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could enhance cancer invasion and migration, which sug-
gest a strong link between cell stiffness and cell malignancy 
[10, 11]. It is acknowledged that cell membrane shape and 
cytoskeleton architecture are main regulators of cell stiff-
ness [2, 12, 13]. Of note, the membrane glycocalyx (GCX), 
a polymer meshwork coating the outside of all living cells, 
is capable of regulating membrane morphology and induc-
ing cytoskeleton rearrangement [14]. Thus, it is reasonable 
to speculate that the GCX might be involved in the regula-
tion of cell mechanics. It is well known that the GCX is pri-
marily composed of membrane-bound proteoglycans, sialic 
acid-containing glycoproteins, glycolipids, and glycosami-
noglycans (GAGs) [15]. A previous study has confirmed 
that mucin, the major membrane glycoprotein, can induce 
membrane instability and cytoskeleton reorganization [14]. 
However, few investigations have been focused on the con-
tributions of GAGs in this regard.

The GAGs can be classified into four classes: chondroi-
tin sulfate/dermatan sulfate (CS/DS), heparin/heparan sul-
fate, keratan sulfate, and hyaluronan (HA) [16]. Recently, 
it has been acknowledged that the GAGs are involved in 
tumor growth, progression, metastasis, and invasion [16]. 
For example, elimination of tumor-associated GCX CS 

Introduction

Cell stiffness is one of the mechanical properties of living 
cells and plays an indispensable role in maintaining cell 
shape and characterizing various disorders, including can-
cer progression, tissue injuries, and inflammations [1, 2]. 
Accumulating studies demonstrated that circulating tumor 
cells (CTCs) and metastatic cancer cells are softer than 
their normal counterparts [3–6]. For example, highly inva-
sive breast cancer cells (BCCs) display a lower cell stiff-
ness [7–9]. Moreover, cell stiffness is thought to be a novel 
marker for cancer stem cells (CSCs) and cell softening 
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Abstract
Triple-negative breast cancer (TNBC) cells are rich in glycocalyx (GCX) that is closely correlated with the reorganization 
of cytoskeletal filaments. Most studies have focused on cell membrane glycoproteins in this context, but rarely on the 
significance of glycosaminoglycans, particularly the hyaluronan (HA)-associated GCX. Here, we reported that removal of 
GCX HA could significantly increase breast cancer cells (BCCs) stiffness, leading to impaired cell growth and decreased 
stem-like properties. Furthermore, we found that the delay of TNBC cells progression could be restored after the cells 
were re-softened. Meanwhile, in vivo studies revealed that hyaluronidase (HAase)-pretreated BCCs displayed reduced 
tumor growth and migration. Intriguingly, we identified that ZC3H12A, a zinc-finger RNA binding protein encoded gene, 
was significantly upregulated after the GCX HA impairment. Of note, knockdown of ZC3H12A could soften the HAase-
treated TNBC cells, implying a GCX HA-ZC3H12A regulation on cell stiffening. Taken together, our findings suggested 
that the breakdown of pericellular HA coat could influence TNBC cells mechanical properties which might be helpful to 
the future breast cancer research.
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could inhibit prostate cancer cell survival and tumor growth 
[17]. Besides, researches indicated that highly invasive 
cancer cells and CTCs enriched with HA matrix in bulky 
GCX are softer and possess enhanced ability of tumorigen-
esis and metastasis [18, 19]. Moreover, HA on endothelial 
cells is believed to be prominent in transducing mechanical 
forces and inducing cytoskeleton redistribution [20]. These 
findings prompted us to hypothesize that thicker GCX HA 
could regulate mechanical properties of cancer cells. Here, 
we aim to investigate the detailed mechanism underlying 
GCX HA associated cell stiffness in affecting BCCs activity 
and survival.

Materials and methods

Cell cultures and treatments

The breast cancer cell lines (MCF10A, T-47D, MCF-
7, MDA-MB-468, BT-549, MDA-MB-231, Hs578T, 
SUM159PT) used in this study were purchased from the 
Cell Bank of the Type Culture Collection of the Chinese 
Academy of Sciences and have been authenticated through 
STR profiling within the last 3 years. All media were sup-
plemented with 10% standard fetal bovine serum (FBS), 1% 
penicillin/streptomycin (pen/strep) unless otherwise stated. 
Detailed culture conditions of different cell lines were listed 
in Supplementary Table 1. All cultured cells were main-
tained at 37°C in humidified air with 5% CO2. Basal media, 
FBS, and pen/strep were all obtained from Gibco.

