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Background: This study investigated the effect of hyaluronic acid (HA)-CD44st on the 

invasive ability of human breast cancer MCF-7 cells and the correlation between the expression 

of CD44st and human epidermal growth factor receptor-2 (HER-2) in postoperative breast 

cancer patients.

Materials and methods: MCF-7 cells transfected with the eukaryotic expression vector 

pcDNA3.1-CD44st (MCF/CD44st) were used to examine the effect of the activation of the HA-

CD44st-transforming growth factor β (TGFβ)-phosphatidylinositol-3-kinase (PI3K) signaling 

pathway on the invasive ability of MCF-7 cells. The expression of proteins related to this signaling 

pathway was assessed by flow cytometry, reverse transcription-polymerase chain reaction, and 

Western blotting, and the role of AP-1 in the pathway was investigated by electrophoretic mobil-

ity shift assay. The effect of pathway activation on the invasion of MCF-7 cells was assessed by 

Transwell assay, and CD44 expression in breast cancer tissue was detected by immunohistochem-

istry. Quantitative reverse transcription-polymerase chain reaction was used to detect the expres-

sion of CD44st and HER-2 in breast cancer tissue and their correlation was investigated.

Results: HA significantly upregulated HER-2 and TGFβ in MCF-7/CD44st cells, increased 

p-AKT expression and AP-1 activity, and promoted the invasive ability of tumor cells. CD44st 

mRNA expression had significant difference between breast cancer tissues and adjacent normal 

tissues (P , 0.05), and high expression of CD44st mRNA was closely correlated with HER-2 

expression in breast cancer tissues.

Conclusion: Binding of HA to the CD44st receptor may regulate the invasiveness of MCF-7 

cells through the CD44st/TGFβ/PI3K/AP-1 signaling pathway with increased expression of 

TGFβ and HER-2. The expression of CD44st mRNA is correlated with HER-2 expression in 

postoperative breast cancer patients.
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Introduction
CD44st is a member of the CD44 family, which is a major receptor for hyaluronic 

acid (HA). The human CD44 gene is located on the short arm of chromosome 11, and 

the complete CD44 gene spans ~50 kb on the chromosome. CD44 family members 

mediate intracellular signal transduction by interacting with cytoskeleton proteins. 

An increasing number of studies have shown that CD44 is not only a biomarker of 

tumor stem cells but also is directly involved in the development of cancer.1 Many 

CD44 subtypes have been identified to date, and the most common subtype is standard 

CD44 (CD44s), which consists of the constant region exons 1–5, 16–18, and 20; other 

common subtypes include PMeta-1 and pMeta-2.2 We cloned a novel short-tail isoform 

of CD44s (CD44st) from the multidrug resistant breast cancer cell line MCF-7/Adr. The 

isoform contains exons 1–4, 16–17, and 1–205 bp of exon 18 (GeneBank: FJ216964). 
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In previous work from our group, we showed that HA 

can interact with CD44st in MCF-7/CD44st cells, leading 

to increased secretion of matrix metalloproteinase (MMP)-2 

and MMP-9 through the mitogen-activated protein kinase 

(MAPK) signaling pathway, resulting in increased tumor cell 

invasiveness.3 Further studies showed that HA can activate 

the transcription factor NF-κB by upregulating CD44st to 

induce the secretion of MMP-2 and MMP-9 by multidrug-

resistant cells, affecting the invasiveness of tumor cells.4

Transforming growth factor β (TGFβ) can promote or 

inhibit the progression of breast cancer in different environ-

ments. In early stage breast cancer, TGFβ inhibits the prolif-

eration of tumor cells; however, in the advanced stages, tumor 

cells develop resistance to TGFβ, and TGFβ can promote 

tumor metastasis. Although the mechanism underlying the 

dual role of TGFβ in tumors remains unclear, studies suggest 

that binding of TGFβ to its receptors (TGFβR1 or TGFβR2) 

is critical for the signal transduction cascade.5–7 TGFβ is syn-

thesized in the form of a precursor that is cleaved to release 

the N-terminal region, latency-associated peptide (LAP); 

