciferase activity was normalized to Renilla luciferase

activity. The luciferase activity was measured three times

for each experimental condition.
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Figure　1　miR-515-3p targets HMGB3 mRNA
(A) HMGB3 mRNA (upper panel) and protein (lower panel) expression in MCF-7 cells transfected with 50 nM miR-515-3p mim-
ic (515) or cel-miR-239b-5p negative control mimic (miR-NC) and cultured for 24 h (left panel) and 48 h (right panel). (B) 
HMGB3 mRNA expression in the cells transfected with 50 nM miR-519a-5 mimic (519) or miR-NC and cultured for 24 h (left 
panel) and 48 h (right panel). (C) HMGB3 3′-UTR luciferase reporter assay for miR-515-3p. Sequences of the two putative target 
sites of miR-515-3p (seed sequence pairing regions: nt 248–254 and nt 2,099–2,105) that are represented by black areas in the 
schematic diagram of the 3′-UTR of HMGB3; the mutations introduced into the miR-515-3p recognition sites of the 3′-UTR (left 
panel). A reporter vector (pMIR-HMGB3/wild [WT], pMIR-HMGB3/mut1 [mut 1], or pMIR-HMGB3/mut2 [mut 2]) and miR 
mimic (50 nM 515 or miR-NC) were co-transfected into the cells (right panel). (D) HMGB3 3′-UTR luciferase reporter assay for 
miR-519a-5p. Sequences of the two putative target sites of miR-519a-5 (seed sequence pairing regions: nt 145–152 and nt 2,049–
2,055) that are represented by black areas in the schematic diagram of the 3′-UTR of HMGB3; the mutations introduced into the 
miR-519a-5 recognition sites of the 3′-UTR (left panel). A reporter vector (pMIR-HMGB3/wild [WT], pMIR-HMGB3/mut3 [mut 
3], or pMIR-HMGB3/mut4 [mut 4]) and miR mimic (50 nM 519 or miR-NC) were co-transfected into the cells (right panel). (E) 
HMGB1 and HMGB2 mRNA expression in the cells transfected with 50 nM 515 or miR-NC and cultured for 48 h. (F) HMGB1 
and HMGB2 mRNA expression in the cells transfected with 50 nM siHMGB3 or siNC and cultured for 48 h. In the qPCR assay, 
18S was used for normalization; in Western blotting, GAPDH was used as the internal control; in the luciferase assay, the Renil-
la luciferase vector pRL-TK was utilized as the internal control. The Western blot data are representative images derived from 
the results of three independent experiments. qPCR data are expressed as the mean ± standard deviation (SD) of the results 
from three independent experiments. Student’s t-test (A, B, E, and F) or Tukey’s test (C and D) was used to assess between-
group differences; *p < 0.05, **p < 0.01, ***p < 0.001.
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In Silico Prediction of miRNAs that Target HMGB3

Gene

The sequences of miRNAs were obtained from the

miRNA Registry miRbase23. The miRNAs that suppress

HMGB3 mRNA were predicted by several target gene

prediction programs, consisting of TargetScanHuman da-

tabase24,25, miRmap26,27, miRDB28,29, miRWalk30,31. Expression

levels of miRNAs in maternal plasma and placental tis-

sues were searched using miRmine32,33.

Statistics

Statistical analyses were conducted using the SPSS statis-

tical software package (Windows version 20; IBM-SPSS,

Chicago, IL, USA). The significance of between-group

differences was assessed using Student’s t-test or analysis

of variance followed by Tukey’s test, and P-values < 0.05

were considered to indicate statistical significance. Values

are expressed as mean ± standard deviation (SD).

Results

In Silico Approach on Placenta-Specific miRNAs that

Target HMGB3 mRNA

First, we sought to identify placenta-specific C19MC

miRNAs that potentially target HMGB3 mRNA. To this

end, we screened in silico-predicted HMGB3-targeting

C19MC miRNAs and ranked candidate miRNAs based

on the predicted strength of HMGB3 suppression using

four independent miRNA target prediction databases (Ta-

ble 2). Among the top-ranked placenta-specific miRNA

candidates, we focused on those sharing a common seed

sequence (UCUAGAG) within the HMGB3 3’-UTR bind-

ing site, taking into account their reported abundance in

maternal plasma and placental tissues according to the

miRmine database (Table 2)32,33. Among these, miR-519a-

5p was selected as the most abundant miRNA with the

same mature sequence for further study. miR-515-3p was

also selected as a candidate miRNA with a different seed

sequence (AGUGCCU) for further study.