Bovine testes hyaluronidase (H3506, Sigma, USA) was 
treated at a final concentration of 500 µg/ml for 24 h. Cyto 
D (HY-N6682, MedChemExpress, USA) was treated at a 
final concentration of 0.01 µM for 24 h.

HAS2 knockout and overexpression

Knockout of HAS2 in MDA-MB-231 cells was achieved by 
co-transfection of the HAS2 CRISPR/Cas9 KO Plasmid (sc-
401032) and the HAS2 HDR Plasmid (sc-401032-HDR), 
which were purchased from Santa Cruz Biotechnology 
(USA). Transfection procedures were performed using 
UltraCruz Transfection Reagent (sc-395739, Santa Cruz, 
USA) according to the manufacturer’s instructions. Follow-
ing a period of 48 h, cells were selected in media contain-
ing 2 µg/ml puromycin (ant-pr-1, Invivogen, CA) to obtain 
MDA-MB-231 HAS2-KO cell line. The HAS2-overex-
pressed MCF-7 (MCF-7 HAS2-OE) cell line was previ-
ously established [21]. The efficiency of HAS2 knockout 
and overexpression was validated by western blot.

Immunofluorescence

Cells were cultured in 96-well plates with glass bottom, fixed 
with 4% paraformaldehyde, permeabilized in 0.2% Triton 
X-100 and blocked with 5% BSA. Then, cells were stained 
with hyaluronic acid binding protein (HABP, 1:50, 385911, 
sigma, USA) overnight at 4°C followed by an incubation 
with Alexa Fluor 594 Streptavidin (1:1000, 35107ES60, 
YEASEN, Shanghai) for 1 h at room temperature. For the 
detection of F-actin, cells were stained with Phalloidin-
iFluor 647 reagent (1:1000, ab176759, Abcam, UK) for 1 h 
at room temperature. In addition, vinculin (1:400, V9131, 
Sigma-Aldrich, USA) and p-paxillin (1:500, 69363, CST, 
USA) staining were used to detect focal adhesion (FA) of 
cells. FA numbers and areas were analyzed using the Focal 
Adhesion Analysis Server (http://faas.bme.unc.edu/) [22]. 
Images were analyzed under a confocal microscope (Nikon 
A1, Japan). The line scan intensity analysis of F-actin was 
performed by Image J software.

Patients and specimens

Specimens were obtained from triple-negative breast cancer 
(TNBC) and luminal breast cancer patients (10 specimens 
for each group) according to a standard clinical protocol 
and were stored at -80°C. The informed consents had been 
signed by all patients in accordance with the Declaration of 
Helsinki of the World Medical Association. The study was 
approved by the ethical committee of Shanghai Sixth Peo-
ple’s Hospital Affiliated to Shanghai Jiao Tong University 
School of Medicine.

AFM indentation assay

In the experiments, the contact mode was carried out with a 
NanoWizard Sense+ (Bruker, Germany) atomic force micro-
scope (AFM) mounted on an inverted microscope (Olympus 
IX 81, Japan) on a vibration isolation table. In this study, 
two different probes were used to perform the indentation 
assay. One is the MLCT-BIO probe (Bruker) with a triangu-
lar tip shape, which has a pre-calibrated spring constant of 
0.1 N/m. The other one is the MLCT-SPH-10 μm probe with 
a 10 μm-radius spherical tip, the spring constant of which 
is pre-calibrated as 0.104  N/m. We first used the MLCT-
BIO probe to conduct force mapping in a 4 μm×4 μm area 
(25 × 25 force curves) from over 10 cells for each groups. 
The cells were maintained at 37℃ during indentation using 
the BioCell (Bruker, Germany). Force mapping images of 
Young’s modulus were acquired by fitting to Hertz model 
with a tip angle of 19 (half-angle to face) and a poisson ratio 
of 0.50, which were processed by the JPK SPM Data Pro-
cessing software.
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Then, we utilized the MLCT-SPH-10 μm probe to carry 
out force spectroscopy experiment from 50 cells (10 curves 
per cell) for each experimental group. During the indenta-
tion assay, we ensured that the applied force was sufficient 
to induce an indentation range of 1.5–2 μm in the Z length 
to make sure that the cytoplasm can undergo deformation. 
Indentation of individual cells was conducted under a pie-
zoactuated displacement rate of 2 μm/s until reaching a set 
point of constant force (3 nN for MDA-MB-231 cells and 
1.5 nN for MCF-7 cells). The cells were maintained at 37℃ 
during indentation. The Hertz model was fit to the approach 
force-indentation curves to calculate the cellular Young’s 
modulus using the JPK SPM Data Processing software. The 
Poisson’s ratio was taken as 0.5 and the force-indentation 
curves were plotted by Origin Pro (Ozapin Lab, Northamp-
ton, USA).