LAP binds to mature TGFβ homodimers and promotes the 

binding of another protein, latent TGFβ-binding protein 

(LTBP). TGFβ in the TGFβ/LAP/LTBP complex is in an 

inactive state and cannot bind to TGFβR.8

TGFβ is one of the downstream target proteins of the 

signal transduction pathway mediated by HA-CD44. The HA 

receptor CD44 mediates the cellular proliferation reaction 

induced by TGFβ1, which is associated with the conjugation 

of EGFR and CD44 promoted by the upregulation of HA 

and the strengthening of the MAPK/extracellular signal-

related protein kinase (ERK) signaling pathway.9 Treatment 

of MCF-7-B5 cells, which positively express CD44, with 

HA results in the significant upregulation of TGFβ2, and 

its upregulation is closely associated with the invasiveness 

of tumor cells.10

Epithelial–mesenchymal transition (EMT) is a complex 

and tightly regulated process that confers mesenchymal cell 

properties to epithelial cells.11 During EMT, the changes 

in cellular behaviors and properties are mediated by EMT-

related transcription factors such as Snail/Slug and ZEB1/2, 

which promote the loss of epithelial components such as 

ankyrin and the production of mesenchymal proteins such as 

vimentin. These EMT transcription factors can be activated 

by many cytokines or growth factors including TGFβ.12 

In addition to its role in EMT, the TGFβ pathway controls 

many normal and pathological processes, either through clas-

sical signaling cascades such as those mediated by Smad 2/3 

or nonclassical signaling cascades involving non-Smad 

proteins such as PI3K-AKT and ERK 1/2.13,14

Human epidermal growth factor receptor-2 (HER-2)-

positive patients account for 15%–20% of all breast cancer 

patients. HER-2-positive breast cancer is characterized by 

high invasion and metastasis potential, and HER-2-positive 

patients have a poor prognosis.15 The anti-HER-2 monoclonal 

antibody (mAb) trastuzumab can improve the prognosis of 

HER-2-positive breast cancer patients.16,17

In MCF-7 cells, binding of HA to CD44 mediates the 

interaction of CD44 with members of the HER family and 

leads to the overexpression of hyaluronidase synthase-2 or 

MMPs, which further increase the phosphorylation of the 

HER-2 protein.18 Moreover, CD44-HER2 complex activation 

induced by CD44 increases the malignancy of tumor cells,19 

and CD44 overexpression can induce trastuzumab-resistance 

in HER-2-positive breast cancer cells.20

CD44st, which was identified in the multidrug resistant 

cell line MCF-7/Adr, plays a role in tumor invasion and drug 

resistance. To shed light on this mechanism, we examined the 

effect of the HA-CD44st signaling pathway on the expression 

of TGFβ, as well as how the HA-CD44st signal affects the 

activity of the downstream phosphatidylinositol-3-kinase 

(PI3K) pathway and the expression of HER-2. Semi-quan-

titative reverse transcription-polymerase chain reaction (RT-

PCR), real-time quantitative PCR (qPCR), gene sequencing, 

and immunohistochemistry were used to detect differences 

in the expression of CD44st between breast cancer tissues 

and paracancerous tissues and to analyze the correlation 

between the CD44st mRNA and the CD44 protein, as well 

as the correlation between the CD44st and HER-2 mRNAs. 

Our study provides a theoretical basis for the application of 

CD44st as a prognostic biomarker and the development of 

CD44st- or TGFβ- targeted therapeutics.

Materials and methods
cell lines
The breast cancer cell line MCF-7 and the adriamycin-resistant 

breast cancer cell line MCF-7/ADR were purchased from 

the Cell Bank of Chinese Academy of Sciences (Shanghai, 

People’s Republic of China).

sample information
A total of 120 paraffin-embedded breast cancer tissue 

specimens were obtained from patients undergoing radical 

mastectomy between January 2010 and January 2012 

(Lianyungang No 2 People’s Hospital and Lianyungang 
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Tumor Hospital). The samples included 105 cases of invasive 

ductal carcinoma and 15 cases of invasive lobular carcinoma. 

The corresponding paracancerous tissue specimens (.5 cm 

away from the tumor tissue) served as controls.

Main reagents
The following reagents or kits were purchased from New 

England Biolabs, Inc. (Beverly, MA, USA): RT-PCR kit, 

Trizol, Opti-MEM-I Reduced Serum Medium (OPTI-MEM), 

Lipofectamine 2000 transfection kit New England Biolabs, 

Inc. (Beverly, MA, USA), the restriction endonucleases 

EcoRI and KpnI, RNA extraction kit for paraffin-embedded 

tissue (K1560-2), and reverse transcription cDNA synthesis 

kit (K1622). The following reagents or kits were purchased 

from Takara Bio, Inc. (Kusatsu, Japan): HA, T4 ligase, high 

fidelity Taq polymerase, 1640 medium, pMD19-T vector 

(6013), Taq DNA polymerase (RR066B), and fluorescent 

q PCR kit (RR066B). The following reagents or kits were 

purchased from Cell Signaling Technology, Inc. (Beverly, 

MA, USA): TGFβ antibody (3711), HER-2 antibody 

(2242), LY-294002 (9901), PI3 Kinase Class II Rabbit 

mAb, Phospho-NDRG1 (Ser330) (D3A12) Rabbit mAb, 

rabbit anti-human AKT antibody, and phosphorylated AKT 

antibody (3711). Transwell chambers were purchased from 

Corning Inc. (Corning, NY, USA). Matrigel was purchased 

from Becton Dickinson Biosciences (San Jose, CA, USA). 