miR-515-3p Targets HMGB3 mRNA

We performed qPCR to investigate whether HMGB3

mRNA is downregulated by miR-519a-5p or miR-515-3p

in MCF-7 cells. The expression of HMGB3 mRNA was

significantly downregulated in both miR-519a-5p mimic-

transfected and miR-515-3p mimic-transfected cells com-

pared with cells transfected with a negative control

mimic (designated as miR-NC) (Figure 1A and 1B). Sub-

sequently, we used a luciferase reporter assay to deter-

mine whether miR-519a-5p or miR-515-3p directly target

HMGB3 mRNA. Transfection of the miR-515-3p mimic

led to a significant decrease in luciferase activity in MCF-

7 cells co-transfected with pMIR-HMGB3/wild compared

with that of miR-NC mimic (Figure 1C). Luciferase activ-

ity was unchanged in the cells transfected with pMIR-

HMGB3/mut1, in which a potential miR-515-3p recogni-

tion site containing the seed sequence pairing region

from nt 248 through 254 in the HMGB3 3’-UTR was mu-

tated, whereas it was significantly reduced in the cells

transfected with pMIR-HMGB3/mut2, in which another

potential miR-515-3p recognition site containing the seed

sequence pairing region from nt 2,099 through 2,105 in

the HMGB3 3’-UTR was mutated (Figure 1C). These re-

sults indicate that HMGB3 has the miR-515-3p binding

site (seed sequence pairing region: nt 248―254) and is a

direct target of miR-515-3p. In contrast, MCF-7 cells that

were co-transfected with a miR-519a-5p mimic and either

pMIR-HMGB3/mut3 or pMIR-HMGB3/mut4, luciferase

activities were unrecoverable in the presence of mutated

putative miR-519a-5p recognition sites in the HMGB3 3’-

UTR, suggesting that HMGB3 mRNA may be modulated

indirectly via other target genes of miR-519a-5p (Figure 1

D). Thus, on the basis of the results of the luciferase as-

say, subsequent analyses focused on miR-515-3p.

We examined the protein level of HMGB3 in MCF-7

cells overexpressing miR-515-3p through Western blot

analysis. As shown in Figure 1A, transfection of miR-515-

3p mimic markedly downregulated the protein level of

HMGB3 in the cells. Taken together, these results confirm

that HMBG3 is a target of miR-515-3p. Furthermore, with

respect to HMGB1 and HMGB2, which show a high de-

gree of similarity in their amino acid sequences, overex-

pression of miR-515-3p or the siRNA suppression of

HMGB3 did not lead to suppression of their mRNA ex-

pression in MCF-7 cells (Figure 1E and 1F).

miR-515-3p Accelerates MCF-7 Cell Invasion and Prolif-

eration

To investigate the effect of the inhibition of HMBG3 by

miR-515-3p on the invasive capacity of MCF-7 cells, an

invasion assay was performed. miR-515-3p mimic-

transfection significantly promoted the invasive capacity

of the cells compared with miR-NC mimic-transfection

(Figure 2A). To determine the role of miR-515-3p-induced

HMBG3 suppression in enhancing MCF-7 cell invasion,

invasion by cells with HMGB3 knockdown via siRNA

was analyzed, where this siRNA was designated as

siHMGB3 (Figure 2B and 2C). siHMGB3 efficiency was

initially evaluated by qPCR and Western blotting (Figure
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Figure　2　miR-515-3p accelerates MCF-7 cell invasion and proliferation
(A) Transwell invasion assay of MCF-7 cells transfected with miR-515-3p mimic (515) or negative control mimic (miR-NC). Rep-
resentative images of the invasive MCF-7 cells (left panel). Quantification of the invasive cells per field (right panel). (B) Tran-
swell invasion assay of the cells transfected with siRNA for HMGB3 (siHMGB3) or negative control siRNA (siNC). Representa-
tive images of the invasive cells (left panel). Quantification of the invasive cells per field (right panel). (C) Knockdown efficiency 
in the cells transfected with siHMGB3. HMGB3 mRNA (upper panel) and protein (lower panel) expression in the cells transfect-
ed with 50 nM siHMGB3 or siNC and cultured for 24 h (left panel) and 48 h (right panel). (D) Cell proliferation (growth) assay. 
Left panel: MCF-7 cells transfected with 50 nM 515 (solid line) or miR-NC (dotted line). Right panel: the cells transfected with 50 
nM siHMGB3 (solid line) or siNC (dotted line). In the qPCR assay, 18S was used for normalization; in Western blotting, GAPDH 
was used as the internal control. In the cell proliferation assay, cell proliferation was evaluated by measuring ATP activity at 24, 
48, and 72 h after each oligo transfection. The transwell invasion, qPCR, and cell proliferation data are expressed as the mean ± 
SD of the results from three independent experiments. Student’s t-test was used to assess between-group differences; *p < 0.05, 
**p < 0.01; bars = 200 μm.