3D‑Structural illumination Microscopy (3D‑SIM)

The glycocalyx of the indicated cells was stained with 
HABP (1:50) directly after fixation overnight at 4°C. Then 
the cells were incubated with Alexa Fluor 594 Streptavidin 
at room temperature for 1 h. A 3D-SIM Nikon A1 micro-
scope was used to capture the images with a 100 × oil 
immersion objective. The measurements of GCX HA thick-
ness were conducted on 20 cells (15 points per cell) from 
each group. As it was difficult to distinguish the glycoca-
lyx-cytosol boundary of the pseudopodia clearly, we then 
excluded them from the measurements.

Tumor sphere formation

Cells were seeded on ultra-low attachment 6-well plates 
(3471, Corning, USA) at a density of 5000 cells/well 
in DMEM/F12 medium supplemented with B27 (1:50, 
12587010, Invitrogen, USA), 20 ng/ml epidermal growth 
factor (Peprotech, Germany) and 20 ng/ml basic fibroblast 
growth factor (Peprotech, Germany) for 14 days, media 
were changed every three days. Then, tumor spheres greater 
than 50  μm were counted and imaged under an inverted 
microscope (Olympus, Japan).

Paclitaxel (PTX) sensitivity assay

Cells were seeded on 96-well plates at a density of 5000 
cells/well for 24 h and were pretreated with or without hyal-
uronidase (HAase) for an additional 24  h. Then, various 
concentrations (5 nM, 10 nM, 20 nM, and 30 nM) of pacli-
taxel (PTX, HY-B0015, MedChemExpress, USA) were 
added. After 48  h incubation, the CCK8 reagent (CK04, 
Dojindo, Japan) was added into each well according to the 
manufacturer’s instructions. The plates were then incubated 

at 37°C for 2 h to measure the cell viability. The absorbance 
was measured at 450 nm by a microplate absorbance reader 
(Bio-Rad Laboratories, Inc).

3D cell migration model

The Matrigel (354234, Corning, USA) was used to construct 
the 3D cell migration model according to the protocol by 
prior research [23]. A volume of 50 µl Matrigel was added 
into the 96-well plate and incubated for 1 h at 37℃. Then, a 
50 µl mixture of cell suspension-Matrigel (1:1, 5000 cells/
well) was added to each well and cultured at 37℃ over-
night. Subsequently, the culture medium was added to the 
plate and cultured for over 48 h until observation by a Nikon 
Eclipse Ni-U upright microscope (Nikon, Japan).

Wound-healing assay

Cells were grown to 100% confluent in 24-well plates 
with 10% FBS supplement. Then, the confluent cells were 
wounded with a sterile pipette tip and washed with PBS 
to remove the mechanically detached cells. Next, the cells 
were cultured in FBS-free media and were photographed 
under a microscope at the indicated time points.

Transwell cell migration assay

Cell migration was assessed using Transwell assay with 
8.0  μm pore inserts (Corning, USA) in 24-well plates. 
A suspension of 5 × 104 cells in media with 1% FBS was 
seeded onto the upper chamber of the inserts and a volume 
of 600 µl media containing 10% FBS was layered onto the 
lower chamber to serve as a chemoattractant. After incuba-
tion for an indicated period, non-invasive cells were wiped 
out with cotton swabs on the upper surface of the mem-
brane. Then, the invasive cells adhered to the lower surface 
were fixed with 4% paraformaldehyde and stained with 
crystal violet (Sigma Aldrich, USA). The cell migration was 
photographed under a microscope and quantified by Image 
J software.

