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Abstract. The cell surface glycoprotein CD44 displays 
different active statuses; however, it remains unknown whether 
the activation process of CD44 is critical for tumor develop‑
ment and progression. The aim of the present study was to 
investigate whether breast cancer (BCa) cells with different 
activation states of CD44 show similar or distinct functional 
characteristics and to further examine the mechanisms regu‑
lating CD44 activities. A feature for the ‘activated’ state of 
CD44 is that it can bind to its principal ligand hyaluronan (HA). 
The binding of CD44 with HA is usually influenced by CD44 
alternative splicing, resulting in multiple CD44 isoforms 
that determine CD44 activities. Flow cytometry was used to 
sort BCa cell subsets based on CD44‑HA binding abilities 
(HA‑/low vs. HAhigh). Subsequently, cell proliferation and colony 
formation assays were performed in vitro, and CD44 expres‑
sion patterns were analyzed via western blotting. The results 
demonstrated that the CD44 variant isoform 10 (CD44v10) 
was highly expressed in a HA‑/low binding subset of BCa cells, 
which exhibited a significantly higher proliferation capacity 
compared with the HAhigh binding subpopulation. Knockdown 
of CD44v10 isoform in HA‑/low binding subpopulation induced 
an increase in HA binding ability and markedly inhibited 
proliferation. Furthermore, the mechanistic analysis identi‑
fied that CD44v10 facilitated cell proliferation via activation 
of ERK/p38 MAPK and AKT/mTOR signaling. Moreover, 
the knockdown of CD44v10 expression downregulated the 
phosphorylation of ERK, AKT and mTOR, while no alteration 
was observed in p38 phosphorylation. Collectively, the present 

study identified a subset of fast‑growing BCa cells character‑
ized by CD44v10 expression, which may serve as a specific 
therapeutic target for BCa.

Introduction

Breast cancer (BCa) remains the most common type of 
malignant tumor among women, with 11.6% for incidence and 
6.6% for mortality worldwide in 2018 (1). Clinically, breast 
tumors often display intra‑tumoral heterogeneity. Multiple cell 
subpopulations within a single tumor may show diverse pheno‑
types, such as different cell surface markers, growth rates, 
metastasis and therapeutic responses that eventually drive 
cancer progression (2). There is currently a lack of approaches 
for identifying more aggressive subpopulations in a tumor 
mass, which makes it difficult to monitor cancer progression 
and response to treatment. Thus, it is of urgent importance to 
examine novel targets for the valuable diagnosis of BCa.

CD44 is a family of cell surface glycoproteins ubiqui‑
tously expressed by various tumors, especially in BCa (3). 
CD44 participates in cell adhesion and migration, lymphocyte 
homing and activation, and abnormal behaviors of tumor 
cells (4,5). Hyaluronan (HA), the principal ligand for CD44, 
is a major extracellular matrix component accumulated in 
stromal and tumor cells (6). Studies have reported that HA 
acts by binding to CD44 to modulate various fundamental 
and pathological processes, including cell‑cell adhesion, cell 
proliferation, cancer migration and invasion (7‑9). However, 
not all CD44‑expressing cells can constitutively bind HA; only 
activated CD44 binds and internalizes HA. Thus, the cellular 
behaviors induced by CD44‑HA binding are cell‑specific 
and strongly depend on the activation states of CD44 (10). 
As previously reported, CD44 participates in three different 
contexts in relation to its binding capacities with HA: Inactive, 
constitutively active and inducible active (does not bind to 
HA unless activated by appropriate stimuli) (11,12). Although 
numerous studies have highlighted the association of CD44 
expression with breast malignancies, it remains unknown 
whether an activation process of CD44 is critical for BCa 
development and progression (13‑15).

Previous studies have revealed that CD44 activation is a 
complex and dynamic process, as the ability of CD44 to engage 
HA is highly regulated (16,17). In humans, the full‑length 
CD44 gene consists of 19 exons that have molecular masses 
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ranging from 80‑250 kDa (18). The shortest CD44 standard 
isoform (CD44s) includes only constitutive exons, while the 
CD44 variant isoforms (CD44v) undergo alternative splicing 
and contain ≥1 variable exons (19). Although all CD44 mole‑
cules share a common HA‑binding domain, their affinities 
for surface‑bound hyaluronate are different, which suggests 
that the structural heterogeneity of CD44 alternative splicing 
may be responsible for modulating CD44 activation (20). 
Early observations using melanoma models demonstrated 
that CD44s bound to HA more efficiently compared with 
CD44v8‑v10 (21). At the same time, another study suggested 
that the splice variant of CD44v4‑v7 confers stronger 
HA‑binding properties compared with CD44s in rat pancreatic 
carcinoma cell lines (22). These different results indicated that 
CD44 isoforms may have distinct roles in its binding ability 
with HA. However, the effect of CD44 isoforms on CD44 acti‑
vation in BCa is poorly understood. Although there are still 
some controversies, it is considered that alternative splicing 
determines CD44 activities. Moreover, accumulating evidence 
has suggested that CD44 splice isoforms contribute to cellular 
and functional behaviors by mediating specific signaling 
pathways (23). CD44v was reported to stimulate MAPK acti‑
vation and to promote cell proliferation (24), while CD44s was 
suggested to trigger the PI3K/AKT/mTOR signaling cascade 
and contribute to tumor cell escape from drug‑induced cell 
death (25). However, whether the different CD44v isoforms 
share common signaling pathways to regulate the biologic 
function is yet to be elucidated.