Mouse anti-human CD44 mAb (14-0441) was purchased from 

Affymetrix Inc. (Santa Clara, CA, USA). A real-time PCR 

machine was purchased from Applied Biosystems (Foster 

City, CA, USA). The eukaryotic expression vector pcDNA3.1 

was kindly donated by Prof Xu Wenrong from School of Basic 

Medical and Medical Technology of Jiangsu University.

Methods
CD44st plasmid construction and expression in MCF-7 cells 

were performed as described in a previous study.3

Gene transfection and identification of CD44 
expression
One day before transfection, MCF-7 cells were seeded in a 

six-well plate at a density of 3.5 × 105/well. The following 

groups were set up: negative control group (MCF-7), empty 

vector transfection control group (MCF-7/neo), and CD44st 

transfection group (MCF-7/CD44st). Transfection was per-

formed according to the instructions of the Lipofectamine 

2000 kit. At 48–72 h after transfection, the cells were 

collected, and the CD44 mRNA and protein expression was 

detected by RT-PCR and flow cytometry, respectively.

ha treatment
Six treatment groups were established: MCF-7 group, 

MCF-7+HA treatment group, MCF-7/neo group, MCF-7/

CD44st group, CD44 blocking mAb pretreatment group, 

and MCF-7/CD44st+HA treatment group. MCF-7 cells in 

logarithmic growth phase were transfected with the recom-

binant plasmids pcDNA3.1-CD44st and pcDNA3.1. After 

24 h, the transfection solution was removed and 10% heat-

inactivated fetal bovine serum-supplemented 1640 medium 

was added. After 45 h of transfection, the cells were digested, 

centrifuged, and collected. For each group, 1.5 × 106 cells 

were counted and inoculated into culture flasks, and 1.5 mL 

of serum-free 1640 medium was added to the flasks. For 

the CD44 blocking mAb pretreatment, cells pretreated 

with 20 μg/mL of CD44 blocking mAb (R&D Systems, 

Minneapolis, MN, USA) were incubated for 3 h with 

serum-free medium. For the MCF-7+HA group, MCF-7/

CD44st+HA group, and CD44 blocking mAb pretreatment 

group, HA (100 μg/mL) was added after 48 h of transfection 

and incubated for an additional 24 h. To avoid contamination 

by other growth factors, HA was boiled at 100°C for 5 min 

before use. After 24 h of incubation, the cells in all groups 

were collected for RT-PCR detection.

Detection of the cD44st, her-2, and TgFβ mrnas
For each group, 1 × 106 cells were collected, and total 

RNA was extracted. cDNA was synthesized, and PCR 

was performed. Primer 5.0 was used to design the primers 

for human CD44st-1 (GeneBank: NO.AJ 216964), TGFβ 

(GeneBank: NO.NM_000660), and HER-2 (Cerb-B-2, 

GenBank: X03363.1). The primer sequences are shown in 

Table 1. Amplified products were separated by 1% agarose 

gel electrophoresis and analyzed using a gel image analyzer. 

The housekeeping gene β-actin was used as the internal refer-

ence for quality control and standardization.

Detection of the TgFβ, her-2,  aKT, and p-aKT 
proteins by Western blotting
For each of the six groups, 1.0 × 106 cells were collected, 

boiled in 60 μL of 2× loading buffer, and denatured at 100°C 

for 5 min; proteins were separated by 12% SDS-PAGE. 

Semi-dry membrane transfer was performed at 1 mA/cm2, 

and membranes were blocked with 5% skim milk for 1 h. 

glyceraldehyde-3-phosphate dehydrogenase (1:3,000) was 
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used as the internal control. Membranes were incubated in 

mouse anti-human TGFβ, HER-2, AKT, or p-AKT antibod-

ies (1:500) at 4°C overnight. Tris buffered saline with Tween 

20 (TBST containing 1% Tween-20) was used to wash the 

membrane three times (10 min each time). Goat anti-mouse 

secondary antibodies (1:2,000) were added and incubated at 

room temperature for 1 h. The membrane was washed with 

TBST buffer, followed by addition of enhanced chemilumi-

nescence luminescent reagent and exposure in Typhon.