Colony formation assay

Cells were seeded on 6-well plates (Corning, USA) at a 
density of 500 cells/well and incubated for 14 days. Next, 
the cells were washed with PBS, fixed with 4% paraformal-
dehyde, stained with crystal violet (Sigma Aldrich, USA), 
and rinsed in purified water. Then, the stained colonies were 
imaged and counted under an inverted microscope (Olym-
pus, Japan).
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Bioluminescence Imaging

Mice were intraperitoneally injected with 150  mg/kg 
D-Luciferin (GOLD BIO, USA) 10 min before imaging and 
were then anesthetized with isoflurane. The entire body and 
major organs were scanned using an in vivo imaging system 
(IVIS) 200B (PerkinElmer, Waltham, MA). The biolumi-
nescence images were analyzed using Living Image soft-
ware 4.7.3 (Caliper Life Sciences).

RNA sequencing and data analysis

RNA sequencing of MDA-MB-231 cells with or without 
HAase treatment was conducted by an Illumina Novaseq 
6000 instrument at the OE Biotech Co., Ltd. (Shanghai, 
China). FPKM (Fragments Per kb Per Million Reads) of 
each gene was measured by Cufflinks and the read counts 
were obtained by HTSeq-count. The DESeq (2012) R pack-
age was used to perform differential expression analysis. A 
fold change greater than 1.5 with a p-value less than 0.05 
was defined as the threshold for significantly differential 
expression.

siRNA transfection

The small interference RNA (siRNA) constructs targeting 
human ZC3H12A, human RHOD, and human ID1 expres-
sion were designed and synthesized by the RiboBio com-
pany (Guangzhou, China). The transfection procedures 
were conducted with riboFECTTM reagents (C11062, 
RiboBio, China) according to the manufacturer’s protocols. 
The siRNA sequences were listed in Supplementary Table 4.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
8.0.1 (GraphPad Software, Inc). Data were presented 
as the group mean ± standard deviation (SD). Statistical 
analysis was performed with unpaired Student’s t test for 
two-group comparisons and one-way analysis of variance 
(ANOVA) for multigroup comparisons. A p-value less than 
0.05 was considered to be statistically significant (*p < 0.05, 
**p < 0.01, ***p < 0.001).

Western blot

The western blotting assay was conducted according to the 
previous description [24]. The primary and secondary anti-
bodies used in the experiment were listed in Supplementary 
Table 2. The bands were captured by Amersham Imager 
680 (GE Healthcare, USA) and the intensity was quantified 
with Image J software. All procedures were performed in 
triplicates.

Real-time RT PCR

RNA extraction was conducted using the RNAiso Plus 
reagent (9108, Takara Bio, Shiga, Japan) and quantified. 
Then, 1 µg purified RNA was reverse-transcribed into cDNA 
with PrimeScript™ RT Reagent Kit (RR047Q, Takara, 
Japan). Real-time PCR experiments were performed with 
SYBR Green mix (RR820A, Takara, Japan) according to 
the manufacturer’s protocol. All values of genes were nor-
malized against that of GAPDH, and the relative expression 
of genes was calculated by the 2−ΔΔCt method. The primer 
sequences used in qPCR were listed in supplementary Table 
3.

LUC-lentivirus transduction

MDA-MB-231 control and MDA-MB-231 HAS2-KO cells 
were transduced with HBLV-zsgreen-luc lentivirus pur-
chased from Hanbio Biotechnology Co. The experimental 
procedures were performed according to the manufacturer’s 
protocols. Later, the transduced cells were subjected to 
FACS sorting (MoFlo Astrios EQ; Beckman-Coulter, Inc) 
and used for xenograft inoculation.