2C). In MCF-7 cells, siHMGB3 significantly reduced ex-

pression of both HMGB3 mRNA and protein compared

with negative control siRNA, designated as siNC, as de-

picted in Figure 2C. Invasion of cells that had been

treated with siHMGB3 was then investigated. After

siHMGB3 led to significant enhancement in the invasive

capacity of the cells compared with the siNC (Figure 2B).

We further examined the effect of miR-515-3p transfec-

tion on the growth of MCF-7 cells. Transfection of a miR-

515-3p mimic significantly increased cell proliferation

compared with the miR-NC mimic (Figure 2D). In addi-

tion, siHMGB3 silencing significantly induced cell prolif-

eration compared with siNC (Figure 2D). Taken together,

these findings indicate that miR-515-3p has a positive

regulatory effect on MCF-7 cell invasion and proliferation

via induction of HMBG3 inhibition.

miR-515-3p-mediated HMGB3 Inhibition Upregulates

CTNNB1 and GRB2

Subsequently, we investigated the downstream effectors

modulated by the miR-515-3p/HMGB3 axis in MCF-7 cell

invasion and proliferation. In the context of HMBG3-

mediated cancer invasion and proliferation, involvement

of the WNT/β-catenin pathway has been reported in sev-

eral cancers34―36. We therefore investigated gene expression

changes in catenin beta 1 (CTNNB1), a transcriptional co-

regulator in the WNT/β-catenin pathway, and its puta-

tive downstream signaling molecules (i.e., MYC proto-
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Figure　3　miR-515-3p-mediated HMGB3 inhibition upregulates CTNNB1 and GRB2 in MCF-7 cells
(A) CTNNB1 mRNA (upper panel) and protein (lower panel) expression in MCF-7 cells transfected with 50 nM miR-515-3p 
mimic (515) or cel-miR-239b-5p negative control mimic (miR-NC) and cultured for 24 h (left panel) and 48 h (right panel). (B) 
CTNNB1 mRNA (upper panel) and protein (lower panel) expression in the cells transfected with 50 nM siRNA for HMGB3 
(siHMGB3) or negative control siRNA (siNC) and cultured for 24 h (left panel) and 48 h (right panel). (C) MYC mRNA expres-
sion in the cells transfected with 50 nM 515 or miR-NC (left panel) and in those transfected with 50 nM siHMGB3 or siNC (right 
panel), after 48 h of culture. (D) MMP14 mRNA expression in the cells transfected with 50 nM 515 or miR-NC (left panel) and in 
those transfected with 50 nM siHMGB3 or siNC (right panel), after 48 h of culture. (E) GRB2 mRNA (upper panel) and protein 
(lower panel) expression in the cells transfected with 515 or miR-NC and cultured for 24 h (left panel) and 48 h (right panel). (F) 
GRB2 mRNA (upper panel) and protein (lower panel) expression in the cells transfected with 50 nM siHMGB3 or siNC and cul-
tured for 24 h (left panel) and 48 h (right panel). In the qPCR assay, 18S was used for normalization; GAPDH was used as the in-
ternal control for Western blotting. The Western blot data are representative images derived from the results of three indepen-
dent experiments. The qPCR data from 515-transfection are expressed as the mean ± SD of the results from five independent 
experiments. With the exception of CTNB1, derived from the qPCR data of five independent experiments in siHMGB3-transfec-
tion, the qPCR data for the remaining genes were based on three independent experiments. Student’s t-test was used to assess 
between-group differences; *p < 0.05, **p < 0.01.

oncogene, bHLH transcription factor [MYC], Matrix Met-

allopeptidase 2 [MMP2]), MMP7, MMP9, and MMP14)37,

following transfection of MCF-7 cells with a miR-515-3p

mimic or siHMGB3.

To evaluate whether CTNNB1 is altered in miR-515-3p

mimic-transfected or siHMGB3-transfected cells com-

pared with control cells, we used qPCR and Western

blotting to examine their CTNNB1 expression levels.