Test of tumor cell invasion by transwell 
migration assay
Matrigel was diluted (1:1) in serum-free 1640 medium, and 

150 μL of the abovementioned mixture was added to each 

well (operating under low temperature) and incubated at 

37°C for 1 h. After Matrigel was fully polymerized, 1,000 μL 

of 1640 medium containing 10% newborn calf serum was 

added into the Transwell lower chamber and balanced 

for 1 h. Experimental grouping was performed as already 

described. The cells in various experimental groups were 

digested with 0.25% trypsin and collected, and suspensions 

of 1 × 105 cells/mL were prepared. Aliquots of 200 μL of cell 

suspension were seeded into the Transwell upper chamber 

and cultured for 24 h. The Transwell chambers were removed 

and Matrigel on the surface of the polycarbonate membrane 

was removed using a cotton swab. The upper and lower sur-

faces of the polycarbonate membrane were gently rinsed with 

PBS, dried, and stained with 0.1% crystal violet for 10 min. 

Excess violet dye was removed and cells were observed 

under an optical microscope. Five 200× vision fields were 

randomly selected from each membrane, and the number of 

penetrating cells (the number of cells on the lower surface 

of the polycarbonate membrane) was counted. The number 

of penetrating cells represented the invasiveness of tumor 

cells. The experiment was repeated three times.

The role of the transcription factor AP-1 in the HA-CD44st-

TGFβ-PI3K signaling pathway was studied by electrophoretic 

mobility shift assay (EMSA) as follows: 3 × 106 MCF-7 cells 

were counted and inoculated into culture flasks at 24 h before 

transfection. There were five groups: MCF-7 group, MCF-7/

CD44st group, MCF-7/CD44st+HA group, CD44 block-

ing mAb pretreatment group, and LY-294002 pretreatment 

group. After 24 h of transfection, the transfection mixture was 

removed, 1640 medium containing 10% heat-inactivated fetal 

bovine serum was added, and cultures were incubated for 12 h. 

After 36 h of transfection, the CD44 blocking mAb pretreatment 

group and the LY-294002 pretreatment group were pretreated 

with CD44 mAb (20 μg/mL) and LY-294002 (50 μmol/L) for 

3 h. After 39 h of transfection, HA (100 μg/mL) was added to 

the MCF-7/CD44st+HA, CD44 blocking mAb pretreatment, 

and LY-294002 pretreatment groups and incubated for 6 h. 

The MCF-7/CD44st group was used as the negative control 

group. After 45 h of transfection, 6 × 106 cells of each group 

were collected and 300 μL of cytoplasmic protein extraction 

Buffer A was added and incubated in ice for 15 min. The 

mixture was centrifuged (4°C and 15,000 rpm) for 10 min, the 

supernatants were discarded, 100 μL of Buffer B was added 

and mixed evenly, and the mixture was incubated in an ice 

bath for 10 min, mixed, and incubated again. This was repeated 

twice. The mixture was centrifuged at 4°C and 15,000 rpm for 

20 min and the supernatants were collect as the nuclear protein 

fraction. Aliquots of 2 μL of the nuclear protein fraction were 

collected, and the protein concentration was determined by 

Bradford method. The nuclear protein fraction was aliquoted 

and stored at −70°C. The primer sequences for AP-1 were 

5′-CGC TTG ATG ACT CAG CCG GAA-3′ and 3′-GCG 

AAC TAC TGA GTC GGC CTT-5′. Probe labeling, ligation 

reaction, gel preparation, electrophoresis, membrane transfer, 

and chemiluminescence detection of biotin-labeled DNAs 

were performed according to the manuals of the corresponding 

Table 1 Pcr primer sequences

Genes Primer sequences Gene 
products (bp)

CD44st-1 Forward primer 5′-ggaTggacaagTTTTggTggcacg-3′ 1,023
reverse primer 5′-ggTTacaccccaaTcTTcaTgTcc-3′

CD44st-2 Forward primer 5′-cccTgcTaccagacacTca-3′ 281
reverse primer 5′-TgTTcaccaaaTgcaccaT-3′

TGFβ Forward primer 5′-gggacTaTccaccTgcaaga-3′ 239
reverse primer 5′-ccTccTTggcgTagTagTcg-3′

HER-2 Forward primer 5′-cTggTgacacagcTTaTgcccT-3′ 113
reverse primer 5′-aTccccTTggcaaTcTgca-3′

β-Actin Forward primer 5′-cTcgcgcTacTcTcTcTTTc-3′ 330
reverse primer 5′-caTgTcTcgaTcccacTTaac-3′

Abbreviations: TgFβ, transforming growth factor β; her-2, human epidermal growth factor receptor-2; Pcr, polymerase chain reaction.

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy 2018:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5681

ha-cD44st and her-2

kits. The membrane was exposed to X-ray. Exposure time was 

adjusted to obtain the best results.

RNA extraction of paraffin specimens, semi-
quantitative rT-Pcr, and gene sequencing
Total RNAs of tumor tissues were extracted from paraffin-

embedded specimens using an RNA extraction kit (k1560-2). 