The present study aimed to investigate whether CD44 
activation is critical requirement for BCa cells proliferation 
and to further examine which CD44 isoform determines 
CD44 activities. Firstly, HA‑/low and HAhigh subpopulations 
were isolated using FACS technique, and cell proliferation 
assays in vitro were applied to assess whether the two subsets 
exhibited different proliferative capacity. Then, a panel of 
small interfering (si)RNAs targeting each CD44v exon region 
were employed to identify which CD44v isoform was associ‑
ated with CD44 activities and cells proliferation. Furthermore, 
the current study investigated the underlying mechanisms 
by studying the proliferation‑related ERK/p38 MAPK and 
AKT/mTOR signal pathway. These findings identified a subset 
of fast‑growing BCa cells characterized by CD44v10 expres‑
sion, which may serve as a promising therapeutic target for 
BCa.

Materials and methods

Cell lines and culture. Human BCa cell lines (MCF‑7, T‑47D, 
BT‑549 and MDA‑MB‑231) were obtained from the Cell Bank 
of the Type Culture Collection of the Chinese Academy of 
Sciences. MCF‑7 cells were cultured in MEM (Gibco; Thermo 
Fisher Scientific, Inc.), T‑47D and BT‑549 cells were cultured 
in RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, 
Inc.) and MDA‑MB‑231 cells were cultured in high‑glucose 
DMEM (Gibco; Thermo Fisher Scientific, Inc.). All cell lines 
were maintained at a temperature of 37˚C in humidified air 
with 5% CO2. All cell culture media were supplemented with 
10% FBS (Bovogen Biologicals Pty Ltd.), 100 U/ml penicillin 
and 100 mg/ml streptomycin. In addition, all cells were grown 
to 80% confluency for the experiments.

Isolation of HA high and HA‑/low subpopulations by FACS. 
Fluorescein‑labeled HA (fl‑HA; Merck KGaA) binding 
was used to determine the CD44 activation state. In total, 
~5.0x107 cells in supplemented Hank's balanced salt 
solution (HBSS) were incubated on ice with a working concen‑
tration of 40 µg/ml fl‑HA for 1 h, as previously described (26). 
Unbounded fl‑HA was removed via centrifugation (682 x g 
for 5 min at room temperature) two times with HBSS. After 
resuspended in the HBSS, the cells were filtered through 
cell strainers and analyzed via CytoFLEX flow cytometer 
(Beckman‑Coulter, Inc.). Non‑viable cells were excluded 
using 7‑amino‑actinomycin D dye (staining for 15 min at 
room temperature). Fl‑HA‑bound cells were sorted using 
gates set to a 10% threshold on a histogram profile. Cells 
were sorted into HAhigh and HA‑/low subpopulations based on 
differential binding to HA (10% maximum and minimum 
signal selection), and collected for further in vitro analyses. 
In preparation for HA binding analysis, a HA‑/low single‑cell 
suspension (106 cells/ml) was incubated with fl‑HA or isotype 
control antibody for 1 h on ice. After washing three times, the 
HA binding profile was subsequently analyzed using a flow 
cytometer (MoFlo Astrios EQ; Beckman‑Coulter, Inc.).

Cell Counting Kit (CCK‑8) assay. The cell viability 
was measured using a CCK‑8 assay (Dojindo Molecular 
Technologies, Inc.) according to the manufacturer's protocol. 
Briefly, cells in the logarithmic growth phase were seeded in 
triplicate onto 96‑well plates at a density of 3.0x103 cells per 
well. Cells were then incubated for 0, 1, 2, 3 and 4 days, after 
which the complete medium of each well was replaced by 10 µl 
CCK‑8 solution supplemented with 90 µl serum‑free medium 
and incubated at 37˚C for additional 2 h. The absorbance was 
then measured at 450 nm using a microplate absorbance reader 
(Bio‑Rad Laboratories, Inc.). In preparation for rescue experi‑
ments, HA‑/low cells were incubated (37˚C) with anti‑CD44 
monoclonal antibody or normal IgG (10 µg/ml; Invitrogen) for 
48 h after transfected with CD44v10 siRNA, and measured 
using the CCK‑8 assay.

