
INTRODUCTION

The tumor microenvironment has been implicated in tumor 
progression and therapeutic resistance (Kharaishvili et al., 
2014; Sun, 2016). Hyaluronic acid (HA) is a major component 
of the extracellular matrix (ECM) in the tumor microenviron-
ment. In solid tumors, HA is responsible for tumor initiation, 
progression, and tumor resistance (Marozzi et al., 2021). HA 
levels are elevated in malignant tumors, such as colon, ovar-
ian, and breast cancers, and HA accumulation is strongly as-
sociated with poor clinical prognosis (Knudson, 1996; Rop-
ponen et al., 1998; Anttila et al., 2000; Auvinen et al., 2000). 
Mammalian HA is synthesized by three distinct hyaluronic 
acid synthases (HAS1, HAS2, and HAS3), which produce 
HA polymers with different molecular masses (Weigel et al., 
1997; Itano et al., 1999). Among the three isoforms, the role 

of HAS2 in HA synthesis has been well characterized. Due to 
the lack of HA synthesis, HAS2-null mice show severe cardiac 
and vascular abnormalities, and exhibits a failure in the nor-
mal transformation of cardiac endothelial cells into the mes-
enchyme (Camenisch et al., 2000). In tumor cells, HAS2 has 
been identified to play a role in the invasion and metastasis 
of tumor cells (Bernert et al., 2011; Preca et al., 2017; Sheng 
et al., 2021). Clinically, increased HAS2 expression correlates 
with poor prognosis in several cancers, including pancreatic 
cancer, breast cancer, and melanoma (Auvinen et al., 2014; 
Poukka et al., 2016; Tiainen et al., 2016; Yu et al., 2021). 
Therefore, loss of the HAS2 gene or treatment with 4-methy-
lumbelliferone (4-MU), a small molecule inhibitor of HA syn-
thesis, reduces cancer cell growth and inhibits the malignant 
phenotype (Li et al., 2007; Lokeshwar et al., 2010; Okuda et 
al., 2012).
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Hyaluronic acid (HA), a ligand of CD44, accumulates in some types of tumors and is responsible for tumor progression. The 
nuclear factor erythroid 2-like 2 (NRF2) regulates cytoprotective genes and drug transporters, which promotes therapy resis-
tance in tumors. Previously, we showed that high levels of CD44 are associated with NRF2 activation in cancer stem like-cells. 
Herein, we demonstrate that HA production was increased in doxorubicin-resistant breast cancer MCF7 cells (MCF7-DR) via 
the upregulation of HA synthase-2 (HAS2). HA incubation increased NRF2, aldo-keto reductase 1C1 (AKR1C1), and multidrug 
resistance gene 1 (MDR1) levels. Silencing of HAS2 or CD44 suppressed NRF2 signaling in MCF7-DR, which was accompa-
nied by increased doxorubicin sensitivity. The treatment with a HAS2 inhibitor, 4-methylumbelliferone (4-MU), decreased NRF2, 
AKR1C1, and MDR1 levels in MCF7-DR. Subsequently, 4-MU treatment inhibited sphere formation and doxorubicin resistance in 
MCF7-DR. The Cancer Genome Atlas (TCGA) data analysis across 32 types of tumors indicates the amplification of HAS2 gene 
is a common genetic alteration and is negatively correlated with the overall survival rate. In addition, high HAS2 mRNA levels are 
associated with increased NRF2 signaling and poor clinical outcome in breast cancer patients. Collectively, these indicate that 
HAS2 elevation contributes to chemoresistance and sphere formation capacity of drug-resistant MCF7 cells by activating CD44/
NRF2 signaling, suggesting a potential benefit of HAS2 inhibition. 
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The transmembrane molecule, cluster of differentiation 44 
(CD44), senses tumor microenvironmental changes by bind-
ing to ECM components, such as HA, and transduces extra-
cellular signals to regulate tumor progression. For example, 
HA-activated CD44 signaling was observed to provoke tumor 
progression by inducing oncogenic events, including RhoGT-
Pase and matrix metalloproteinase (MMP) signaling (Yu and 
Stamenkovic, 1999; Bourguignon, 2008; Orgaz et al., 2014). 
Elevated expression levels of HAS2 and CD44 have been 
detected in aggressive breast cancer cells (Udabage et al., 
2005). Perturbation of HA-CD44-binding inhibits anchorage-
independent growth and metastasis in several cancer cells 
(Bartolazzi et al., 1994; Peterson et al., 2000; Ahrens et al., 
2001; Ghatak et al., 2002). Furthermore, the HA-CD44 com-
plex promotes multidrug resistance through the expression 
of drug efflux transporters. Cross-linking of HA with CD44 in-
duces the nuclear complex formation of NANOG and signal 
transducer and activator of transcription protein-3 (STAT-3), 
and this complex activates the expression of multidrug resis-
tance gene 1 (MDR1) in breast cancer cells (Bourguignon 
et al., 2008). In lung cancer cells, CD44 overexpression in-
creases the level of multidrug resistance-associated protein 2 
(MRP2) on HA-coated culture plates and induces anticancer 
drug resistance (Ohashi et al., 2007).