Both miR-515-3p mimic and siHMGB3 treatments signifi-

cantly upregulated both the mRNA and protein levels of

CTNNB1 (Figure 3A and 3B). Subsequently, qPCR was

conducted to identify changes in the gene expression of

the five candidate downstream signaling molecules of β-

catenin mentioned above. Both the miR-515-3p mimic

and siHMGB3 treatments significantly reduced MYC

mRNA expression in MCF-7 cells (Figure 3C). However,

neither the miR-515-3p mimic nor siHMGB3 treatment

led to an increase in MMP2 and MMP9 expression levels
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(data not shown). MMP7 mRNA was undetectable in

MCF-7 cells. miR-515-3p mimic administration had no ef-

fect on MMP14 expression, whereas siHMGB3 transfec-

tion caused a significant increase in its expression (Figure

3D).

Subsets of breast cancer cells possess receptor tyrosine

kinase (RTK) family members, including human epider-

mal growth factor receptor 2 (HER2)38. Upon activation of

these RTKs, the recruitment of growth factor receptor

bound protein 2 (GRB2) occurs, subsequently activating

downstream signaling pathways, including the Ras/

MAPK and PI3K/AKT/mTOR pathways39,40. These path-

ways differ from the WNT/β-catenin pathway but also

enable cancer cell proliferation, survival, invasion, and

metastasis. GRB2 functions as a central hub within these

signaling pathways. Thus, we attempted to evaluate

whether GRB2 is altered in miR-515-3p mimic-transfected

or siHMGB3-transfected cells compared with control

cells, and investigated their expression levels of GRB2 us-

ing qPCR and Western blotting. Both the miR-515-3p

mimic and siHMGB3 treatments significantly upregu-

lated both the mRNA and protein levels of GRB2 (Figure

3E and 3F). These results suggest that GRB2 is upregu-

lated through miR-515-3p-mediated HMGB3 suppression.

Discussion

To date, there have been no reports on how placenta-

specific miRNAs circulating in maternal blood affect

breast cancer cells during pregnancy. In this study, we

used the breast cancer cell line MCF-7 to investigate the

effect of placenta-specific miRNAs on the invasion and

proliferation of breast cancer cells. Our findings demon-

strated that miR-515-3p targeted HMGB3 and promoted

MCF-7 cell invasion and proliferation via induction of

HMGB3 inhibition. Furthermore, we found that miR-515-

3p-mediated reduction of HMGB3 was accompanied by

increased expression of CTNNB1 and GRB2, which are

potential downstream effectors in the miR-515-3p/

HMGB3 axis, implicating invasion- and proliferation-

related signaling pathways (e.g., WNT/β-catenin, Ras/

MAPK, and PI3K/AKT/mTOR) in MCF-7 cells.

Previous studies have shown that in several cancer

cells high expression of HMGB3 triggers activation of

CTNNB1, a key downstream effector in the WNT/β-

catenin pathway; this activation then sets off a chain re-

action in downstream signaling molecules such as MYC

and MMPs, ultimately leading to increased cell invasion

and proliferation34―36. Although non-C19MC miRNAs (e.g.,

miR-205) and HIF1A have been reported as regulators as-

sociated with elevated HMGB3 expression in breast can-

cer cells, no studies to date have identified the WNT/β-

catenin pathway as a downstream signaling axis mediat-

ing HMGB3-driven cell invasion and proliferation in-

duced by these molecules6―8,41. Additionally, high HMGB3

expression is a documented clinical factor associated with

enhanced breast cancer cell invasion and proliferation,

for which the downstream signaling mechanisms respon-

sible for these effects remain undefined9,42. Although

CTNNB1, the main downstream effector of the WNT/β-

catenin pathway, appears to be involved in MCF-7 breast

cancer cell invasion and proliferation modulated by the

miR-515-3p/HMGB3 axis, our findings imply a potential

tumor-suppressive role for HMGB3, in contrast to previ-

ous reports6―9,41,42.

The incongruity between present and previous findings

may be attributable to differences in the subtypes of

breast cancer cell lines used in the studies. Four main

breast cancer subtypes are widely recognized: luminal A

and B types, HER2-type, and triple-negative type43,44.

