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Abstract
Alterations of glycosyltransferase expression are often associated with tumor oc-
currence and progression. Among the many glycosyltransferases, increased expres-
sion of fucosyltransferase 8 (FUT8) has been frequently observed to be involved in 
progression and metastasis of various types of cancer. The regulatory mechanisms 
of FUT8 expression remain unclear. FUT8 expression was shown, in this study, to 
be elevated in breast cancer. Systematic analysis revealed that transcription factor 
activator protein 2γ (AP-2γ) is the target gene of microRNA-10b (miR-10b), which we 
previously identified as a positive regulator of FUT8. Overexpression of AP-2γ inhib-
ited FUT8 expression, with associated reduction of cell invasiveness and migration 
ability. AP-2γ was capable of binding to transcription factor STAT3, and phosphoryla-
tion of STAT3 induced transcription of the FUT8 gene. On the basis of our findings, 
we propose that binding of AP-2γ to STAT3 results in formation of the AP-2γ/STAT3 
complex and consequent inhibition of STAT3 phosphorylation, thereby preventing 
entry of p-STAT3 into the nucleus to initiate FUT8 transcription. This study clarifies 
the molecular mechanisms whereby transcription factor AP-2γ regulates FUT8 ex-
pression in breast cancer.
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1  | INTRODUC TION

Glycosylation (attachment of glycans to proteins or other organic 
molecules), mediated by enzymatic activities of glycosyltransferases 
and glycosidases, is a common posttranslational modification in all 
organisms.1 Aberrant glycosylation is a characteristic phenomenon 
in carcinogenesis and plays essential roles in specific steps during 
tumor development.2 Alterations of glycosyltransferase expression 
are associated with both prometastatic and metastasis-suppressing 
functions. Fucosyltransferase 8 (FUT8) is an α1,6-fucosyltransferase 
responsible for the addition of fucose to asparagine-linked N-
acetylglucosamine (GlcNAc) moieties, a common feature of core-
fucosylated N-glycans.3 Increased expression and enzymatic activity 
of FUT8 have been observed in melanoma, prostate cancer, non–
small cell lung cancer, and other types of cancer and are involved 
in tumor progression and metastasis.4-6 High expression of FUT8 
protein is correlated with lymphatic metastasis and stage status, 
whereas reduced FUT8 expression is correlated with disease-free 
survival and overall survival in breast cancer (BC) patients.7

MicroRNAs (miRNAs; miRs) are endogenous noncoding RNAs 
that regulate gene expression by degrading target mRNAs and/or 
suppressing protein synthesis through binding to complementary 
sites in 3′-untranslated regions of target genes.8 There is increasing 
evidence that dysregulation of miRs contributes to aberrant gene ex-
pression during tumor initiation and progression.9 For example, miR-
10b, an oncogenic miR, is highly expressed in metastatic BC cells 
and positively regulates cell migration and invasion.10 We previously 
identified miR-10b as a positive regulator of FUT8 and demonstrated 
its ability to enhance BC cell motility and proliferation.11 However, 
the mechanism whereby miR-10b regulates FUT8 activity remains 
unclear.

We demonstrate here that the gene encoding transcription fac-
tor activator protein 2γ (AP-2γ) is the target of miR-10b. Suppressive 
effects of AP-2γ on BC cell proliferation and apoptosis through inhi-
bition of FUT8 were evaluated in vitro and in vivo. The mechanism 
underlying regulation of FUT8 expression by AP-2γ was elucidated.

2  | MATERIAL S AND METHODS

2.1 | Cell lines and culture

Immortalized human mammary epithelial cell line MCF10A and 
human BC cell lines MDA-MB-231, MCF7, MDA-MB-468, and 
MDA-MB-453 were from the American Type Culture Collection 
(Manassas). MCF10A cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM)/F12 complete medium (Gibco; Thermo 
Fisher Scientific) containing epidermal growth factor (EGF; 20 ng/
mL), hydrocortisone (0.5 mg/mL), cholera toxin (100 ng/mL; Sigma-
Aldrich), insulin (10  μg/mL), penicillin (100  units/mL), and strepto-
mycin (100 μg/mL; Gibco), at 37℃ in 5% CO2 atmosphere. Human 
BC cell lines were cultured in DMEM (HyClone, GE Healthcare) at 

37℃ in 5% CO2. All cell cultures were supplemented with 10% fetal 
bovine serum (FBS) (Biological Industries), 100 IU/mL penicillin, and 
100 μg/mL streptomycin.

2.2 | Total protein extraction

Total proteins were extracted with T-PER Reagent (Thermo Fisher) 
as described previously.12 In brief, cells (∼1 × 107) or tissue samples 
were detached with trypsin, washed twice with ice-cold 1× PBS 
(0.01  M phosphate buffer containing 0.15  M NaCl, pH 7.4), lysed 
with 1 mL T-PER Reagent containing protease inhibitor cocktail and 
phosphatase inhibitor cocktail (Sigma-Aldrich), incubated 30 minutes 
on ice, homogenized, and centrifuged at   16 000 g for 15 minutes. 
Supernatant was collected and stored at −80°C. Protein concentra-
tion was determined by bicinchoninic acid assay (Beyotime).