Primer sequences for CD44st-1 (GenBank: NO. FJ 216964) 

and HER-2 (GenBank: X03363.1) are shown in Figure 1. 

cDNA synthesis conditions were 65°C for 5 min and 37°C 

for 60 min. PCR conditions were 94°C for 60 s, 54°C for 30 s, 

72°C for 60 s, 72°C for 10 min, and 30 cycles to terminate 

the reaction. Gene sequencing was performed as previously 

described.3

real-time qPcr of cD44st and her-2
PCR primers for CD44st-2 and HER-2 are shown in Figure 1. 

The forward primer of β-actin was 5′-GCTGTGCTATCCCT 

GTACGC-3′ and the reverse primer was 5′-TGCCTCAG 

GGCAGCGGAACC-3′. The reaction system contained 

ddH2O 32.0 μL, dNTP 1.0 μL, 10× buffer 5.0 μL, MgCl2 

(25 mM) 4.0 μL, 2.0 μL of forward and reverse primers, 

Taq DNA polymerase (5 U/μL) 2.0 μL, and cDNA tem-

plate 2.0 μL. The total volume was 50 μL. Reaction con-

ditions were 95°C predenaturation for 30 s, 95°C for 5 s, 

60°C for 1 min, 45 cycles. Three duplicate wells were set 

up in each sample. β-Actin acted as an internal reference 

for normalization. qPCR reactions in this experiment were 

stable, reproducible, and had no nonspecific amplifications 

(Figures 2 and 3). The expression of the target gene relative 

to the internal reference β-actin was calculated using the 

following formula: ΔCt = Ct
target gene

−Ctβ-actin
.

immunohistochemical analysis
Immunohistochemistry was performed according to the 

instruction of the kit (SA2001; Shanghai Zemai Biotech Co, 

Ltd). On each slide, four high power fields (100 tumor cells/

high power field) were randomly selected. The positive rate 

of tumor cells was calculated as the sum of positive cells 

divided by 400 and graded as follows: 1: ,25% of positive 

cells; 2: 26%–50%; 3: 51%–75%; and 4: .76%. According to 

the staining intensity, light yellow was 1 point, brown yellow 

was 2 points, and dark brown was 3 points. The total score 

of the two parts was used to assess the results: 1–2 points: 

−; 2–3 points: +, 4–5 points: ++, and 6–7 points: +++ (#3 

points: negative; .3 points: positive).

statistical analyses
Statistical analyses were performed using SPSS 16.0 

software (SPSS Inc., Chicago, IL, USA). Continuous data 

Figure 1 (A) expression of cD44st mrna in McF-7 cells transfected with pcDna3.1-cD44st with rT-Pcr. (B) expression of cD44st protein in McF-7 cells transfected 
with pcDNA3.1-CD44st with flow cytometry.
Abbreviations: rT-Pcr, reverse transcription-polymerase chain reaction; cD44st, short-tail isoform of cD44st.
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were expressed as mean ± SD. One-way analysis of variance 

(ANOVA) was used to analyze the difference between the 

transfection groups and the negative control group. One-way 

ANOVA was used to compare the means of multiple groups. 

The q test was used for intergroup pairwise comparisons. 

The chi-squared test was used to analyze the differences in 

the positive expression rates of CD44st and HER-2 mRNA 

or protein in breast cancer tissues. The K–S test showed that 

the P values for the average ΔCt values of CD44st and HER-2 

were 0.12 and 0.19, which indicated that the data met normal 

distribution. The correlation between CD44 protein expres-

sion and the average ΔCt value of CD44st mRNA expression 

was evaluated using Spearman correlation analysis. The 

correlation between the expression of CD44st mRNA and 

HER-2 mRNA was also analyzed. P , 0.05 was considered 

statistically significant. All participants provided written 

informed consent for their tissue samples to be used in the 

study. The study was approved and consented by the Ethics 

Committee of the Second People’s Hospital of Lianyungang 

(Lianyungang Hospital Affiliated to Bengbu Medical Col-

lege) (certificate no: 2016-048-01).