5‑Ethynyl‑20‑ deoxyuridine (EdU) assay. Cell proliferation 
was analyzed using EdU assays with a Cell‑Light EdU DNA 
Cell Proliferation kit (Beyotime Institute of Biotechnology). 
Sorted HAhigh and HA‑/low cells were resuspended for cell 
density adjustment at 1x105/ml. A total of 100 µl suspension 
was seeded into each well of the 96‑well plates. After incuba‑
tion overnight, 10 mM EdU was added and incubated at 37˚C 
for another 2 h. Cells were then stained with azide (30 min, for 
proliferating cells) and Hoechst 33342 (10 min, for all cells) at 
room temperature. Images were captured using a fluorescence 
microscope (Nikon Corporation, magnification, x100). The 
percentage of proliferating cells was calculated using ImageJ 
V1.50 software (National Institutes of Health).

Plate colony formation assay. A total of 500 viable cells per 
well were plated into 6‑well culture plates. All plates were 
then incubated for 14 days at 37˚C to allow colony formation. 
The cells were washed twice with PBS and fixed with 4% 
paraformaldehyde for 30 min at room temperature, followed 
by staining with 0.1% crystal violet (BaSO Biotech Co., Ltd.) 
for 30 min at room temperature. After rinsing three times, the 
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stained colonies were imaged and the number of colonies was 
counted by the naked eye. In total, three parallel wells were set 
for each group.

Western blot analysis. Total proteins were extracted with RIPA 
lysis buffer (Beyotime Institute of Biotechnology) supple‑
mented with protease and phosphatase inhibitors (Beyotime 
Institute of Biotechnology). Protein concentration was quanti‑
fied using a BCA Protein Assay kit (Thermo Fisher Scientific, 
Inc.). Proteins (~20 µg/lane) were separated by 8% SDS‑PAGE 
and then transferred to PVDF membranes (Merck Millipore). 
The membranes were blocked with 5% skimmed milk in 
0.1% TBS‑Tween‑20 at room temperature for 1 h and incu‑
bated with following primary antibodies overnight at 4˚C: 
Pan‑CD44 (dilution 1:1,000; Abcam; cat. no. ab189524), 
CD44v10 (dilution 1:1,000; Sigma‑Aldrich; Merck KGaA; cat. 
no. AB2082), phosphorylated (p)‑ERK1/2 [dilution 1:2,000; 
Cell Signaling Technology, Inc. (CST); cat. no. 4370], ERK1/2 
(dilution 1:1,000; CST; cat. no. 4695), p‑p38 (dilution 1:1,000; 
CST; cat. no. 4511), p38 (dilution 1:1,000; CST; cat. no. 9212), 
p‑AKT (dilution 1:2,000; CST; cat. no. 4060), AKT (dilu‑
tion 1:1,000; CST; cat. no. 4691), p‑mTOR (dilution 1:1,000; 
CST; cat. no. 5536) and mTOR (dilution 1:1,000; CST; cat. 
no. 2983), GAPDH (dilution 1:1,000; Lianke Biotech Co., Ltd.; 
cat. no. Mab5465). On the following day, membranes were 
incubated with horseradish peroxidase‑conjugated secondary 
antibody goat anti‑rabbit IgG (dilution 1:5,000; Lianke Biotech 
Co., Ltd.; cat. no. 70‑GAR0072) or goat anti‑mouse IgG (dilu‑
tion 1:5,000; Lianke Biotech Co., Ltd.; cat. no. 70‑GAM0072) 
for 1 h at room temperature. Subsequently, an image of the 
protein band was captured using the ChemiDoc™ MP imaging 
system (Bio‑Rad Laboratories, Inc.) using the enhanced 
plus chemiluminescence reagent (EMD Millipore; cat. 
no. WBKL‑S0100). The band densities were semi‑quantitated 
using ImageJ V1.50 software (National Institutes of Health).

siRNA for CD44 variants. The expression of CD44 variants 
was knocked down using corresponding siRNAs. A series 
of siRNA oligonucleotides including sicontrol, siCD44v3, 
siCD44v4, siCD44v5, siCD44v6, siCD44v7, siCD44v8, 
siCD44v9 and siCD44v10 were designed and synthesized by 
Guangzhou RiboBio Co., Ltd. The CD44v2 exon was excluded 
in current study due to its considerably low expression in BCa 
cells (27). The siRNA oligonucleotides are listed in Table SI. 
The MDA‑MB‑231 and BT‑549 cells were separately seeded 
in 6‑well plates at 3x105/well and transfected with siRNA for 
48 h at 37˚C using riboFECT™ (Guangzhou RiboBio Co., 
Ltd.), according to the manufacturer's protocol, and 50 nM 
siRNAs. Reverse transcription‑quantitative (RT‑q)PCR was 
performed to verify the transfection efficacy after 48 h, and 
cells were either used for in vitro experiments or lysed for 
western blot analysis.