Mouse xenografts tumors

All animal experiment protocols were approved by Institu-
tional Animal Care and Use Committee and all procedures 
were performed in compliance with relevant laws and insti-
tutional guidelines. 15 six-week-old female BALB/c nude 
mice were purchased from Shanghai Slac Laboratory Ani-
mal Co. and were randomly divided into 3 groups: control 
(n = 5), HAase (n = 5), and HAS2-KO (n = 5). Xenografts 
were generated by injecting 3 × 106 luciferase-labeled 
untreated, HAase-pretreated, and MDA-MB-231 HAS2-
KO cells into the right mammary fat pads of mice. Tumor 
length (L) and width (W) were measured weekly using cali-
pers. Tumor volume was calculated using the formula L × 
W2 × 0.5.
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(MCF10A) and luminal (MCF-7, T-47D) cells (Fig. 1a). As 
HA is synthesized mainly by hyaluronan synthase (HAS), 
we then examined the expressions of HAS1, 2, 3 at mRNA 
and protein levels. We found that TNBC expressed a higher 
level of HAS2 than luminal and normal breast epithelial 
cells (Fig. 1b, c). However, no significant difference in the 
expression of HAS1 and HAS3 was observed among these 
BCCs. Consistently, the level of GCX HA on human TNBC 
tissues is dramatically higher than luminal ones (Fig. 1d). 
These data suggested that malignant BCCs were rich in 
pericellular HA matrices. Given that invasive BCCs are 

Results

Triple-negative breast cancer (TNBC) cells display 
denser GCX HA and are softer than luminal-type 
BCCs

First, we determined the relationship between GCX HA 
and BCCs malignancy by immunofluorescent staining. Our 
results showed that aggressive TNBC cells (MDA-MB-231, 
BT-549, Hs578T, and SUM159PT), except MDA-MB-468, 
manifested thicker GCX HA than normal breast epithelial 

Fig. 1  Triple-negative breast cancer 
(TNBC) cells display denser GCX 
HA and are softer than luminal-
type BCCs. a Immunofluorescent 
staining with hyaluronic acid 
binding protein (HABP) (red) in 
human normal breast epithelial cell 
(MCF10A), luminal-type BCCs 
(T-47D and MCF-7), and TNBC 
cells (MDA-MB-468, MDA-
MB-231, BT-549, Hs578T, and 
SUM159PT). Scale bar, 20 μm. 
b-c Relative protein (b) and mRNA 
(c) levels of hyaluronan synthase 
(HAS) 1, HAS2, and HAS3 in the 
indicated cells. Each bar was pre-
sented as the means ± SD of three 
independent experiments. d Rep-
resentative immunofluorescence 
staining of HA (red) in human 
TNBC and luminal-type breast 
cancer tissues, n = 10 independent 
samples for each group. Scale bar, 
100 μm. e Representative approach 
(red) and withdrawal (black) 
force–indentation curves for MDA-
MB-231 and MCF-7 cells mea-
sured by atomic force microscope 
(AFM). Zero indicated the contact 
point of tip and sample. f Young’s 
modulus of indicated cells obtained 
from fitting the force-indentation 
curves to Hertz model, n = 50 cells 
for each group, the individual val-
ues and means ± SD were plotted, 
***p < 0.001
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could elicit F-actin bundling underneath the cell membrane 
(Fig. 2h, i, k). On the contrary, cells with bulkier GCX HA 
displayed randomly distributed F-actin (Fig.  2j, k, S4e). 
Taken together, our findings suggested that disruption of 
GCX HA could increase cell stiffness by inducing cytoskel-
eton reorganization.