Results
pcDna3.1-cD44st plasmid transfection 
and expression in McF-7 cells
CD44st mRNA expression was not detected in MCF-7 

and MCF/neo cells. However, CD44st mRNA was highly 

expressed in MCF-7/CD44st cells (Figure 1A). The results of 

flow cytometry showed that the expression rates of the CD44 

protein in MCF-7, MCF-7/neo, and MCF-7/CD44st cells 

were 7.9% ± 1.5%, 7.0% ± 1.1%, and 73.1% ± 2.9%, respec-

tively. There were no significant differences in CD44 protein 

expression rates between MCF-7/neo cells and MCF-7 cells, 

whereas CD44 protein expression was significantly higher 

in MCF-7/CD44st cells than in MCF-7 cells or MCF-7/neo 

cells (P , 0.01 for both, Figure 1B).

cD44st-ha interaction upregulated 
TgFβ and her-2 in McF-7 cells
HA treatment for 24 h significantly upregulated the mRNA 

and protein expression of TGFβ and HER-2 in the MCF-7/

CD44st+HA treatment group, whereas it had no significant 

effect on the expression of TGFβ and HER-2 mRNA or 

protein in the MCF-7/CD44st group or the CD44 blocking 

mAb pretreatment group (Figure 4A and B). This suggested 

that the interaction between HA and CD44st upregulated the 

expression of TGFβ and HER-2.
Figure 3 invasion capability as detected by Transwell migration assay.
Abbreviations: ha, hyaluronic acid; cD44st, short-tail isoform of cD44s.

Figure 2 aP-1 Dna binding activity as detected by eMsa.
Abbreviations: eMsa, electrophoretic mobility shift assay; cD44st, short-tail isoform of cD44s; ha, hyaluronic acid.
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ha activated the cD44st-TgFβ-Pi3K 
signaling pathway
HA treatment (100 μg/mL) for 30 min increased the expres-

sion of p-AKT in MCF-7 cells transfected with pcDNA3.1-

CD44st, whereas the expression of p-AKT in the CD44 

blocking mAb pretreatment group was significantly weak-

ened compared with that in the MCF-7/CD44st+HA treat-

ment group. p-AKT expression did not change significantly 

in the other groups, which suggested that the interaction 

between HA and CD44st activated the PI3K signaling path-

way when TGFβ expression was induced (Figure 5).

role of the transcription factor aP-1 in 
the ha-cD44st-Pi3K signaling pathway
EMSA was used to detect the binding of AP-1 to DNA. The 

fluorescence intensities of AP-1 binding to DNA were 750.7, 

1,152.6, 2,261.8, 3,539.8, and 4,967.3 in the MCF-7, MCF-7/

CD44st, CD44 blocking mAb pretreatment, LY-294002 

pretreatment, and MCF-7/CD44st+HA treatment groups, 

respectively (Figure 2).

ha enhanced the invasiveness of McF-7/
cD44st cells through the cD44st-Pi3K 
signaling pathway
The number of invasive cells was significantly higher in the 

MCF-7/CD44st+HA treatment group than in other groups 

(P , 0.05). The number of invasive cells was also higher in 

the pcDNA3.1-CD44st transfection group, CD44 blocking 

mAb pretreatment group, and LY-294002 pretreatment 

group than in the MCF-7 group, although the difference was 

not statistically significant (P . 0.05). This indicated that 

in response to HA, the activation of CD44st-PI3K plays an 

β

β

β

 + 

β

Figure 4 (A) expression of cD44st, TgFβ, and her-2 mrnas in each group of cells. (B) expression of cD44st, TgFβ, and her-2 proteins in each group cells.
Abbreviations: TgFβ, transforming growth factor β; her-2, human epidermal growth factor receptor; cD44st, short-tail isoform of cD44s; ha, hyaluronic acid; 
gaPDh, glyceraldehyde-3-phosphate dehydrogenase.
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important role in the invasiveness of breast cancer MCF-7 

cells (Table 2 and Figure 3).

expression of cD44st and her-2 in 
breast cancer
The CD44st and HER-2 mRNA and protein were not 

expressed in paracancerous tissues. Of 120 breast cancer spec-

imens, 72 (60%) were positive for CD44st mRNA and protein 

expression, and 48 (40%) were negative. There were 30 cases 

(25%) with positive expression of HER-2 mRNA and pro-

tein and 90 cases (75%) with negative expression. Subgroup 

analysis showed that of the 72 CD44st-positive patients, 27 

(37.5%) were HER-2 positive and 45 (62.5%) were HER-2 

negative. Of 48 CD44st-negative patients, 3 (8.3%) were 

HER-2 positive and 45 (91.7%) were HER-2 negative. The 

difference in the expression of HER-2 between the CD44st-

positive and CD44st-negative patient groups was statisti-

cally significant (P , 0.001, Table 3 and Figures 6 and 7).

expression of cD44st mrna and cD44 
protein in breast cancer
CD44 protein expression in breast cancer specimens detected 

by immunohistochemistry showed a score of 2–7 points. 