RT‑qPCR. Total RNA was extracted from cultured cells using 
RNAiso Plus (Takara Bio, Inc.), according to the manufactur‑
er's instructions. The RNA concentration was measured using 
NanoDrop system (Thermo Fisher Scientific, Inc.). Then, 1 µg 
mRNA was reverse transcribed using the PrimeScript™ RT 
Reagent kit with gDNA Eraser (Takara Bio, Inc.). qPCR assays 
were performed with SYBR‑Green mix (Takara Bio, Inc.) 

according to the manufacturer's protocol. The sequences of 
primers for CD44 exon‑specific qPCR used in the study are 
listed in Table SII, which were those reported by Hu et al (28). 
The qPCR conditions included: Initial denaturation at 95˚C 
for 30 sec, followed by 40 cycles of denaturation at 95˚C for 
5 sec annealing and extension at 60˚C for 34 sec. All RT‑qPCR 
values of each gene were normalized against that of GAPDH. 
The relative gene expression was calculated using the 2‑ΔΔCq 
method (29).

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 8.0.2 (GraphPad Software, Inc.). Data are 
presented the as mean ± SD. The statistically significant of 
differences between the two groups were determined with an 
unpaired Student's t‑test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Sorting of BCa cells based on HA binding reveals subpopula‑
tions with distinct proliferative capacities. To gain insights into 
the distinct functions of CD44 activities, fl‑HA was used to probe 
CD44‑HA binding abilities. HAhigh and HA‑/low subpopulations 
were isolated from two less malignant BCa cell lines (MCF‑7 
and T‑47D) and two more malignant cells (MDA‑MB‑231 and 
BT‑549) using the FACS technique (Fig. S1). A subsequent 
CCK‑8 assay demonstrated that the HA‑/low subpopulations 
were significantly more proliferative compared with the HAhigh 
subpopulations in all investigated BCa cell lines (Fig. 1A). 
The basal‑like cell lines MDA‑MB‑231 and BT‑549 were 
selected for the following experiments as these are malignant 
triple‑negative BCa cells that exhibit more aggressive proper‑
ties. Consistent with the CCK‑8 results, the EdU incorporation 
assay and plate colony formation assay demonstrated that the 
proliferation of HA‑/low subpopulations was higher compared 
with that of HAhigh subpopulations in both MDA‑MB‑231 and 
BT‑549 cells (Fig. 1B and C).

CD44v10 isoform is highly expressed in HA‑/low binding 
subpopulation. Based on the aforementioned finding that 
HA‑/low subsets grew faster than HAhigh cells, it was next inves‑
tigated whether CD44 expression patterns were associated 
with CD44 activities. First, western blotting with pan‑CD44 
antibody revealed that the expression levels of CD44s in 
HAhigh and HA‑/low subsets sorted from MDA‑MB‑231 and 
BT‑549 cells were comparable, while the CD44v in HA‑/low 
cells was significantly higher compared with that in the HAhigh 
cells (Fig. 2A). Notably, an ~120 kDa intense band was 
detected in the HA‑/low subpopulations but was weaker in the 
HAhigh cells (Fig. 2A).

Next, to further identify which CD44v isoform corre‑
sponding to the 120 kDa protein determines the CD44 
activation state, a panel of siRNAs targeting each CD44v exon 
region was designed and synthesized. The expression levels of 
each CD44v mRNA were downregulated after siRNA trans‑
fection (Fig. S2). It was noted that the band at 120 kDa was 
significantly decreased in MDA‑MB‑231 unsorted parental 
cells only after CD44v10 siRNA transfection (Fig. 2B) and was 
verified in HA‑/low subpopulations of both MDA‑MB‑231 and 
BT‑549 cells (Fig. 2C). As confirmed previously, the 120 kDa 
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corresponds to a CD44v with the inclusion of exon v10 (30). 
The result was also identified at protein level by using a 
CD44v10‑specific antibody (Fig. 2D). Therefore, the HA‑/low 
subpopulation of BCa was characterized by the preference to 
express the CD44v10 isoform.