2.3 | Western blotting

Total proteins (30 μg) from samples were separated by 7.5% SDS-
PAGE. Gels were transferred onto PVDF membranes using Trans-
Blot Turbo Transfer System (Bio-Rad Laboratories). Membranes 
were soaked in 5% skim milk in TBST (20  mM Tris-HCl, 150  mM 
NaCl, 0.05% Tween 20, pH 8.0) for 2 hours at 37°C, probed with 
primary antibodies directed to FUT8 (1:500; cat # sc271244), AP-
2γ (1:500; cat # sc12762; Santa Cruz Biotechnology), N-cadherin 
(1:5000; cat # ab18203), GAPDH (1:5000; cat # ab8245), fibronec-
tin (1:1000; cat # ab2413; Abcam), E-cadherin (1:10  000; cat # 
610181; BD Biosciences), AKT (pan) (1:1000; cat # 4685), p-AKT 
(Ser473) (1:2000; cat # 4060), STAT3 (1:1000; cat # 9139), and 
p-STAT3 (Tyr705) (1:1000; cat # 9145; Cell Signaling Technology) 
overnight at 4°C, and incubated with appropriate HRP-conjugated 
secondary antibody. Specific bands were visualized using Pro-light 
HRP Kit (Tiangen). For lectin blotting, biotinylated lectins Lens cu-
linaris agglutinin (LcH) and Aleuria aurantia lectin (AAL) were incu-
bated after blocking by 3% (w/v) bovine serum albumin (BSA) in 
PBST (PBS with 0.5% [v/v] Tween 20), and bands were detected 
using VECTASTAIN ABC kits. Bands were visualized using en-
hanced chemiluminescence detection kit (Vazyme) and imaged 
with ChemiDoc XRS+ (Bio-Rad).

2.4 | Wound healing assay

This assay was performed as described previously.13 In brief, conflu-
ent monolayers of MDA-MB-231 cells in six-well plate were treated 
with 12 μM mitomycin C for 2 hours and scratched with a pipette 
tip. Cells were rinsed with PBS and cultured in fresh DMEM medium. 
Cell migration into the wound was photographed, wound tracks 
were marked, and relative migration distance was calculated using 
Image-Pro Plus software program (Media Cybernetics).
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2.5 | Cell proliferation assay

This assay was performed as described previously.14 Cells were 
plated in 96-well plates and incubated 4  hours with CellTiter 96 
AQueous One Solution Cell Proliferation Assay (MTS) solution 
(Promega). MTS products in supernatant were transferred into 96-
well microtiter plates, and absorbance at 490 nm was measured.

2.6 | Immunofluorescence staining

Cells were cultured in 24-well plates with sterilized coverslips to ob-
tain monolayers (70%-80% confluence). Cells were washed with ice-
cold PBS, immobilized with 2% fresh paraformaldehyde 15 minutes at 
room temperature (RT), permeabilized with 0.2% Triton X-100 in PBS 
10 minutes at RT, and blocked with 5% BSA in PBS 1 hour at 37°C. 
For lectin staining, fixed cells were incubated with 2-20 μg/mL bioti-
nylated LcH or AAL (Vector Laboratories) in 5% BSA overnight at 4°C, 
incubated with Avidin-Alexa Fluor 647 or 488 in PBS 30 minutes, and 
stained with 20 μg/mL DAPI in PBS 15 minutes at RT. For antibody 
staining, cells were incubated with primary antibody at 4°C overnight, 
washed with PBS, incubated with FITC-labeled secondary antibody 
1 hour at RT in the dark, further stained with DAPI 10 minutes, and 
examined by fluorescence microscopy (model Eclipse E600; Nikon).

2.7 | Invasion assay

Transwell assay chambers (diameter 24 mm, pore size 8 μm; Corning) 
were coated with 50 μL Matrigel (BD Biosciences) in 24-well plates 
4-6  hours. Transfected cells (1  ×  104) were placed in the upper 
chamber, the lower chamber was added with 500 μL culture medium 
containing 10% FBS, and the chambers were fixed after 36  hours 
incubation. Cells were stained with crystal violet, images were taken, 
and cells in 10 representative images were counted and analyzed.

2.8 | Immunohistochemical analysis

Tissues were dewaxed, and antigen retrieval was performed using 
citrate buffer (0.1  M citric acid, 0.1  M sodium citrate, pH 6.0). 
Slides were blocked by 0.1% BSA and 0.5% Tween 20 in 10% goat 
serum, incubated overnight with anti-AP-2γ (1:50) or anti-FUT8 
(1:100) antibodies, and incubated 1  hour with HRP-conjugated 
secondary antibodies or ABC Kit. Endogenous peroxidase was re-
moved by 30  minutes treatment with 0.1% hydrogen peroxidase. 
3,3'-diaminobenzidine substrate was used for antibody detection.