The expression of the CD44st mRNA was expressed as the 

average ΔCt value. Spearman correlation analysis showed 

that CD44st mRNA expression was closely correlated with 

CD44 protein expression (r = 0.811, P = 0.011).

correlation analysis of cD44st mrna 
and her-2 mrna in breast cancer
After normalization to the internal reference, the median 

ΔCt values in breast cancer tissues were 9.53 for the CD44st 

mRNA and 9.84 for the HER-2 mRNA. This indicated a linear 

correlation between the expression of CD44st and HER-2 

(R = 0.965, R2 = 0.931, F = 1,672.6, P , 0.001, Figure 8).

Discussion
Studies confirmed that the expression of TGFβ family mem-

bers (TGFβ1 and TGFβ2) and HA-CD44 signaling is closely 

associated with the invasion and metastasis of a variety 

of tumors. In breast cancer and lung cancer cells, TGFβ1 

leads to reverse EGF signaling activation and induces EMT 

through HA-CD44, which affects the invasion and metas-

tasis of tumor cells and tumor progression.21,22 TGFβ2 is a 

potential CD44 downstream gene, which can activate JNK/

AP-1-signaling.23 In breast cancer MCF-7 cells with posi-

tive expression of CD44 (B5 clone), pretreatment with HA 

results in the significant upregulation of the TGFβ2 precursor 

protein, whereas treatment with CD44 RNAi significantly 

Figure 5 expression of aKT and p-aKT regulated by ha-cD44st signaling pathways.
Abbreviations: ha, hyaluronic acid; cD44st, short-tail isoform of cD44s; gaPDh, glyceraldehyde-3-phosphate dehydrogenase.

Table 2 ha-cD44st signaling leads to an increase in McF-7/
cD44st invasion capability

Groups Cells 
(numbers/field)

McF-7 161 ± 21
McF-7/cD44st 190 ± 26
McF-7/cD44 blocking mab pretreatment 205 ± 30
McF-7/cD44 lY-294002 pretreatment 210 ± 25

McF-7/cD44st + ha treatment 273 ± 28

Abbreviations: ha, hyaluronic acid; mab, monoclonal antibody; cD44st, short-
tail isoform of cD44s.

Table 3 expression of cD44st and her-2 in breast cancer (%)

Group n HER-2+ HER-2−
cD44st+ 72 27 (37.5) 45 (62.5)
cD44st− 48 3 (6.2) 45 (93.8)

Note: P , 0.001.
Abbreviations: her-2, human epidermal growth factor receptor-2; cD44st, 
short-tail isoform of cD44s.
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downregulates TGFβ2 expression. This suggests that TGFβ2 

is a downstream target gene of the HA/CD44 signaling 

pathway, which is associated with the invasiveness and drug 

resistance of breast cancer cells.10,24 Studies showed that the 

overexpression of TGFβ2 contributes to the invasion of many 

tumors, such as ovarian cancer,25 melanoma,26 pancreatic 

cancer,27 and skin cancer.28

In this study, CD44 detecting mAb could detect all 

CD44 family members. When eukaryotic expression vector 

pcDNA3.1-CD44st was transfected into MCF-7 cells by 

Lipofectamine, upregulated levels of the CD44st gene mRNA 

and CD44 protein were detected. Therefore, the upregulated 

CD44 protein in MCF-7/CD44st cells could be regarded as a 

result of the expression of CD44st mRNA. We also showed 

β

Figure 6 expression of cD44st and her-2 mrna in breast cancer tissues and paracancerous tissues.
Note: 1–5: Breast cancer tissues and paracancerous tissues from five different patients, Z: control group, (A) cancer tissues, (B) peri-carcinoma tissues.
Abbreviations: her-2, human epidermal growth factor receptor-2; cD44st, short-tail isoform of cD44s.

Figure 7 expression of cD44st and her-2 proteins in breast cancer tissues (×400).
Note: (A) cD44 negative (blank control), (B) her-2 negative (blank control), (C) cD44 negative (negative control), (D) her-2 negative (negative control), (E) cD44 
positive, and (F) her-2 positive.
Abbreviations: her-2, human epidermal growth factor receptor-2; cD44st, short-tail isoform of cD44s.
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that the binding of HA to CD44st might modulate the inva-

siveness of MCF-7 cells through CD44st/TGFβ/PI3K/AP-1 

signaling concomitant. Therefore, TGFβ is likely to be one 

of the downstream signaling proteins of HA-CD44st, and 

the interaction between HA and CD44st plays an important 

role in the expression of HER-2 as well as the invasiveness 

of MCF-7 cells.