Nuclear factor erythroid 2-like 2 (NFE2L2; NRF2) is a key 
transcription factor that protects cells against oxidative stress 
by enhancing cytoprotective genes harboring antioxidant re-
sponse elements (AREs) on their promoters. Under oxidative/
electrophilic stress, NRF2 is sequestered from the Kelch-like 
ECH-associated protein (KEAP1), and transported to the nu-
cleus, where it regulates the expression of phase 2 detoxifying 
enzymes (e.g., aldo-keto reductase 1C1 [AKR1C1], NAD(P)
H quinone oxidoreductase-1 [NQO1]), antioxidant proteins 
(e.g., glutamate-cysteine ligase modulatory subunit [GCLM]), 
and drug efflux transporters (e.g., MDR1, breast cancer re-
sistance protein [BCRP]) (Cho and Kleeberger, 2020; Otsuki 
and Yamamoto, 2020). During the last decade, accumulating 
evidence has indicated that aberrant activation of NRF2 fa-
cilitates tumor growth and survival by inducing cytoprotective 
genes in cancer cells (Shibata et al., 2008; Wang et al., 2008; 
Choi et al., 2021a). Similarly, our previous studies showed 
that silencing of NRF2 gene in cancer cells reduced the tumor 
growth and resistance to anticancer drug treatment (Kim et al., 
2011; Choi et al., 2014).

Recently, our findings revealed an association between 
CD44/NRF2 and cancer stem cell (CSC)-like properties of 
breast cancer cells (Ryoo et al., 2018). The CD44high breast 
CSC-enriched system showed that CD44-mediated NRF2 ac-
tivation contributed to the development of CSC-like properties, 
such as sphere-forming capacity and resistance to antican-
cer drugs and oxidative stress. However, the involvement of 
microenvironmental factors, such as HA, in the CD44/NRF2 
axis is not yet fully understood. In the current study, we in-
vestigated the linkage between HA and CD44/NRF2-induced 
chemoresistance using doxorubicin-resistant breast and gas-
tric cancer cells and investigated the potential benefit of HAS 
inhibition for the control of chemoresistance of NRF2high can-
cer cells. 

MATERIALS AND METHODS

Materials
Doxorubicin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT), 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), 
geneticin, hyaluronic acid sodium salt with extra-low molecular 
weight (8,000-15,000 Da), 4-MU, Mission Lentiviral Packag-
ing mix, and hexadimethrine bromide were purchased from 
Sigma-Aldrich (Saint Louis, MO, USA). Fluorescein isothiocya-
nate (FITC)-conjugated CD44 antibody was purchased from 
BioLegend (San Diego, CA, USA). Additionally, 6-Carboxy-
2’,7’-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) 
was purchased from Life Technologies (Carlsbad, CA, USA). 
Antibodies recognizing NRF2 and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Antibodies against MDR1 
and CD44 were from Cell Signaling Technology (Danvers, MA, 
USA). Anti-AKR1C1 was purchased from Abnova (Walnut, CA, 
USA), and anti-HAS-2 antibody was purchased from Abcam 
(Cambridge, MA, USA). The SYBR premix ExTaq system was 
obtained from Takara Bio Inc. (Otsu, Japan). The fluorescent 
dye Hoechst 33342 was obtained from Thermo Fisher Scientific 
Inc. (Waltham, MA, USA).

Cell culture
The human breast cancer cell line MCF7 was obtained from 

the American Type Culture Collection (Rockville, MD, USA). 
Doxorubicin-resistant MCF7-DR cell lines were gifted by Dr. 
Keon Wook Kang (Seoul National University, Seoul, Korea). 
SNU620 and SNU620-DR cell lines were purchased from 
the Korean Cell Line Bank (Seoul, Korea). MCF7/MCF7-DR 
cells were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM), and SNU620/SNU620-DR cells were maintained in 
Roswell Park Memorial Institute (RPMI) 1640 medium. Both 
media were supplemented with 10% fetal bovine serum (FBS; 
Hyclone, Logan, UT, USA) and penicillin/streptomycin (Wel-
Gene Inc., Daegu, Korea). The cells were maintained at 37°C 
in an atmosphere of 5% carbon dioxide (CO2).

HAS2 overexpression
The HAS2 cDNA open reading frame (ORF) clone (cat. 

RG224227), and empty control pCMV6-AC-GFP vector 
(catalog number: PS100010) were purchased from OriGene 
(Rockville, MD, USA). Lentiviral particles were produced in 
HEK293T cells following transfection with HAS2-subcloned 
pCMV6-AC-GFP (HAS2-ov) or the empty vector, and a lentivi-
ral packaging kit (Sigma-Aldrich), as described by the manu-
facturer. MCF7-DR cells were infected with lentiviral particles 
in the presence of 8 µg/mL hexadimethrine bromide. Trans-
duction was continued for 48 h, followed by 24 h recovery 
in complete medium. For the selection of stable transgene-
expressing cells, geneticin (G418, 500 µg/mL) was incubated 
for up to 1 month.