Knockdown of the CD44v10 isoform increases the HA 
binding ability of HA‑/low binding subpopulation. Following 

the identification that CD44v10 was preferentially expressed in 
HA‑/low subpopulation, the effect of the CD44v10 isoform on the 
capacity of HA binding was further investigated. siRNA was 
used to knockdown the expression of CD44v10 in the HA‑/low 
binding subpopulation of MDA‑MB‑231 cells. As presented 
in Fig. 3A, the protein expression level of CD44v10 was mark‑
edly decreased in the HA‑/low subset of MDA‑MB‑231 cells after 
CD44v10 siRNA transfection. Subsequently, a flow cytometer 

Figure 1. HA‑/low subpopulation exhibits a significantly higher capacity of proliferation compared with the HAhigh subset. (A) Proliferation of FACS sorted HAhigh 
binding and HA‑/low binding cells from MCF‑7, T‑47D, MDA‑MB‑231 and BT‑549 BCa cells was assessed using a Cell Counting Kit‑8 assay on the indicated 
days. (B) DNA synthesis was detected using EdU incorporation of sorted HAhigh and HA‑/low cancer cells in MDA‑MB‑231 and BT‑549. Cells were fluorescently 
stained with EdU (red), nuclei were stained with Hoechst 3342 (blue). Micrographs represent ≥3 experiments (magnification, x100). Quantitative EdU assay 
data are presented as the mean ± SD of three experiments. (C) Plate colony formation capability of HAhigh and HA‑/low cells derived from MDA‑MB‑231 
and BT‑549 cells. Cells were cultured for 14 days, and the number of colonies >10 mm2 in each well was quantified. Unpaired Student's t‑tests were used 
to analyze the data. Data are presented as the mean ± SD of three separate experiments. *P<0.05, **P<0.01, ***P<0.001 vs. HAhigh cells. ns, no significance; 
EdU, 5‑ethynyl‑2'‑deoxyuridine; HA, hyaluronan.
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was used to evaluate the HA binding ability. As expected, HA 
binding was increased as compared with the sicontrol group 
following CD44v10 knockdown (Fig. 3B). Similar results were 
obtained in BT‑549 cells, which also showed enhanced HA 
binding in CD44v10‑silenced HA‑/low subsets (Fig. 3C and D). 
Thus, CD44v10 could give rise to inhibition of HA binding.

Knockdown of the CD44v10 isoform inhibits the proliferation 
of HA‑/low binding subpopulation. Since CD44v10 was identi‑
fied as the main cause differentiating between CD44‑HA high 
and low interactions, the effect of the CD44v10 isoform on 
cell proliferation was examined. First, a CCK‑8 assay was 
conducted to analyze the proliferative ability of cells after 
CD44v10 siRNA transfection. As indicated in Fig. 4A, knock‑
down of CD44v10 significantly suppressed the proliferation 
of HA‑/low subsets in both MDA‑MB‑231 and BT‑549 cells 

when compared with the sicontrol group. Similarly, the EdU 
incorporation assay and plate colony formation assay also 
confirmed the decreased proliferative ability of HA‑/low cells 
after CD44v10 knockdown (Fig. 4B and C).

To further verify whether the function of CD44v10 was 
mediated by HA binding capacity, CD44v10 was knocked 
down to enhance HA binding, in which an inhibited prolif‑
eration of HA‑/low cells was observed, while the proliferative 
capacity was rescued following the addition of an antibody 
to CD44 that blocks HA binding (Fig. 4D). Taken together, 
the aforementioned results demonstrated that knocking down 
CD44v10 could inhibit the proliferative and colony formation 
abilities of HA‑/low binding subpopulations.

CD44v10 isoform facilitates the proliferation of BCa cell via 
the ERK/p38 MAPK and AKT/mTOR signaling pathways. 

Figure 2. CD44v10 isoform is highly expressed in the HA‑/low binding subpopulation. (A) Expression levels of different CD44 isoforms of sorted HAhigh and 
HA‑/low subpopulations in MDA‑MB‑231 and BT‑549 cells. (B) Western blot analysis of CD44 isoforms in unsorted MDA‑MB‑231 cells after CD44v siRNAs 
transfection. (C) Protein expression levels of CD44 isoforms in sorted HA‑/low subsets after CD44v10 knockdown. (D) Expression of CD44v10 in sorted HAhigh 
and HA‑/low cells from MDA‑MB‑231 and BT‑549 cells. *P<0.05, **P<0.01 vs. HAhigh cells. HA, hyaluronan; siRNA/si, small interfering RNA; CD44v, CD44 
variant; CD44s, CD44 standard; ns, no significance.
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As the distinct CD44 active status mediated by CD44v10 
displayed different proliferative capabilities, this study next 
sought to identify whether the expression levels of cell prolif‑
eration‑related signaling molecules were altered. Previous 
studies have reported that ERK/p38 MAPK and AKT/mTOR 
signaling pathways are involved in the regulation of cell prolif‑
eration (31,32). Thus, the expression levels of p‑ERK, p‑p38, 
p‑AKT and p‑mTOR were examined via western blotting. 
As presented in Fig. 5A, p‑ERK expression was upregulated 
in HA‑/low binding cells, while the expression of p‑p38 was 
slightly decreased. Similarly, both AKT and its downstream 
executor mTOR displayed elevated phosphorylation in HA‑/low 
binding subpopulations (Fig. 5B). A high p‑ERK to p‑p38 
ratio is regarded as an indicator of proliferating cells (33). 
Consistently, it was observed that the ratio of p‑ERK to p‑p38 
was markedly increased in HA‑/low binding cells (Fig. 5C). 
Collectively, the expression levels of signaling molecules asso‑
ciated with proliferation were significantly higher in HA‑/low 
cells compared with in HAhigh subsets (Fig. 5C).