In recent years, studies investigating the expression and 

significance of CD44 in breast cancer showed that during 

tumor progression, HA binds to CD44 subtypes that are 

widely distributed on the cell surface to induce the expression 

of cytoskeletal proteins such as ankyrin and small G protein 

Rho and the activation of the PI3K-AKT pathway, which 

promotes the adhesion, growth, proliferation, migration, and 

invasiveness of MCF-7 cells.29

The interaction between HA and CD44 also contrib-

utes to the resistance of HER-positive breast cancer cells 

to trastuzumab20 and is associated with poor prognosis in 

breast cancer patients.30–33 Recent studies reported that the 

binding of HA to CD44 can modulate the activity of EGFR 

family members.14 The serum CD44 concentration was a 

significant predictor of overall survival for patients with 

HER-2-positive breast cancer, which suggested that CD44 

should be investigated further for its potential as a prognostic 

biomarker.34 Bellerby et al confirmed that CD44 overexpres-

sion is associated with resistance to endocrine therapeutics 

and that it increases the invasiveness of estrogen-resistant 

cells. In estrogen-sensitive MCF-7 cells, CD44v6 overex-

pression enhances the invasion of tumor cells and decreases 

the response to estrogen drugs through the reverse activation 

of the EGFR signaling pathway. Targeted therapy against 

CD44v6 or EGFR could delay or prevent drug resistance of 

breast cancer cells.35 In a study including 273 postoperative 

breast cancer patients, the expression of HA in cancer cells 

and the expression of CD44 in stromal cells were significantly 

higher in HER-2-positive patients than in HER-2-negative 

patients. Moreover, CD44 positivity in stromal cells and 

HER-2 positivity in breast cancer cells were closely associ-

ated with negative estrogen receptor expression and poor 

differentiation of the cancer and affected the prognosis of 

postoperative breast cancer patients. This study also high-

lighted the correlation between HER-2 expression and HA 

and CD44 expression in tumor cells.36

The expression of CD44 is closely associated with the 

molecular classification of breast cancer and it affects the 

prognosis of patients. Members of the CD44 family such 

as CD44v and CD44s play an important role in the progres-

sion of breast cancer. CD44v-positive breast cancer, which 

is associated with the luminal A molecular subtype, has a 

relatively good prognosis. Additionally, CD44s expression is 

correlated with HER-2 status and the basal-like subtype,37,38 

whereas high expression of CD44v2–v10 is correlated 

with estrogen receptor expression, high differentiation, and 

luminal A subtype. Positive expression of CD44v8–v10 

and EGFR accompanied by low expression of HER2 is cor-

related with the basal-like subtype.38 Bellerby et al showed 

that CD44 overexpression is involved in estrogen resistance 

and promotes the invasiveness of drug-resistant tumor cells. 

In estrogen-sensitive MCF-7 cells, CD44v6 overexpression 

enhances the invasion of tumor cells and reduces the response 

to estrogen through the reverse activation of the EGFR signal-

ing pathway. Targeted therapy against CD44v6 and EGFR 

can delay or prevent breast cancer resistance.35

The results of the present study suggest that the interac-

tion between HA and CD44st is critical for the regulation of 

TGFβ and HER2 expression as well as PI3K signal transduc-

tion. HA treatment significantly increased the fluorescence 

intensity of AP-1 binding to the corresponding probes. 

The fluorescence intensity was significantly weakened by 

pretreatment with the CD44 blocking mAb and PI3K sig-

naling pathway inhibitor. TGFβ2 acts as a potential CD44 

downstream gene through activating JNK/AP-1-signaling.23 

The results indicated that HA could significantly enhance the 

activity of AP-1, and this effect was inhibited by the CD44 

blocking mAb and the PI3K pathway inhibitor. The interac-

tion of the HA-CD44st/TGFβ/PI3K/AP-1 signaling cascade 

and the signals mediated by TGFβ affects the growth, pro-

liferation, and malignant phenotypes of breast cancer cells. 

The results of this study also summarized that the CD44st 

Figure 8 relationship between cD44st and her-2 mrnas in breast cancer tissues.
Abbreviations: her-2, human epidermal growth factor receptor-2; cD44st, 
short-tail isoform of cD44s.
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and HER-2 positivity is expressed in some breast cancer 

specimens, but not in paracancerous tissues. Moreover, the 

study found a linear correlation between the expression of 

CD44st and the expression of HER-2 in breast cancer tissue. 

In our future studies, the CD44st mAb will be developed, and 

we will detect the differential expression of CD44st, CD44, 

and CD44v6 in breast cancer tissues by immunohistochem-

istry; the influence of the biological behavior and prognosis 

by differential expression among the CD44 family members 

will also be discussed in breast cancer.

In summary, the present study provides a theoretical basis 

for the development of molecular therapy targeting CD44st, 

TGFβ, and the abovementioned pathways. Further in-depth 

studies are needed to elucidate the detailed mechanisms 

underlying the role of these pathways in oncogenesis, drug 

resistance, and the invasive behavior of breast cancer.
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