Real-time reverse transcription-polymerase chain 
reaction (RT-PCR)

Total RNA was extracted from the seeded cells using TRIzol 
reagent (Thermo Fisher Scientific Inc.). For cDNA synthesis, 
RT reactions were performed by incubating 200 ng of the to-
tal RNA with a reaction mixture, which contained 0.5 µg/µL 
oligo dT12-18 and 200 U/µL Moloney murine leukemia virus 
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RT (Life Technologies). Real-time PCR was performed using 
a Roche Light Cycler (Mannheim, Germany) with the Takara 
SYBR Premix ExTaq System (Takara Bio Inc.) (Ryu et al., 
2020). Primers were synthesized by the Bioneer Corporation 
(Daejeon, Korea), and the primer sequences for the human 
NRF2, AKR1C1, CD44, MDR1, HAS1-3 and hypoxanthine 
phosphoribosyltransferase-1 (HPRT1) are as follows: NRF2, 
5’-ATAGCTGAGCCCAGTATC-3’ and 5’-CATGCACGT-
GAGTGCTCT-3’; AKR1C1, 5’-CGAGAAGAACCATGGGTG-
GA-3’ and 5’-GGCCACAAAGGACTGGGTCC-3’; CD44, 
5’- CGGACACCATGGACAAGTTT-3’ and 5’- GAAAGCCTT-
GCAGAGGTCAG-3’; MDR1, 5’-CTATGCTGGATGTTTC-
CGGT-3’ and 5’-TCTTCACCTGGCTCAGT’-3’; HAS1, 
5’-TACTTTTGGGGATGACCGGC-3’ and 5’-AAGTAC-
GACTTGGACCAGCG-3’; HAS2, 5’-CCATGGTTGGAGGT-
GTTGGG-3’ and 5’-CTGTACATTCCCAGAGGTCCAC-3’; 
HAS3, 5’-GCGATTCGGTGGACTACATC-3’ and 5’-CG-
TACTTGTTGAGGATCTGGAC-3’; HPRT1, 5’-TGGCGTCGT-
GATTAGTGATG-3’ and 5’-GCTACAATGTGATGGCCTCC-3’.

HA measurement
Cells (5×105) were incubated in media without serum for 

48 h. Then, the supernatant was collected for enzyme-linked 
immunosorbent assay (ELISA) analysis and particulates were 
removed by centrifugation. Plasma HA levels were deter-
mined by ELISA using a Quantikine Hyaluronan Immunoas-
say Kit (cat. DHYAL0; R&D Systems, Abingdon, UK), accord-
ing to the manufacturer’s protocol. Optical density values were 
determined using SPECTRO StarNano (BMG LABTECH GmbH, 
Allmendgruen, Ortenberg, Germany) to read the absorbance 
at 450 and 570 nm. 

Western blotting
Cells were lysed with radioimmunoprecipitation assay 

(RIPA) lysis buffer (50 mM Tris [pH 7.4], 150 mM sodium chlo-
ride (NaCl), 1 mM ethylenediaminetetraacetic acid (EDTA), 
and 1% nonidet P-40 [NP-40]) containing a protease inhibitor 
cocktail (Sigma-Aldrich). The protein concentration was de-
termined using a bicinchoninic acid assay (BCA) kit (Thermo 
Scientific, Middletown, VA, USA). The protein samples were 
separated by electrophoresis on 6-12% sodium dodecyl sul-
fate (SDS)-polyacrylamide gels and transferred to nitrocellu-
lose membranes (Whatman GmbH, Dassel, Germany) using 
a Trans-Blot Semi-Dry Cell (Bio-Rad). The membrane was 
blocked with 3% bovine serum albumin (BSA) for 1 h and 
incubated with the antibodies. Following the addition of the 
enhanced chemiluminescence reagent (Thermo Scientific), 
images were acquired using a GE Healthcare LAS-4000 mini 
imager (GE Healthcare Sciences, Piscataway, NJ, USA).

MTT/MTS assay
Cells were seeded at a density of 5×103 cells/well in 96-well 

plates. After 24 h of incubation, the cells were treated with 
doxorubicin, with or without 4-MU. Then, 2 mg/mL of MTT 
solution (for MCF7/MCF7-DR cells) or 20 µL of MTS reagent 
(for SNU620/SNU620-DR cells) was added to each well, and 
cells were incubated for an additional 3 h. MTT reagent was 
removed after incubation and 100 µL of dimethyl sulfoxide was 
added to each well (Lee et al., 2020; Choi et al., 2021b). The 
absorbance was measured at 540 nm (MTT assay) or 490 
nm (MTS assay) using SPECTRO StarNano (BMG LABTECH 
GmbH).

siRNA transfection
Predesigned siRNAs for HAS2, NRF2, CD44 and a scram-

bled control were obtained from Bioneer Corporation. Cells 
were seeded in 6-well plates and transfected with siHAS2, 
siNRF2, siCD44 or siCTRL using Lipofectamine 2000 reagent 
(Life Technologies). The next day, the reagent-containing me-
dia were removed and cells were recovered with fresh me-
dium.