2.9 | Tissue microarray analysis

BC tissue microarrays (TMAs) consisting of 26 cases of BC tissue 
with matched adjacent normal breast tissue were from Shanghai 

Outdo Biotech Co. Nonspecific protein on slides was blocked by 
overnight incubation with 5% BSA in PBS at 4°C. Specific antibod-
ies were applied to slides and incubated 3 hours in the dark. Slides 
were scanned with confocal scanner and photographed under fluo-
rescence microscopy. Staining intensity of TMAs was evaluated and 
scored using Image Pro Plus.

2.10 | Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (Thermo Fisher) as 
per the manufacturer's protocol. Concentration was determined 
using NanoDrop ND-1000 (Thermo Fisher), and RNA sample (A260/
A280  >  1.8) was reversed transcribed using ReverTra Ace-α-® 
kit (Toyobo) as per the manufacturer's protocol. Specific primers 
used for multiple genes were: FUT8 forward, 5′-TCCATGACCCTA 
ATGGTCTTTT-3′, reverse, 5′-TGTCCTGTACTTCATGCGCT-3′; 
AP-2γ forward, 5′-CGGGAGAAGTTGGACAAGAT-3′, reverse, 
5′-GCAAAGTCCCTAGCCAAATG-3′. Quantitative real-time PCR 
(qRT-PCR) was performed using UltraSYBR Mixture (Beijing CoWin 
Biotech) and run on CFX96 RT-PCR detection system (Bio-Rad). 
Relative expression levels of target genes were quantified by 2−ΔΔCt 
method from triplicate experiments.15

2.11 | Co-immunoprecipitation (co-IP)

Cells were washed three times with ice-cold PBS and added with 
ice-cold weak RIPA (Beyotime). Lysates were incubated on ice 
30 minutes and centrifuged at 10 000 g 10 minutes at 4°C. 1 mL su-
pernatant was transferred to a microcentrifuge tube, added with pri-
mary antibody, and incubated 1 hour at 4°C. The mixture was added 
with 20 μL resuspended Protein A/G PLUS-Agarose (Santa Cruz), ro-
tated at 4°C overnight, and centrifuged at 1000 g 5 minutes at 4°C. 
Supernatant was aspirated and discarded, and pellet was washed 
with PBS and resuspended in 40  μL sample buffer. Proteins were 
released by boiling for 10 minutes and collected by centrifugation.

2.12 | Stable transfected cells

FUT8 and AP-2γ were amplified by PCR and linked to lentiviral over-
expression vector pLVX-AcGFP1-N1 (Takara).

Primers used in PCR:
AP-2γ:sense: 5′-CCGCTCGAGCGGGCCATGTTGTGGAAAATAA

CCG-3′
antisense: 3′-CGGGATCCCGGCAGTCCTGTTCCTTCCCTACTCT-5′
FUT8:sense: 5′-CCGCTCGAGCGGGCCACCATGCGGCCATGGA

CTG-3′
antisense: 3′-CGCGGATCCGCGGATCAGAGCCCTCTTCATCTA

CAG-5′
Lentiviral shRNA vector was constructed based on pLVX-

shRNA2-Puro (Takara). Lentiviral vectors were packed in HEK293T 
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by a packaging system, together with pMD2.G and psPAX2 
(Addgene).

siAP-2γ-1:sense: 5′-GCACGATCAGACAGTCATT-3′
antisense: 3′-AATGACTGTCTGATCGTGC-5′
siAP-2γ-2:sense: 5′-CCTGATTGTCATAGACAAA-3′
antisense: 3′-TTTGTCTATGACAATCAGG-5′
siFUT8-1:sense: 5′-GUGUCUCAGUUUGUCAAAUTT-3′
antisense: 3′-AUUUGACAAACUGAGACACTT-5′
siFUT8-2:sense: 5′-GGUGUGUAAUAUCAACAAATT-3′

antisense: 3′-UUUGUUGAUAUUACACACCTT-5′
Transfected cells were selected and enriched by addition of pu-

romycin to culture medium.