However, comparison of present and previous findings

on luminal A subtype MCF-7 cells also demonstrated an

incongruity on HMGB37,42. This discrepancy may be par-

tially attributed to the possibility that miRNAs targeting

HMGB3 also affect paralog HMGB1 and HMGB2. The

previous studies have not documented the effects of

HMGB3-targeted miRNAs on HMGB1 and HMGB2. Our

study showed that miR-515-3p had no effect on HMGB1

expression but upregulated HMGB2, which may affect

cell invasion and proliferation in miR-515-3p-transfected

MCF-7 cells (Figure 1E). Other potential explanations for

the observed inconsistency include influences on the in-

vasion and proliferation of MCF-7 cells from other miR-

515-3p-targeted genes, or effects from variations in E2

concentration in the culture medium. Further functional

analysis of HMGB3 in MCF-7 cells is required in order to

elucidate its role in this process. This study failed to con-

clusively show that downstream signaling molecules

linked to HMGB3-mediated cell growth were indeed acti-

vated. CTNNB1 activates MYC, thereby promoting cell

growth and proliferation45―47. In contrast, in the present

study, the CTNNB1 gene was upregulated via the miR-

515-3p/HMGB3 axis in MCF-7 cells, but MYC gene ex-

pression was repressed (Figure 3C). MYC suppression

could be considered a rational downstream signal for

promoting MCF-7 invasion. It has been reported that

MYC has a suppressive effect on cancer cell migration

and invasion48,49. In addition, MYC functions as an an-

timigratory agent in MCF-7 cells50. Therefore, suppression
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of MYC via the miR-515-3p/HMGB3 axis may contribute

to the promotion of MCF-7 invasion.

GRB2 is a crucial adapter molecule that has a key role

in RTK signaling. RTKs, which are cell surface receptors

that have a strong affinity for growth factors, cytokines,

and hormones, control cancer cell proliferation, survival,

metastasis, and angiogenesis39,40. Abnormal activation of

these receptors is a primary factor in cancer development

and progression. RTKs have been demonstrated to acti-

vate downstream signaling pathways, including the Ras/

MAPK pathway and the PI3K/Akt/mTOR pathway,

through the SHC-GRB2-SOS complex39,40. This activation

has been linked to cellular processes like proliferation,

survival, and cell migration. In breast cancer, especially

in RTK family HER2-positive breast cancer cells, HER2

activation is crucial in promoting cell growth, survival,

and metastasis via the aforementioned downstream sig-

naling pathways51. The present findings on the modifica-

tion of GRB2 by HMGB3 may offer a novel perspective

on the role of HMGB3 in cancer development and metas-

tasis. The unresolved molecular mechanism by which

HMGB3 inhibits GRB2 also necessitates clarification on

which downstream signaling pathways are subsequently

activated after GRB2 upregulation in MCF-7 cells.

Current breast cancer treatment guidelines indicate

that the prognosis for breast cancer during lactation is

poor (Evidence Grade: Probable), yet the same cannot be

definitively stated for breast cancer during pregnancy52.

This study showed that placenta-specific C19MC miRNA

miR-515-3p promoted invasion and proliferation of the

luminal-type breast cancer cell line MCF-7 via HMGB3

suppression. However, in the absence of further evi-

dence, caution is warranted when interpreting this find-

ing as contributing to a poor prognosis in vivo (in preg-

nant women with pregnancy-associated breast cancer).

The complication in this context arises from the presence

of 59 distinct mature C19MC miRNAs, variable detection

levels in maternal blood, and the diverse capacity of in-

dividual C19MC miRNAs to target cancer-related

mRNAs, alongside the intricate interaction between miR-

NAs and mRNAs, where not all C19MC miRNAs cause

breast cancer invasion and proliferation unidirectionally.

The present study examined the effect of a single

placenta-specific C19MC miRNA (i.e., miR-515-3p) on a

single breast cancer cell line (i.e., MCF-7). However, fur-

ther analysis using maternal blood must attempt to clar-

ify the impact on invasion and proliferation of different

subtypes of breast cancer cell lines and the cells that are

isolated and subsequently cultured from surgically ex-

cised breast cancer specimens, given the abundant, di-

verse placenta-specific C19MC miRNAs (mixture of ma-

ture miRNAs derived from forty-six C19MC pre-

miRNAs) in maternal blood samples. This approach is

distinct from analysis of a single C19MC miRNA and can

be regarded as an in vivo experiment. This question re-

mains unanswered.

In summary, we demonstrated that placenta-specific

C19MC miRNA miR-515-3p targeted HMGB3. Our obser-

vations yielded contradictory results : miR-515-3p-

mediated HMGB3 suppression increased cell invasion

and proliferation in the MCF-7 breast cancer cell line,

contrary to previous studies suggesting that HMGB3 sup-

pression hinders cancer cell invasion and proliferation.

Although further research is required in order to explore

how placenta-derived C19MC miRNAs in maternal blood

influence breast cancer cells in relation to breast cancer

treatment during pregnancy, the present findings provide

insight into the potential impact of placenta-specific miR-

NAs on pregnancy-related breast cancer.
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