Immunocytochemical analysis
Cells were plated at a density of 5×103 cells/well on cover 

glass slides. The cells were washed with cold phosphate-buff-
ered saline (PBS) three times and fixed in cold methanol for 
10 min. Then, anti-HAS2 antibody (1:200) was incubated in 
fixed cells at 4°C overnight. The next day, cells were washed 
with PBS and incubated with Alexa Fluor 488 conjugate-DAM 
IgG anti-mouse antibody (1:500) at room temperature for 1 h. 
For nuclear staining, incubation with Hoechst 33342 was per-
formed for 10 min. Fluorescence images were obtained using 
LSM 710 confocal microscope (Carl Zeiss, Jena, Germany) 
(Jung et al., 2017). 

Flow cytometry
Cells were detached using 0.05% trypsin-ethylenediamine-

tetraacetic acid (EDTA) solution and resuspended in cold PBS 
containing 2% FBS. Cells were stained with FITC-conjugated 
CD44 antibody for 30 min. After washing with PBS, cells were 
analyzed using a Becton-Dickinson FACSCanto (Becton-Dick-
inson, Milan, Italy) or CytoFLEX (Beckman-Coulter, CA, USA) 
as described previously (Ryoo et al., 2018). Data analysis was 
performed using FACSDiva (Becton-Dickinson) or CytExpert 
software (Beckman-Coulter), respectively.

Reactive oxygen species (ROS) measurement
Cellular ROS levels were determined using fluorescent car-

boxy-H2DCFDA, as described previously (Ryoo et al., 2018). 
Briefly, the cells were incubated with 30 µM carboxy-H2DCF-
DA for 30 min, and fluorescence intensity was measured us-
ing a 488 nm laser source in a Becton-Dickinson FACSCanto. 
Data were analyzed using the FACSDiva (Becton-Dickinson).

Sphere culture 
Cells were seeded at a density of 2×104 cells/mL in 96-well 

ultralow attachment plates (Corning Costar Corp., Cambridge, 
MA, USA) and grown in a serum-free DMEM and Nutrient Mix-
ture F-12 medium supplemented with B27 (1:50, Life Tech-
nologies), 20 ng/mL epithelial growth factor (EGF), 20 ng/
mL basic fibroblast growth factor (R&D System, Minneapolis, 
MN, USA), 5 µg/mL bovine insulin (Cell Application Inc., San 
Diego, CA, USA), 0.5 µg/mL hydrocortisone (Sigma-Aldrich), 
and penicillin/streptomycin (HyClone) as described previously 
(Ryoo et al., 2018). Cells were grown for 3 d for sphere for-
mation, and spheroids were detected using a Carl Zeiss Pri-
movert Microscope (Carl Zeiss).

cBioPortal analysis for the correlation between HAS2 and 
NRF2 in the cancer genome

To evaluate the HAS2 gene alteration rates in 32 types of 
tumors, we downloaded The Cancer Genome Atlas (TCGA) 
Pan-Cancer Atlas data: Adrenocortical Carcinoma (n=92), 
Cholangiocarcinoma (n=36), Bladder Urothelial Carcinoma 
(n=411), Colorectal Adenocarcinoma (n=594), Breast Invasive 
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Carcinoma (n=1,084), Brain Lower Grade Glioma (n=514), 
Glioblastoma Multiforme (n=592), Cervical Squamous Cell 
Carcinoma (n=297), Esophageal Adenocarcinoma (n=182), 
Stomach Adenocarcinoma (n=440), Uveal Melanoma (n=80), 
Head and Neck Squamous Cell Carcinoma (n=523), Kidney 
Renal Clear Cell Carcinoma (n=512), Kidney Chromophobe 
(n=65), Kidney Renal Papillary Cell Carcinoma (n=283), Liver 
Hepatocellular Carcinoma (n=372), Lung Adenocarcinoma 
(n=566), Lung Squamous Cell Carcinoma (n=487), Diffuse 
Large B-Cell Lymphoma (n=48), Acute Myeloid Leukemia 
(n=200), Ovarian Serous Cystadenocarcinoma (n=585), Pan-
creatic Adenocarcinoma (n=184), Mesothelioma (n=87), Pros-
tate Adenocarcinoma (n=494), Skin Cutaneous Melanoma 
(n=448), Pheochromocytoma and Paraganglioma (n=178), 
Sarcoma (n=255), Testicular Germ Cell Tumors (n=149), Thy-
moma (n=123), Thyroid Carcinoma (n=500), Uterine Corpus 
Endometrial Carcinoma (n=529), and Uterine Carcinosar-
coma (n=57). Kaplan-Meier survival estimates were obtained 
by log-rank nonparametric test in the cBioPortal (http://www.
cbioportal.org). Transcript abundance of ARK1C1 and GCLM 
has been estimated using RNA-Seq by Estimation Maximiza-
tion (RSEM) algorithm in log2 scale. P-values are derived from 
Student’s t-test, and q-values are generated from Benjamini-
Hochberg procedure. Analyzed data were adopted and visual-
ized from cBioportal.