2.13 | Animal experiments

All mouse experiments were approved by the Animal Care and Use 
Committee of Northwest University. Effects of FUT8 on BC tumor 

F I G U R E  1   Expression of fucosyltransferase 8 (FUT8) in breast cancer (BC) clinical samples. A, Core α1,6–fucosylated N-glycans 
catalyzed by FUT8 and terminal α-1,2,3,4–fucosylated N-glycans catalyzed by FUT1-7,9 recognized, respectively, by Lens culinaris agglutinin 
(LcH) and Aleuria aurantia lectin (AAL) lectins. B, Fold changes of FUT1-11 expression in 18 types of tumor tissues (T) versus corresponding 
normal tissues (N), based on mRNA microarray data extracted from The Cancer Genome Atlas (TCGA). Red: log2(T_median/N_median) > 0. 
Green: log2(T_median/N_median) < 0. C, Average expression of 11 different fucosyltransferases in 1659 total BC samples from six BC Gene 
Expression Omnibus (GEO) datasets (GSE29431, GSE10​2484, GSE36771, GSE5460, GSE21653, GSE12276, GSE29271). D, Representative 
FUT8 expression and hematoxylin and eosin (H&E) staining in BC nest-like structures and adjacent noncancerous cells. E, FUT8 expression 
in 11 pairs of human breast ductal carcinoma tissues (T) and matched adjacent normal breast tissues (N)

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29431
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102484
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE36771
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE5460
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE21653
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12276
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29271
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proliferation, chemoresistance, and metastasis were studied using 
mouse subcutaneous (s.c.) xenograft models and trans-splenic me-
tastasis models.

For s.c. xenograft, 4- to 6-week-old BALB/c nude (BALB/c-nu) 
mice were randomized blindly and s.c. injected in the right hind flank 
with 1 × 107 cells. Tumor volume (calculated as π/6 × width2 × length) 

was measured every 4 days. After 4 weeks, mice were sacrificed and 
tumor tissues were excised, measured, and weighed.

For chemoresistance experiments, mice were s.c. injected in the 
right hind flank with 2 × 106 cells. Starting at day 10, doxorubicin 
(DOX, 5 mg/kg) or normal saline was intraperitoneally (i.p.) injected 
once per week. Tumor volume was measured every 5 days. At day 
35, mice were euthanized, and tumors were excised and weighed.

F I G U R E  2   Effect of fucosyltransferase 8 (FUT8) expression on cell migration and proliferation. FUT8 expression in normal breast 
epithelial (MCF10A) and breast cancer (BC) cells (MCF7, MDA-MB-231, MDA-MB453) assessed by Western blotting (A) and quantitative 
real-time PCR (qRT-PCR) (B). Two FUT8-stable transfectants of MCF10A (FUT8 OE#1, FUT8 OE#2) and their vector blank (control) 
were established and assessed by Western blotting (C), qRT-PCR (D), and immunofluorescence staining (E). F, Migration ability of FUT8-
overexpressing MCF10A and vector control assessed by transwell migration without Matrigel. Two FUT8-knockdown MDA-MB-231 
transfectants (FUT8 sh#1, FUT8 sh#2) and their vector blank (shNTC) were established and assessed by Western blotting (G), qRT-PCR (H), 
and immunofluorescence staining (I). Cell proliferation (J), scratch-wound assay (K), and transwell invasion assay (L) of FUT8-knockdown 
MDA-MB-231
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F I G U R E  3   Fucosyltransferase 8 (FUT8) enhances doxorubicin (DOX) susceptibility (in vitro and in vivo) and stemness of MDA-MB-231. 
A, Survival ratio of two FUT8-knockdown MDA-MB-231 lines, vector blank (vector), and wild-type cells (231WT) following 24, 48, or 72 h 
treatment with 0, 5, 10, 15, or 20 μM DOX. B, In vivo xenograft experiment (schematic). C, Tumor growth curve for BALB/c-nu mice injected 
with vector or FUT8 sh#1 cells, and treated with 0.9% normal saline (vector + 0.9%NS, FUT8 sh#1 + 0.9%NS) or with DOX (vector + DOX, 
FUT8 sh#1 + DOX). n = 4 for each group. D, Isolated tumors of xenograft models and tumor weights for various groups. E, Representative 
H&E and immunohistochemical (IHC) staining images of s.c. tumors of FUT8, Ki-67, and TUNEL in various groups. F, Percentage of CD44+/
CD24− cells, assayed by flow cytometry. G, Upper: representative image of spheres formed by vector or FUT8 sh#1 cells. Lower: number of 
spheres per well
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F I G U R E  4   MiR-10b modulates fucosyltransferase 8 (FUT8) expression via AP-2γ. A, Venn diagram of miR-10b target genes predicted 
by three web servers (TargetScan, miRDB, TarBase). B, Correlation of expression between FUT8 and NR6A1, or AP-2γ. Data presented as 
log2 fold change. MCF10A (C) and MDA-MB-231 (D) were treated with miR-10b mimic, and expression of FUT8 and AP-2γ was assessed 
by Western blotting. Right panel shows quantitation of representative images. E, Putative miR-10b binding sites on wild-type sequence 
and mutant sequence of AP-2γ 3'-UTR. F, MCF10A cells were cotransfected with miR-10b mimic or mimic-nc and two reporter plasmids 
psiCHECK2 (wild-type or mutant AP-2γ 3'-UTR sequence), and luciferase activities of transfectant cells were assayed. G, Same as panel F but 
with MDA-MB-231
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The role of FUT8 in BC via blood metastasis to liver was in-
vestigated by dividing tumors into small pieces, and s.c. injecting a 
standard volume (2 mm3) of tumor debris in spleens of healthy 4- 
to 6-week-old BALB/c-nu mice as described previously.16 After 4 
weeks, mice were euthanized, and tumors were excised and weighed.