To evaluate the possible roles of ERK/p38 MAPK 
pathways in CD44v10‑mediated proliferation, western blot‑
ting was conducted after knocking down CD44v10 in both 
MDA‑MB‑231 and BT‑549 cells. The results demonstrated 
that the phosphorylation of ERK was significantly downregu‑
lated by CD44v10 knockdown, while the phosphorylation of 
p38 was not changed in HA‑/low binding cells, as compared 
with the sicontrol group (Fig. 5D and E). Although the expres‑
sion of p‑p38 was not changed by silencing CD44v10, the 
ratio of p‑ERK to p‑p38 was significantly decreased (Fig. 5E). 

To further investigate whether HA binding capacity medi‑
ated ERK/p38 MAPK activation, rescue experiments were 
performed. As presented in Fig. 5D and E, p‑ERK expres‑
sion rescued following the addition of an antibody to CD44 
that blocked HA binding. Furthermore, a similar decreasing 
trend was observed for the alterations in p‑AKT and p‑mTOR 
levels induced by CD44v10 knockdown in the HA‑/low binding 
subsets (Fig. 5F), while the phosphorylated levels were rescued 
following the addition of an antibody to CD44 that blocked HA 
binding (Fig. 5F and G). Taken together, these results suggested 
that the CD44v10 isoform facilitated the proliferation of BCa 
cells via ERK/p38 MAPK and AKT/mTOR activation.

Discussion

CD44 has long been recognized as a cell surface receptor 
that mediates diverse biological functions. As previously 
suggested, CD44 exists in two distinct states: It is in a resting 
state on the surface of most normal cells, while it becomes 
active following an inflammatory stimulus (34,35). A feature 
for the ‘activated’ stage of CD44 is that it can bind to its ligand 
HA (36). Usually, tumor‑derived cells often express CD44 in an 
active state that can bind and internalize to HA (37). Although 
CD44 expression has been reported to be closely associated 
with tumor malignancies, few studies have examined whether 
CD44 activation is critical for cancer development (38). The 
present study demonstrated a potential association between 
the activation status of CD44 and its subsequent effect on 
BCa cell proliferation. The current results indicated that BCa 

Figure 3. Knockdown of CD44v10 isoform increases the HA binding ability of HA‑/low binding subpopulation. (A) Expression of CD44v10 in MDA‑MB‑231 
HA‑/low cells transfected with CD44v10 siRNA. (B) Representative fl‑HA binding profile of MDA‑MB‑231 HA‑/low subpopulation with control siRNA and 
CD44v10 siRNA transfection and re‑exposure to fl‑HA. The gray graph represents the isotype fluorescent level of unsorted cells without the addition of fl‑HA. 
(C) Expression of CD44v10 in BT‑549 HA‑/low cells transfected with CD44v10 siRNA. (D) Representative fl‑HA binding profile of BT‑549 HA‑/low subpopula‑
tion with control siRNA and CD44v10 siRNA transfection and re‑exposure to fl‑HA. HA, hyaluronan; siRNA/si, small interfering RNA; CD44v, CD44 
variant; fl, Fluorescein‑labeled.
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cells with inactive CD44 states had higher proliferation, while 
the subsets with active CD44 grew slowly. However, these 
findings are not consistent with some previous studies, which 
indicated CD44 activation was likely to support tumor growth. 
For example, evidence for CD44 activation giving rise to cell 
proliferation was provided for smooth muscle cells, fibro‑
blasts, immune cells and endothelial cells (39). Moreover, a 
similar phenomenon was observed in melanoma cells (40) and 
mesothelioma cells (41). However, Veiseh et al (42) reported 
that a HAlow binding subpopulation sorted from BCa cells 
exhibited significantly higher proliferation compared with 
unsorted parental cells or the HAhigh subpopulation, which 

was consistent with the present results. These studies implied 
that the recognition of CD44 on HA could either positively 
or negatively affect tumor growth. Such contradictory results 
may be ascribed to different types of cancer or different studies 
investigating various cell types. It is thus possible that CD44 
activation is essential for tumor growth derived from certain 
organs, such as the skin (43) and lung (44), whereas tumors 
derived from other sources have no such requirement.