Statistical analysis
Statistical significance was analyzed using Student’s t-test 

or one-way analysis of variance followed by the Student New-
man-Keuls test for multiple comparisons using Prism software 
(GraphPad Prism, La Jolla, CA, USA). 

RESULTS

Doxorubicin-resistant MCF7 cells exhibit increased HA 
synthesis via upregulation of HAS2 

MCF7-DR cells demonstrated increased cell viability follow-
ing a 72 h incubation with doxorubicin (Supplementary Fig. 
1). Similar to our previous report (Ryoo et al., 2018), we con-
firmed the elevated CD44 levels in MCF7-DR cells using west-
ern blotting (Fig. 1A). Flow cytometric analysis also showed 
that over 95% of MCF7-DR cells were CD44-positive cells, 
while >90% of MCF7 cells were CD44-negative (Fig. 1B). HA 
is a major ligand for CD44; therefore, we compared HA levels 
in MCF7-DR cells with those in MCF7 cells. The measure-
ment showed that MCF7-DR cells retained higher HA levels 
than MCF7 cells, in accordance with a higher CD44 levels 
(Fig. 1C). There are three subtypes of HAS genes encoding 
mammalian HAS1, HAS2, and HAS3 (Itano et al., 1999). To 
identify which HAS isotype is responsible for the increased 
levels of HA in MCF7-DR cells, we measured the mRNA lev-
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els of HAS1-3 by RT-PCR analysis. Among all subtypes of 
HASs, HAS2 and HAS3 were increased, and HAS2 mRNA 
levels increased 30-fold in MCF7-DR cells compared to MCF7 
cells. HAS1 was rarely expressed in either cell line (Fig. 1D). 
Western blotting analysis showed that HAS2 protein levels 
were elevated in MCF7-DR cells (Fig. 1E), and immunocyto-
chemical analysis confirmed the increase in HAS2 levels in 
MCF7-DR cells (Fig. 1F). Collectively, these results indicate 
that doxorubicin-resistant MCF7-DR cells exhibit high levels 
of HA along with elevated CD44, and increased HAS2 expres-
sion may be responsible for HA elevation.

HA/CD44 mediates NRF2 activation in MCF7-DR cells 
Activated NRF2 signaling contributes to chemoresistance 

in many types of cancer cells (Choi and Kwak, 2016). Similar 
to our previous study (Ryoo et al., 2018), transcript levels of 
NRF2 and its target AKR1C1 were elevated by 2- and 6-fold, 
respectively, in MCF7-DR cells compared to those in MCF7 
cells (Fig. 2A). In the measurement of drug efflux transport-
ers, including MDR1, MRP1, MRP2, and BCRP, MDR1 lev-
els were substantially increased in MCF7-DR cells (Fig. 2B). 
Consistent with these results, MCF7-DR cells exhibited higher 
levels of NRF2, AKR1C1, and MDR1 proteins in immunoblot-
ting analysis (Fig. 2C). When NRF2 expression was silenced 
in MCF7-DR cells, doxorubicin sensitivity was significantly en-
hanced (Fig. 2D), indicating the role of increased NRF2 sig-
naling in the drug resistance of MCF7-DR cells. 

Next, to elucidate the effect of HA on NRF2 signaling, we 
incubated MCF7-DR cells with HA. Immunoblotting analysis 
revealed that the protein levels of NRF2, AKR1C1, and MDR1 
were further increased by HA in a concentration-dependent 

manner (Fig. 2E). However, there was no significant change 
in CD44 protein expression after HA treatment. These results 
suggest that the HA/CD44 axis is involved in NRF2 activation 
in MCF4-DR cells.

High HAS2 expression is responsible for NRF2 activation 
and drug resistance in MCF7-DR cells

To investigate the direct role of CD44 on NRF2 signaling, 
we silenced CD44 expression in MCF7-DR cells (Fig. 3A). 
When MCF7-DR cells were transiently transfected with CD44 
siRNA (siCD44), NRF2 levels were diminished, which is simi-
lar to the observation made in CSC-enriched breast cancers 
(Ryoo et al., 2018); however, HAS2 levels were not affected 
by CD44 silencing (Fig. 3B). Moreover, HA treatment (50 µg/
mL) did not show elevations in NRF2 and AKR1C1 in CD44-
silenced cells, which indicates HA-induced NRF2 activation 
is CD44-dependent (Fig. 3C). p62 has been suggested as a 
noncanonocal NRF2 regulator. High levels of p62 competes 
with NRF2 for KEAP1 binding, which results in NRF2 libera-
tion and subsequent nuclear accumulation (Komatsu et al., 
2010; Lau et al., 2010). Our previous study has shown that 
p62 levels were elevated in CD44high CSC-enriched breast 
cancer cells, and p62-silencing could repress NRF2 signaling, 
which indicates the critical role of p62 in CD44-meidated NRF2 
activation (Ryoo et al., 2018). In line with this, HA treatment 
increased p62 levels in the nonspecific RNA-transfected DR 
cells, whereas, p62 levels were increased in CD44-silenced 
cells (Fig. 3D). These data indicate that HA-mediated CD44 
stimulation led to p62-associated NRF2 activation.