Tumors, spleens, and livers dissected in all animal experiments 
were fixed and paraffin-embedded for histopathological analysis.

2.14 | Cell sphere formation

Cells (1000/well) were cultured and maintained as spheres in serum-
free DMEM/F12 (HyClone) supplemented with 10  ng/mL basic fi-
broblast growth factor (BFGF), 20 ng/mL EGF, 2% B-27 Supplement 
(Gibco), 5 mg/mL insulin, and 10 000 IU/mL penicillin-streptomycin, 
in ultralow-attachment 12-well plates (Corning). For long-term main-
tenance of spheres, cells were collected by centrifugation (200  g, 
5 minutes), and supernatant was aspirated. Cells were resuspended, 
aliquoted in culture medium, and placed on new plates, and cell 
spheres with diameter ≥100 μm were counted.

2.15 | Flow cytometric analysis

Cells (2 × 105) were incubated with phycoerythrin-conjugated anti-
human CD24 (BioLegend) or Allophycocyanin-conjugated anti-
human CD44 antibodies in binding buffer for 10  minutes, rinsed 
with PBS, and resuspended in binding buffer. Expression of stem cell 
markers was measured by flow cytometry (ACEA Biosciences) and 
analyzed using NovoExpress software program.

2.16 | Patient samples

Tissues of normal subjects and BC patients were obtained from 
the Fifth People's Hospital of Qinghai Province. Written informed 
consent was obtained from all patients in accordance with the 
Declaration of Helsinki. Experiments using human tissues were ap-
proved by the Research Ethics Committee of Northwest University.

2.17 | Statistical analysis

All experiments were replicated at least three times, and data are 
presented as mean ± SD. Two-tailed Student's t-test was used for 

comparison of datasets between two groups, and differences with 
P  <  .05 were considered statistically significant. Statistical analy-
ses were performed using GraphPad Prism V. 7.0 software pro-
gram. Notations in figures: *, P < .05; **, P < .01; ***, P < .001; ****, 
P < .0001; ns: not significant.

3  | RESULTS

3.1 | Altered expression of FUT8 in BC

FUT8 is the only enzyme that generates α1,6-fucosyltransferase 
on N-glycans, which is recognized by LcH. Terminal α-1,2/3/4/6–
fucosylated structures are recognized by AAL (Figure  1A).4,17 
Various types of cancer display aberrant expression of fucosylated 
structures.18 Accordingly, we initially investigated clinical relevance 
of fucosyltransferases (FUTs 1-11) in some common cancer types. 
Most cancer types showed clear upregulation of FUT8 expression 
at mRNA level (Figure  1B). A heatmap generated from the Gene 
Expression Omnibus (GEO) dataset revealed that FUT8 expression 
in BC was considerably higher than that of other FUTs (Figure 1C). 
Immunofluorescence staining of TMAs (see M&M/Section 2.9: 
"TMA analysis") (Table S1) showed significantly higher FUT8 expres-
sion in cancer tissues than in adjacent tissues (Figure 1D). Similarly, 
examination of clinical samples (11 pairs of human breast ductal 
carcinoma tissues and matched adjacent normal breast tissues) re-
vealed higher FUT8 expression in BC tissues (Figure  1E). In com-
parison with normal breast tissues, FUT8 showed higher expression 
in various tumor stages (Figure S1A), in differing nodal metastasis 
status (Figure S1B), at differing ages (Figure S1C), in differing men-
opause status (Figure S1D), and in differing tumor histology types 
(Figure S1E).

3.2 | Effect of FUT8 expression on cell 
proliferation and migration

BC cells, in comparison with normal breast epithelial cells, showed 
significantly higher FUT8 expression at protein and mRNA levels 
(Figure 2A,B) and enhanced core fucosylation (Figure S2A,B).