The present study first sorted resting and active CD44 
expressing subpopulations from BCa cell lines according to 
their binding abilities to fl‑HA. Then, western blotting results 
demonstrated that CD44s was highly expressed in both HAhigh 

Figure 4. Knockdown of CD44v10 isoform inhibits the proliferation of HA‑/low binding subpopulation. (A) Cell proliferation was evaluated using a CCK‑8 assay 
after CD44v10 knockdown. (B) Cell proliferation was also assessed using the EdU incorporation assay (magnification, x100). (C) Proliferative ability of HA‑/low 
cells transfected with CD44v10 was detected by colony formation. *P<0.05, **P<0.01, ***P<0.001 vs. sicontrol group. (D) Viability of MDA‑MB‑231 and BT‑549 
HA‑/low cells after control siRNA or CD44v10 siRNA transfection and treatment with anti‑CD44 mAb or NIgG (10 µg/ml) for 48 h was measured using a CCK‑8 
assay. Unpaired Student's t‑tests were used to analyze the data. Data are presented the mean ± SD of three experiments; n=3. **P<0.01 vs. siCD44v10 + NIgG 
group. NIgG, normal mouse IgG; CCK, Cell Counting Kit; HA, hyaluronan; siRNA/si, small interfering RNA; CD44v, CD44 variant; EdU, 5‑ethynyl‑2'‑de‑
oxyuridine; mAb, monoclonal antibody.
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and HA‑/low subsets without obvious difference. However, the 
expression of CD44v was significantly higher in HA‑/low cells. 
This unique finding suggested that CD44v may have an essen‑
tial role in regulating CD44 activities in BCa cells. Previous 
studies have revealed that elevated levels of CD44 do not neces‑
sarily correlate with increased HA‑binding, while the binding 
capacities differ in various CD44 isoforms (45,46). Some reports 

suggested that CD44s binds to HA more efficiently compared 
with CD44v8‑v10 (21,47), whereas another study observed that 
CD44v4‑v7 had a stronger HA‑binding capacity compared 
with CD44s (22). Although these inconsistencies are still being 
investigated, different isoforms of CD44 subtypes or variants 
coexisting within the same cell population are considered to be 
responsible for such CD44‑HA binding affinity heterogeneity.

Figure 5. CD44v10 isoform facilitates the proliferation of BCa cells via the ERK/p38 MAPK and AKT/mTOR signaling pathways. Expression levels of 
(A) ERK/p38 MAPK and (B) AKT/mTOR signals in HAhigh and HA‑/low subpopulations were examined via western blotting. (C) Relative protein expression of 
ERK/p38 MAPK and AKT/mTOR pathways in HAhigh and HA‑/low cells. *P<0.05, **P<0.01 vs. HAhigh. (D) Western blot analysis of ERK/p38 MAPK signals of 
MDA‑MB‑231 HA‑/low and BT‑549 HA‑/low cells after CD44v10 knockdown. (E) Relative protein expression of ERK/p38 MAPK in HA‑/low cells transfected with 
CD44v10 siRNA. (F) Western blot analysis of AKT/mTOR signals of MDA‑MB‑231 HA‑/low and BT‑549 HA‑/low cells after CD44v10 knockdown. (G) Relative 
protein expression of AKT/mTOR in HA‑/low cells transfected with CD44v10 siRNA. Unpaired Student's t‑tests were used to analyze the data. *P<0.05, 
**P<0.01 vs. sicontrol group or siCD44v10 + NIgG group. HA, hyaluronan; siRNA/si, small interfering RNA; CD44v, CD44 variant; CD44s, CD44 standard; 
ns, no significance; p‑, phosphorylated; NIgG, normal mouse IgG; mAb, monoclonal antibody.
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In the present study, a panel of siRNAs targeting each 
CD44v exon region was designed and synthesized to identify 
the CD44v isoform that may determine the CD44‑HA binding 
difference or CD44 activities. As expected, it was found that 
the differential expression band between HAhigh and HA‑/low 
subpopulations was downregulated only by transfection with 
CD44v10 siRNA, inferring that CD44v10 was responsible 
for distinct HA binding abilities between the two subsets. To 
further verify the effect of CD44v10 on HA binding, CD44v10 
expression was knocked down by transfecting CD44v10 
siRNA in HA‑/low cells. It was found that the HA binding ability 
was enhanced after knocking down CD44v10 expression. The 
present findings were in line with previous reports, which 
suggested that post‑translational modifications of CD44v10 
induced surface rearrangements and conformational changes 
in the HA binding domains, finally leading to a loss of HA 
binding (48‑50).