Next, to determine whether increased HAS2 expression 
is involved in NRF2 activation and doxorubicin resistance in 
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MCF7-DR cells, HAS2 expression was silenced in MCF7-DR 
cells (Fig. 3E). Immunoblotting analysis showed that CD44 
expression was not affected by HAS2-silencing (Fig. 3F). No-
tably, levels of NRF2, AKR1C1, and MDR1 were all reduced 
following a loss of HAS2 (Fig. 3G, 3H), which implies a criti-
cal role of HAS2 in the NRF2-mediated cancer phenotype. In-
deed, cell viability following a 72 h incubation with doxorubicin 
was repressed in HAS2-silenced MCF7-DR cells compared to 
the non-specific siRNA-transfected cells (Fig. 3I). These data 
suggest that elevated HAS2 levels are responsible for NRF2 
activation and subsequent doxorubicin resistance in MCF7-
DR cells. 

Pharmacological inhibition of HAS2 leads to the 
sensitization of MCF7-DR cells to doxorubicin 

Next, to confirm the role of HAS2 in NRF2 activation and 
doxorubicin resistance in MCF7-DR cells, we applied 4-MU, 
a pharmacological inhibitor of HAS2. When MCF7-DR cells 
were treated with 4-MU (0.5 mM) for 24 h, HAS2 protein levels 
were significantly decreased (Fig. 4A). In line with this, the 
protein levels of NRF2, AKR1C1, and MDR1 were reduced 
in 4-MU-treated MCF7-DR cells (Fig. 4B). As a result of de-
creased NRF2 target gene expression, cellular ROS levels 
were found to be higher in 4-MU-treated MCF7-DR cells than 
the vehicle-treated MCF7-DR cells (Fig. 4C). As a phenotypic 
effect, 4-MU treatment suppressed the sphere formation ca-

pacity of MCF7-DR cells (Fig. 4D). The average diameters of 
the vehicle-treated and 4-MU- treated MCF7-DR cells were 67 
and 32 µm, respectively. Additionally, when MCF7-DR cells 
were co-incubated with 4-MU and doxorubicin (2 µM) for 24 
h, doxorubicin-induced cytotoxicity was significantly enhanced 
compared to the doxorubicin-treated group (Fig. 4E). These 
results show that the pharmacological inhibition of HAS2 
could render drug-resistant cancer cells more susceptible to 
doxorubicin treatment via the inhibition of NRF2 signaling.

HAS2 overexpression mediates NRF2 activation in MCF7-
DR cells

Considering the relationship between HAS2 and doxorubi-
cin resistance, we attempted to elucidate the effect of HAS2 
overexpression. Forced expression of HAS2 in MCF7-DR 
cells (HAS2-ov) resulted in increased HAS2 mRNA levels 
and HA concentration (Fig. 5A, 5B), and led to the increase 
in NRF2, AKR1C1, and MDR1 levels, without altering CD44 
levels (Fig. 5C), thereby confirming the relationship between 
HAS2 expression and NRF2 activation. 

Whether HAS2high cells affect neighboring cancer cells for 
the enhanced aggressive phenotype is still unknown. As we 
observed that a significant amount of HA was synthesized by 
HAS2 in HAS2-overexpressed cells (HAS2-ov), we cultured 
MCF7-DR cells using HA-enriched medium (conditioned me-
dium from HAS2-ov culture) and the effect on NRF2 and drug 
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sensitivity was monitored. When MCF7-DR cells were incu-
bated with the HA-enriched conditioned medium, the protein 
levels of NRF2 increased (Fig. 5D), and doxorubicin-induced 
cytotoxicity was reduced (Fig. 5E). These observations imply 
the potential interaction of HAS2high cells with neighboring can-
cer cells for the acquisition of drug resistance through NRF2 
activation within the tumor microenvironment.

HAS2 inhibition sensitizes the drug-resistant gastric 
cancer SNU620-DR cells to doxorubicin

Next, to confirm the relationship between HAS2 and NRF2/
chemoresistance, we used additional resistant cancer cell 
lines. SNU620-DR, a gastric cancer cell line harboring doxo-
rubicin resistance, showed increased cell viability after 72 h of 
incubation with doxorubicin (Fig. 6A). Compared to the paren-
tal cell line, basal protein levels of NRF2, AKR1C1, and CD44 
were higher in SNU620-DR cells (Fig. 6B), and flow cytometry 
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analysis showed that 85.82% of SNU620 DR cells retained 
CD44-positive population, while only 26.90 % of SNU620 pa-
rental cells were CD44-positive (Fig. 6C). Consistently, HAS2 
and HA concentrations were elevated in SNU620-DR cells 
(Fig. 6D, 6E). Similar to MCF7-DR cells, genetic silencing or 
pharmacological inhibition of HAS2 decreased NRF2 expres-
sion (Fig. 6F, 6G). When SNU620-DR cells were treated with 
4-MU for 24 h, these cells showed increased sensitivity to 
doxorubicin treatment compared to the vehicle-treated group 
(Fig. 6H). These results confirm that targeting HAS2 might be 
an effective strategy to overcome the anticancer resistance of 
NRF2high cancers. 