FUT8 was overexpressed in normal breast epithelial MCF10A 
cells (Figure 2C-E) for evaluation of FUT8 function. FUT8 overex-
pression significantly increased core fucosylation (Figure S2C) and 
migration ability (Figure 2F) but had no effect on cell proliferation 
(Figure S2D). FUT8-overexpressing cells showed reduced levels of 

F I G U R E  5   Correlation between AP-2γ and fucosyltransferase 8 (FUT8) expression in BC. A, mRNA expression of FUT8 and AP-2γ in 
normal breast tissues and breast cancer (BC) tissues in The Cancer Genome Atlas (TCGA) database. B, mRNA expression of FUT8 and AP-2γ 
in 112 adjacent normal and paired BC tissues in TCGA database. C, Differential AP-2γ expression of BC tissues in tissue microarray (TMA). 
D, MCF-10A lines stably transfected with lentivirus carrying one of two independent short hairpin RNAs (shRNAs) targeting AP-2γ (siAP-
2γ-1/10A, siAP-2γ-2/10A), or nontargeting control (Control). AP-2γ and FUT8 levels were assessed by Western blotting. Right panel shows 
quantitation. E, AP-2γ and FUT8 levels in AP-2γ–stable transfectant of MDA-MB-231 (AP-2γ OE/231) and vector blank (control). Right panel 
shows quantitation. Transwell invasion assay (F), scratch-wound assay (G), and proliferation (H) of AP-2γ–overexpressing MDA-MB-231
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E-cadherin and increased levels of epithelial-mesenchymal tran-
sition (EMT) markers p-AKT, fibronectin, and N-cadherin 
(Figure S2F).

Silencing (knockdown) of FUT8 expression in BC MDA-MB-231 
cells (Figure 2G-I) reduced core fucosylation (Figure S2E) and signifi-
cantly reduced cell proliferation and migration ability (Figure 2J-L). 

F I G U R E  6   Fucosyltransferase 8 (FUT8) is regulated by AP-2γ via STAT3. A, STAT3, p-STAT3, AP-2γ, and FUT8 expression in MCF10A, 
MDA-MB-231, MDA-MB-468, and MDA-MB-453. B, FUT8, STAT3, and p-STAT3 expression in AP-2γ OE/231. C, STAT3, p-STAT3, AP-2γ, 
and FUT8 expression in AP-2γ–knockdown MDA-MB-468 (siAP-2γ-1/468, siAP-2γ-2/468). D, STAT3, p-STAT3, and FUT8 expression in 
MDA-MB-231 treated for 48 h with various concentrations of JSI-124 (see Results/Section 3.6: "Regulatory effect of AP-2γ…"). E, MDA-
MB-231 lysate was subjected to immunoprecipitation with antibodies directed to AP-2γ, STAT3, and p-STAT3. F, Upper: FUT8 promoter 
region (schematic) indicating Jaspar-predicted binding site of p-STAT3, promoter regions including ChIP PCR primers (A, B, C), and 
transcription start site (TSS). Lower: ChIP PCR results, using three sets of different primers
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These findings indicate that FUT8 interferes with BC cell prolifera-
tion and invasiveness.

3.3 | FUT8 enhances chemotherapy susceptibility of 
BC cells

Chemotherapy is commonly used in BC treatment. We examined 
chemotherapy susceptibility of FUT8-modified cells. The expression 
of FUT8 in BC MDA-MB-231 cells was silenced (Figure S3A). DOX 
treatment reduced the viability of MDA-MB-231 in time-dependent 
and dose-dependent manners. Susceptibility to DOX was greater for 
FUT8-knockdown MDA-MB-231 than for control cells (Figure 3A). 
In our xenograft model (Figure 3B), DOX treatment significantly re-
duced tumor volumes and weights of MDA-MB-231, and the FUT8-
knockdown group had much greater chemotherapy susceptibility 
than other groups (Figure 3C,D). Immunohistochemical analysis re-
vealed that FUT8 knockdown and/or DOX treatment reduced prolif-
eration and increased apoptosis (Figure 3E).

Tumorigenic BC cells that express high CD44 and low CD24 lev-
els are resistant to chemotherapy and therefore often responsible 
for cancer relapse.19 CD44+/CD24− population was reduced in our 
FUT8-knockdown MDA-MB-231 (Figure 3F), indicating that FUT8 is 
required and sufficient for maintenance of stemness phenotype. Cell 
sphere formation assay, following multiple passages, showed fewer 
spheres in FUT8-knockdown cells than in control cells (Figure 3G), 
indicating the involvement of FUT8 expression in cell self-renewal 
ability.

3.4 | MiR-10b modulates FUT8 expression via AP-2γ

We demonstrated previously that miR-10b promotes BC cell motil-
ity and proliferation by increasing FUT8 level11; however, there is 
no evidence that miR-10b directly modulates FUT8 expression. We 
searched for biological target genes of miR-10b using three major 
web servers and screened out two genes: those encoding NR6A1 
and AP-2γ (Figure 4A). FUT8 levels were negatively correlated with 
NR6A1 and AP-2γ expression in 1097 invasive BC samples in The 
Cancer Genome Atlas (TCGA) database, and the negative correlation 
was stronger for AP-2γ (Figure 4B). We confirmed the reduction of 
FUT8 expression and the enhancement of AP-2γ level in breast epi-
thelial cells (Figure S4A).