The digestion of GCX HA attenuates TNBC cells 
stem-like properties

Previous studies demonstrated that tumor cells with lower 
cell stiffness are highly tumorigenic and metastatic [3, 5, 8]. 
Our above results indicated that the elimination of GCX HA 
could increase cell stiffness. These prompted us to investigate 
whether GCX HA was involved in regulating TNBC cells 
stem-like properties. First, we performed sphere formation 
assay and found that the removal of GCX HA remarkably 
decreased the formation of spheroids compared to the con-
trol group in MDA-MB-231 (Fig. 3a, b) and BT-549 (Fig. 
S3a, b) cells, whereas the overproduction of GCX HA in 
MCF-7 (Fig. 3c) and MDA-MB-231 (Fig. S4f) cells greatly 
increased the sphere numbers. In addition, the viability of 
tumor sphere was assessed by LIVE/DEAD staining dyes. 
The results showed that over 80% of cells inside a sphere 
are recognized as live cells (Fig. S2a, b, c). Given that CSC-
related genes (Oct4, Sox2, c-Myc, and Nanog) are indicators 
of stem-like properties, we next explored the expressions of 
these genes after HA alteration. Our results showed that the 
expression levels were downregulated upon HA reduction 
(Fig. 3d, e, S3c), while the overexpressed HA contributed 
to the opposite results (Fig. 3f, S4g). As tumor resistance 
towards chemotherapy is one of the stem-like properties, we 
next conducted paclitaxel (PTX, commonly used for TNBC 
patients) sensitivity assay to explore whether the GCX HA 
is correlated with chemosensitivity to PTX. We found that 
HA depletion enhanced drug susceptibility to PTX (Fig. 3g, 
h, S3d), while the enrichment of HA showed the reverse 
results (Fig. 3i, S4h). Collectively, our findings proved that 
the digestion of GCX HA could attenuate stem-like proper-
ties of TNBC cells.

The elimination of GCX HA inhibits cell migration 
and proliferation in vitro

It is well accepted that enhanced migration and prolifera-
tion are features of cancer cell growth and survival. We next 
tested the contributions of GCX HA to cell progression by 
3D culture and transwell migration assays. We found that 
the elimination of the GCX HA could inhibit cell migra-
tion (Fig. 4a, b, d, e, S3f), while the overexpression of HA 
could promote it (Fig. 4c, f, S4i). Moreover, the results of 
wound healing assay were in accordance with 3D migration 

softer than their benign counterparts and GCX could regu-
late cytoskeleton reorganization [8, 14], we speculated that 
GCX HA might be related to cell stiffness. To test this, we 
next performed AFM nanoindentation experiment to inves-
tigate BCCs mechanical properties. By comparing the force-
indentation curves of MDA-MB-231 and MCF-7 cells, we 
found that the slope of the curve in MDA-MB-231 cells was 
less steep than MCF-7 cells (Fig. 1e, red lines). Moreover, 
the Young’s modulus (calculated by fitting the curves to the 
Hertz model) of MDA-MB-231 was less than MCF-7 cells 
(Fig. 1f), implying a decrease in cell rigidity. Collectively, 
our data suggested that malignant BCCs with denser GCX 
HA exhibited more softened features.

The breakdown of GCX HA increases cell stiffness

As shown above, HA-rich GCX is negatively related to 
BCCs stiffness. Given that abundant glycoprotein mucin 
could induce cytoskeleton rearrangements and plasma mem-
brane instabilities [14], we speculated that a thicker HA coat 
might influence cell stiffness alteration through eliciting 
cytoskeleton reassembly underneath the plasma membrane. 
To explore this, we first investigated the structural con-
figuration of GCX HA on hyaluronidase (HAase)-treated 
and untreated cells by 3D-SIM and AFM experiments. We 
found that the thickness of GCX HA was decreased pre-
dominantly after HAase treatment under 3D-SIM and IF 
imaging (Fig.  2a, S1b). In addition, the quantification of 
the rescaled force curves showed that the long components 
(L2) of the GCX HA were significantly reduced after HA 
elimination(978 ± 139 nm for vehicle and 674 ± 51 nm for 
HAase groups) (Fig. S1c). As HAS2 is recognized as a 
major contributor in pericellular HA synthesis, we then con-
structed MDA-MB-231 HAS2-KO, MDA-MB-231 HAS2-
overexpression (OE), and MCF-7 HAS2-OE cell lines (Fig. 
S1a and S4a). Accordingly, the thickness of GCX HA was 
reduced in MDA-MB-231 HAS2-KO cells (Fig. 2a, S1b, d), 
whereas opposed results were found in MCF-7 HAS2-OE 
(Fig. 2a, S1b, e) and MDA-MB-231 HAS2- OE cells (Fig 
S4b).