High HAS2 levels are associated with activation of NRF2 
signaling and poor clinical outcome in patients with 
breast cancer 

To investigate the clinical importance of HAS2 in tumor 
patients, we analyzed clinical data using cBioportal platform. 
TCGA Pan-Cancer Atlas data analysis across 32 types of can-
cer revealed a higher alteration frequency of HAS2 genes in 
several tumors (Supplementary Fig. 2). Among the genetic al-
teration types (amplification, deep deletion, mutation, structur-
al variant, and multiple alterations), gene amplification is the 
most frequent alteration type in HAS2 and, of particular, HAS2 
amplification is relatively common in patients with ovarian epi-
thelial tumor (22.86 % of 398 cases), esophageal squamous 
cell carcinoma (13.68 % of 95 cases), and invasive breast car-

cinoma (12.85 % of 996 cases) (Fig. 7A). We assessed the 
clinical relationship between HAS2 amplification and overall 
survival of cancer patients by Kaplan-Meier estimate analy-
sis. It revealed a shorter overall survival rate in patients with 
amplified HAS2 gene (median survival months=74.73) com-
pared to those with unamplified HAS2 gene (median survival 
months=88.86) (Fig. 7B).

Next, we specifically analyzed breast TCGA data for pa-
tients with breast invasive carcinoma. Among 996 breast 
cancer patients, 22 patients exhibited higher HAS2 mRNA 
levels (z-score >=2) compared to the unaltered mRNA 
group. We additionally found that HAS2-high breast cancer 
patients showed a shorter overall survival rate (median sur-
vival months=91.99) than the unaltered HAS2 gene group 
(median survival months=130.16) (Fig. 7C). Moreover, HAS2 
mRNA levels were associated with increased mRNA levels of 
AKR1C1 and GCLM in these patients. Mean log2 mRNA ex-
pressions of AKR1C1 were 6.34, and 7.32 in the unaltered 
and HAS2-high group, respectively (Fig. 7D). GCLM mRNA 
levels were also higher in the HAS2-high patients compared to 
the unaltered group (Fig. 7E). Collectively, these results dem-
onstrate that HAS2 expression is related to activation of NRF2 
signaling, and higher HAS2 levels are associated with poor 
clinical outcomes in breast cancer patients. 
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DISCUSSION

Despite tremendous advances in anticancer therapeutic 
strategies, tumor resistance continues to be a principal lim-
iting factor for successful cancer treatment. Recent studies 
indicate that the tumor microenvironment can be a promising 
target for overcoming tumor resistance (Son et al., 2017; Ba-
laji et al., 2021). HA is an important component of the extracel-
lular matrix and is composed of the tumor microenvironment. 
HA maintains tissue integrity and intracellular activities, such 

as cell-to-cell adhesion, wound healing, and morphogenesis 
(Prestwich, 2011). In particular, HA contributes to cancer cell 
growth, progression, and malignancy in several cancer types. 
For example, breast cancer cells exhibit high HA levels, which 
are related to breast cancer growth and progression (Auvin-
en et al., 2013; Bohrer et al., 2014). Clinically, high levels of 
HA secreted from malignant tumors are associated with poor 
prognosis (Ropponen et al., 1998; Anttila et al., 2000; Auvinen 
et al., 2000).

CD44 is an important cell surface receptor for HA. Consid-
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ering that high levels of HA are detected in the tumor stroma, 
high CD44 expression contributes to HA-mediated cellular sig-
naling in cancer (Bourguignon et al., 2003, 2014). HA/CD44 
interaction initiates the Src-ERK signaling cascade, which, in 
turn, maintains AKT and mTOR activity (Yang et al., 2020). 
HA binding to CD44 in breast tumor cells activates transform-
ing growth factor-β (TGF-β) receptor signaling, which subse-
quently increases Smad2/3 phosphorylation (Bourguignon 
et al., 2002). Furthermore, it is known that the subpopula-
tion of CD44-positive cells demonstrates CSC phenotypes, 
such as self-renewal and differentiation capacity. Takaishi et 
al. (2009) reported that all SCID mice implanted with CD44-
positive gastric cancer cell fraction could develop tumors in 
the skin and stomach, whereas CD44-negative cells did not 
generate tumors. In addition, the CD44-positive subpopula-
tion showed much higher chemo- and radiation-resistance. 
Notably, this study showed that CD44-positive cells were sur-
rounded by a thick stroma containing numerous immune cells 
and stromal cells. These results indicate that secreted factors 
from the tumor microenvironment could mitigate CD44 regula-
tory signaling and CSC properties (Takaishi et al., 2009). The 
CD44+/CD24- population from ovarian cancer cells exhibited 
increased differentiation, invasion, and resistance to chemo-
therapy, which are related to clinical endpoints with a high risk 
of recurrence and shortened progression-free survival rate 
(Meng et al., 2012). In addition, our previous studies have 
shown that the CD44high CSC population from breast cancer 
cells displays anticancer therapy resistance owing to a high 
NRF2 level, which leads to an increased level of antioxidants 
and detoxifying enzymes. Accordingly, NRF2-knockdown at-
tenuated cancer cell proliferation and chemoresistance in this 
CD44high subpopulation (Ryoo et al., 2018). 