miR-10b mimics were transiently transfected into MCF10A 
and MDA-MB-231 for confirmation of AP-2γ as a target gene of 
miR-10b. The miR-10b mimic–treated cells showed significant re-
duction of AP-2γ expression and increase of FUT8 expression and 
core fucosylation (Figure 4C,D; Figure S4B,C). Potential binding ca-
pacity of miR-10b to AP-2γ was evaluated by inserting wild-type 
or mutant 3'-UTR sequence of AP-2γ upstream of luciferase re-
porter gene (Figure 4E). Luciferase activity in either miR-10b mimic 
or scrambled miR MCF10A or MDA-MB-231 was significantly re-
duced by miR-10b coexpressed with wild-type AP-2γ sequence but 

unaffected by miR-10b coexpressed with mutant 3'-UTR AP-2γ se-
quence (Figure 4F,G).

3.5 | Correlation of AP-2γ expression with 
FUT8 level

TCGA data showed that BC samples, in comparison with normal 
breast tissue samples, had higher FUT8 mRNA levels and lower AP-2γ 
expression (Figure 5A). A total of 112 tumor sample pairs showed con-
sistent upregulation of FUT8 expression and downregulation of AP-2γ 
(Figure 5B). This trend was confirmed by TMA analysis (Figure 5C).

AP-2γ-knockdown MCF-10A showed increased FUT8 expression 
and core fucosylation (Figure 5D; Figure S5A). In contrast, AP-2γ–
overexpressing MDA-MB-231 showed reduced FUT8 expression 
and core fucosylation (Figure 5E; Figure S5B). AP-2γ overexpression 
significantly decreased cell invasiveness, migration ability, and pro-
liferation (Figure 5F-H).

3.6 | Regulatory effect of AP-2γ on FUT8 mediated 
by STAT3

AP-2γ expression was negatively correlated with FUT8 level, but the 
ability of AP-2γ to regulate FUT8 was unclear. We ruled out the pos-
sibility that AP-2γ directly modulates FUT8 expression. However, 
analysis using Pathway Commons webservice suggested that AP-2γ 
may regulate FUT8 indirectly via STAT3/p-STAT3. Opposite expres-
sion trends of AP-2γ versus FUT8 and p-STAT3 were observed in BC 
cell lines (Figure 6A). AP-2γ–overexpressing MDA-MB-231 showed 
reduced FUT8 expression and significantly reduced p-STAT3 expres-
sion (Figure 6B). Knockdown of AP-2γ expression resulted in signifi-
cant enhancement of FUT8 and p-STAT3 expression (Figure  6C). 
FUT8 and p-STAT3 levels were significantly reduced by addition of 
the STAT3/JAK inhibitor cucurbitacin I (JSI-124) (Figure 6D).

Co-IP assays showed that AP-2γ bound strongly to STAT3, but 
weakly to p-STAT3 (Figure 6E), and ChIP assays revealed direct bind-
ing between p-STAT3 and FUT8 promoter regions (Figure 6F). We 
propose, in view of these findings, that AP-2γ is capable of binding to 
STAT3, thereby forming a complex that inhibits STAT3 phosphoryla-
tion and translocation of p-STAT3 into the nucleus, with consequent 
suppression of FUT8 gene transcription.

3.7 | AP-2γ overexpression suppresses in vivo 
tumor growth

The effect of AP-2γ on in vivo tumor formation was evalu-
ated by using a xenograft model of tumor growth and metas-
tasis (Figure  7A). Mice injected with AP-2γ–overexpressing 
MDA-MB-231, in comparison with vector control group, showed 
much slower tumor growth (Figure 7B) and smaller total tumor mass 
(Figure 7C). Similar findings were obtained for mice injected with 
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FUT8-knockdown MDA-MB-231. Both AP-2γ–overexpressing 
and FUT8-knockdown cells also showed significant reduction 
of tumor metastasis to liver (Figure  7D,E), enhanced apoptosis, 

and reduced proliferation (Figure  7F,G). STAT3 phosphorylation 
was inhibited by AP-2γ overexpression (Figure 7G). These in vivo 
results, consistently with findings from in vitro assays, indicate 

F I G U R E  7   AP-2γ overexpression or fucosyltransferase 8 (FUT8) knockdown suppresses tumor growth and metastasis in vivo. A, In vivo 
xenograft experiment (schematic). BALB/c-nu mice were injected with AP-2γ–overexpressing (AP-2γ OE), FUT8-knockdown (FUT8 sh#1), 
or vector blank (vector) MDA-MB-231. B, Subcutaneous (s.c.) tumor growth curves (n = 6). C, Isolated s.c. tumors of xenograft models 
and weights of tumors from various groups. D, E, Photographs of splenic tumors and liver metastatic tumors. Right: representative tumor 
weights for various groups (n = 4 for each group). F, G, Representative H&E and IHC staining images of s.c. tumors
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that AP-2γ overexpression inhibits FUT8 expression by reducing 
p-STAT3 expression, thereby suppressing BC growth and promot-
ing tumor cell apoptosis.