Even though the upregulation of several CD44v isoforms 
has been reported to be associated with BCa progression 
and prognosis (51), so far, only a few studies have revealed 
the function of the CD44v10 isoform in BCa. As previously 
suggested, CD44v10 is highly expressed in various cancer 

types, such as Hodgkin's disease (52), multiple myeloma (53), 
lymphoma (54) and renal cell carcinoma (55), and is associated 
with an unfavorable clinical outcome. In the present study, it 
was identified that CD44v10 was highly expressed in the 
HA‑/low binding subset, which exhibited a stronger prolifera‑
tion capability compared with the HAhigh cells. Furthermore, 
knockdown of CD44v10 markedly inhibited the proliferative 
capability and colony formation ability of HA‑/low binding 
subpopulation. The loss‑ and gain‑of‑function experiments 
indicated that the enhanced HA binding ability by CD44v10 
siRNA transfection significantly inhibited the proliferation of 
HA‑/low cells. At the same time, the proliferative capacity could 
be rescued by the addition of an antibody to CD44 that specifi‑
cally blocks HA binding. Collectively, these data suggested 
that CD44v10 mediated by CD44 activities has a key role in 
BCa cells proliferation.

To further understand the intracellular mechanism via 
which CD44v10 enhances BCa cell proliferation, the present 
study next investigated the effect of CD44v10 on cell prolifera‑
tion‑related signaling molecules. CD44 isoforms can promote 
BCa cell proliferation and survival by activation of two impor‑
tant members of MAPK families, including ERK1/2 and p38, 
as well as the AKT/mTOR signaling pathway (25,56). In the 
current research, it was demonstrated that phosphorylation 
of ERK1/2, AKT and mTOR was elevated in HA‑/low binding 
cells and was subsequently downregulated by knockdown of 
CD44v10. Conversely, the expression of p‑p38 was slightly 
lower in HA‑/low binding subpopulations, and knockdown 
CD44v10 in HA‑/low cells showed no effect on p38 phosphory‑
lation. As previously reported, although ERK was mostly 
involved in the induction of proliferation, a high level of p38 
activity was considered to be a negative growth regulator that 
may suppress cell proliferation by inhibiting ERK (57‑59). 
Accordingly, a high ERK‑to‑p38 ratio dictated cell prolif‑
eration, while a low ERK‑to‑p38 predicted cell proliferation 
arrest and dormancy (33). In the present study, although the 
phosphorylation of p38 decreased or unchanged, the ratio 
of ERK‑to‑p38 phosphorylation was significantly higher in 
HA‑/low subsets compared with in HAhigh cells, and the ratio was 
decreased in HA‑/low subsets after silencing CD44v10. These 
results suggested that ERK/p38 MAPK signals are likely to 
be involved in CD44v10‑induced proliferation. Additionally, 
the rescue experiments indicated that the phosphorylation 
ERK/p38 and AKT/mTOR could be rescued following the 
addition of an antibody to CD44 that blocks HA binding. 
Overall, the present study demonstrated that CD44v10 regu‑
lated by CD44 activities could enhance the proliferation of 
BCa cells by triggering the ERK/p38 MAPK and AKT/mTOR 
signaling pathway cascades.

In summary, the present study demonstrated that the biolog‑
ical function was distinct between inactive and active CD44 
status in BCa cells, and the CD44v10 isoform was responsible 
for the CD44 activities (Fig. 6). It was suggested that CD44v10 
may facilitate proliferation via the activation of the ERK/p38 
MAPK and AKT/mTOR signaling pathways. Collectively, this 
study provided novel insight into the mechanisms underlying 
CD44 activation and suggested that CD44v10 may be a poten‑
tial therapeutic target for BCa. However, it remains unknown 
whether CD44v10 could facilitate tumor growth in vivo, thus 
further studies on the clinical significance of CD44v10 are 

Figure 6. A schematic diagram of potential regulation by CD44v10 on BCa 
cell proliferation. A CD44 activation model shows a phenotypic distinction 
between two subpopulations: BCa cells with inactive CD44 status (HA‑/low) 
had higher proliferation and the subsets with active CD44 (HAhigh) grew 
slowly. The HA‑/low cell preferentially expressed CD44v10 isoform (red dashed 
membrane). CD44v10 isoform probably facilitates BCa cell proliferation via 
regulating the p‑ERK1/2‑to‑p‑p38 ratio and AKT/mTOR signaling pathway. 
p‑, phosphorylated; HA, hyaluronan; fl, Fluorescein‑labeled; CD44v, CD44 
variant; BCa, breast cancer.
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warranted. Further work in this area is ongoing in the authors' 
laboratory.
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