Since HAS2 upregulates the expression of mesenchymal 
markers, such as N-cadherin and vimentin, and the forma-
tion of invadopodia, cancer cells expressing a higher level 
of HAS2 can interact with CD44-positive cancer cells in the 
tumor microenvironment, which causes these cells to have a 
more metastatic phenotype (Sheng et al., 2021). In the current 
study, we demonstrated that enhanced HAS2 levels cause HA 
elevation, thereby activating CD44-mediated NRF2 activa-
tion, which promotes tumor resistance in breast cancer cells. 
Among the three major HASs, HAS2 was markedly upregu-
lated in two types of doxorubicin-resistant cancer cell lines 
(MCF7-DR and SNU620-DR). The direct interaction between 
HAS2 levels and tumor resistance was confirmed by the ef-
fect of pharmacologic and genetic inhibition or overexpres-
sion of HAS2. We showed higher HA levels in drug-resistant 
cancer cell lines, which correlated with NRF2 activation and 
subsequent resistance to anticancer treatment. Our results 
also clarified that 4-MU treatment led to a reduction in NRF2 
levels, which subsequently resulted in increased doxorubicin 
sensitivity. These results reveal a novel interplay between 
HAS2 and CD44/NRF2 signaling, which correlates with tumor 
resistance. In accordance with our results, increased HAS2 
levels were observed in ovarian cancer cells at recurrence fol-
lowing chemotherapy (Lokman et al., 2019). Chemoresistant 
lymphoma cells also produce higher levels of HA, with greater 
expression of HAS2 (Qin et al., 2011).

Previously, TCGA breast cancer datasets indicated that 
aberrant amplification of the HAS2 gene is involved in poor 
overall survival in patients with breast cancer. Approximately 
13 % of breast cancers show HAS2 amplification, and 25% 

of metaplastic breast cancers have HAS2 gene amplification 
(Chokchaitaweesuk et al., 2019). In our analysis, the TCGA 
dataset of cancer patients across 32 tumor types showed that 
invasive breast carcinoma was placed 3rd with a high amplifi-
cation rate of HAS2 gene followed by ovarian epithelial tumor 
and esophageal squamous cell carcinoma (Fig. 7A). HAS2 
amplification was positivelt associated with poor clinical out-
come in 32 types of tumor patients (Fig. 7B), and this relation-
ship was more evident when analyzing overall survival rate in 
breast cancer patiemts with high HAS2 mRNA levels (Fig. 7C). 
Moreover, in these breast cancer patients, there were positive 
correlation between HAS2 mRNA levels and AKR1C1 as well 
as GCLM mRNA levels (Fig. 7D), which is in line with our in 
vitro demonstrations of HAS2-meidated NRF2 signaling acti-
vation. 

It is still not clear how HAS2 is upregulated in drug-resistant 
cancer cells. Some factors are known to affect HAS2 expres-
sion. Estradiol can stimulate HAS2 mRNA expression when 
combined with insulin-like growth factor-1, insulin, and follicle-
stimulating hormone (Chavoshinejad et al., 2016). The TGF-β/
Smad4 signaling pathway can activate the HAS2-HA system 
(Li et al., 2020). In the mammalian ovary, epigenetic factor 
microRNA-574 directly inhibits HAS2 expression and subse-
quently improves oocyte maturation (Pan et al., 2018). We 
demonstrate HAS2 overexpression breast cancer cells acti-
vate NRF2 signaling (Fig. 5). Since NRF2 activation by HA 
was observed and showed resistance to chemotherapy, these 
results suggest that HA production from cancer-associated fi-
broblasts (CAFs) can activate NRF2 signaling, which causes 
tumor resistance. In this case, pharmacological inhibition of 
NRF2 or HAS2 could be a therapeutic strategy for tumor re-
sistance. 

In summary, our results indicate that increased HAS2 lev-
els lead to doxorubicin resistance in breast and gastric cancer 
cells via the activation of HA/CD44 and NRF2 signaling. These 
results provide an in-depth understanding of the interaction 
between tumor microenvironmental HA and NRF2-driven che-
moresistance, and further suggest that HAS2 is a novel target 
to control the therapeutic resistance of NRF2-high cancers.
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