4  | DISCUSSION

Biosynthesis of fucosylated structures is a complex process, and the 
great variety of structures produced requires coordinated activity 
of numerous glycosyltransferases and glycosidases.20 Core fuco-
sylation of many glycoproteins causes changes in their functions.21 
FUT8 specifically catalyzes transfer of a single fucose residue to the 
innermost GlcNAc residue of N-linked–type complex glycopeptides 
via α1,6-linkage.22 High FUT8 expression occurs in numerous types 
of cancer, including hepatocellular,23 non–small cell lung,24 colon,25 
prostate,26 and ovarian.27 FUT8 levels are related to clinicopathologi-
cal characteristics of many malignant tumor types and to patient sur-
vival rates.28 In BC, the TGF-β receptor complex is core-fucosylated 
by FUT8 to facilitate TGF-β binding, enhance downstream signal 
transduction, and thereby promote tumor metastasis.29 Our analysis 
of clinical transcriptomic datasets revealed higher FUT8 expression 
in BC than in normal breast tissues, in agreement with previous stud-
ies. FUT8 knockdown in highly metastatic BC cells reduced invasive-
ness and proliferation. FUT8 knockdown in non–small cell lung30 and 
hepatocellular carcinomas31 also had antiproliferative effect. In our 
in vivo experiments, FUT8 knockdown inhibited metastasis of BC 
cells to liver via bloodstream and suppressed growth of seeded pri-
mary tumor cells in spleen, suggesting core fucosylation is required 
for adaptation of disseminated tumor cells to a new environment. 
FUT8 inhibition caused MDA-MB-231 to become more susceptible 
to DOX, relative to control group.

Although our 2018 study demonstrated that miR-10b acts as a 
positive regulator of FUT8 in BC cells,11 there was no evidence that 
it directly modulates FUT8 expression. AP-2γ was identified as a po-
tential target gene of miR-10b in the present study. Luciferase assay 
confirmed that miR-10b bound to 3'-UTR of AP-2γ gene and inhib-
ited its expression. Previous studies have revealed differing AP-2γ 
effects on differing molecular types of BC. Luminal BC subtypes are 
defined by expression of estrogen receptor-alpha (ERα)-associated 
genes, many of which respond directly to AP-2γ.32 In regard to 
triple-negative BC subtype, AP-2γ overexpression in MDA-MB-231 
resulted in reduced CD44 expression at mRNA and protein levels. 
In primary triple-negative BC specimens, tumors with high AP-2γ 
and low CD44 expression were more responsive to neoadjuvant 
chemotherapy.33 We observed, similarly, that AP-2γ overexpression 
in MDA-MB-231 significantly reduced cell invasiveness, migration 
ability, and proliferation. Mice injected with AP-2γ–overexpressing 
MDA-MB-231 showed significantly slower tumor growth and re-
duced metastasis to liver. AP-2γ bound strongly to STAT3 but weakly 
to p-STAT3, its activated form. p-STAT3 directly regulated FUT8 
expression. We propose, in view of these findings, that the AP-2γ/
STAT3 complex inhibits STAT3 phosphorylation, thereby prevent-
ing entry of p-STAT3 into the nucleus to initiate FUT8 transcription 
(Figure 8).

A key finding of this study is that proliferation, invasiveness, and 
metastasis of BC cells were reduced by inhibition of FUT8 activity 
and FUT8-mediated core fucosylation. There is increasing evidence 
that malignancy is suppressed by reduction of core fucosylation.34,35 
Core fucosylation occurs on proteins, and many proteins are modified 
by core fucosylation during cancer progression.36 Core-fucosylated 
α-fetoprotein (AFP-L3) has been FDA-approved for early diagnosis 
of hepatocellular carcinoma.37 Core fucosylation is required for EGF 

F I G U R E  8   Proposed mechanism of 
fucosyltransferase 8 (FUT8) modulation 
by AP-2γ (schematic)
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binding to its receptor.38 Liver cancer patients showed increased 
core fucosylation on alpha-1-antitrypsin.39 E-cadherin was core-
fucosylated in highly metastatic lung cancer cells.40 In view of these 
and many similar findings, it is very important to identify fucosylated 
core proteins. Such identification is facilitated by ongoing advances 
in glycoproteomics technology. Cao et al, by combining segmentation 
fragmentation and a refined strategy of glycoprotein-based diagnos-
tic ion spectra, were able to identify core-fucosylated glycoprotein 
groups by mass spectrometry.41 The same group subsequently de-
veloped a novel method for identification of core-fucosylated gly-
coproteomes in human plasma.42 Functional roles and potential 
therapeutic applications in BC of specific core-fucosylated proteins 
will be greatly clarified in the near future based on such advances in 
glycoproteomics technology and follow-up glycobiological studies.
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