To further search for the role of GCX HA remodeling in 
cell rigidity, we next performed force mapping and spec-
troscopy experiments for MDA-MB-231 cells with or with-
out GCX HA digestion. We demonstrated that the rupture of 
the HA coat could significantly increase TNBC cells stiff-
ness (Fig. 2b, e). As expected, similar results were obtained 
in MDA-MB-231 HAS2-KO cells (Fig. 2c, f), while over-
production of HA in MCF-7 (Fig. 2d, g) and MDA-MB-231 
cells (Fig. S4c, d) decreased cell stiffness. As cytoskeleton 
rearrangement could lead to cell stiffening, we then sought 
to investigate F-actin distribution after GCX HA reforma-
tion. Our results showed that pericellular HA elimination 
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HA could impede cell proliferation (Fig. 4g, h), whereas the 
enrichment of HA could increase cell survival (Fig. 4i, S3g). 
Collectively, the impairment of GCX HA could significantly 
delay TNBC cells growth and migration in vitro.

Re-softening HAase-treated TNBC cells by cytoD 
promotes cell progression

The above results demonstrated that the elimination of GCX 
HA could increase cell stiffness and trigger BCCs malig-
nancy reduction as well. In fact, previous studies have 

(Fig. S2d, e, f, S3e). As focal adhesions (FA) are essen-
tial structures that link the intracellular cytoskeleton to the 
extracellular matrix (ECM), thereby influencing the cancer 
cells migration [25, 26], we then sought to analyze the roles 
of GCX HA in affecting FA formation. We found that the 
removal of GCX HA decreased both FA numbers and areas 
(Fig. S5a, b, d, e), while the overproduction of GCX HA 
promoted FA formation (Fig. S5c, f), implying that the GCX 
HA configuration mediated cell migration is closely related 
to the FA formation. In addition, the results of the colony 
formation assay showed that the digestion of pericellular 

Fig. 2  The breakdown of GCX HA 
increases cell stiffness. a Representa-
tive 3D‑Structural Illumination Micros-
copy (3D-SIM) images of indicated 
cells marked with HABP (white). Scale 
bar, 2 μm. Quantifications of GCX HA 
thickness (red arrows) were performed 
at 20 cells (15 points per cell) for each 
group. Data were shown as means ± SD, 
***p < 0.001. b-d Representative force-
mapping images of Young’s modulus. 
Each image recorded 25 × 25 force-
indentation curves within an area of 
4 μm × 4 μm on MDA-MB-231 cells 
with or without HAase treatment (b), 
MDA-MB-231 HAS2-KO cells (c), and 
MCF-7 HAS2-OE cells (d), respec-
tively. Scale bar, 1 μm. e-g Young’s 
modulus was obtained from fitting the 
force-indentation curves to Hertz model 
on MDA-MB-231 cells with or without 
HAase treatment (e), MDA-MB-231 
HAS2-KO cells (f), and MCF-7 
HAS2-OE cells (g), respectively. 
n = 50 cells for each group. Data were 
shown in means ± SD, ***p < 0.001. 
h-j Representative immunofluores-
cent staining of F-actin by phalloidin 
(white) in the indicated groups with 
corresponding F-actin line scan (dashed 
lines in image) intensity analyses. 
White arrows represented polymerized 
F-actin underneath plasma membrane. 
Scale bar, 10 μm. k F-actin distribution 
analysis with line scans (dashed lines) 
of 10 cells for each group. Each bar 
was displayed as means ± SD, *p < 0.05, 
**p < 0.01, ***p < 0.001
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faster than the HAase-treated and HAS2-KO ones (Fig. 6a). 
In addition, weight measurements of tumors at week 7 
further verified this difference in tumor growth (Fig.  6b, 
c). Moreover, micrometastases were observed in the lung 
and liver tissues of the control group, while no metastatic 
lesion was observed in the other two HA impairment groups 
(Fig. 6d, e). Collectively, these results proved that the diges-
tion of GCX HA on the TNBC cells membrane could inhibit 
tumorigenesis and metastasis in vivo.

The impairment of GCX HA increases cell stiffness 
via upregulating ZC3H12A expression

Our above data indicated that the remodeling of GCX HA 
could affect cell progression via altering cell stiffness both 
in vitro and in vivo. To further unveil the underlying mecha-
nisms, we conducted RNA sequencing assay and highlighted 
158 and 176 genes significantly upregulated and downregu-
lated, respectively, in HAase-pretreated MDA-MB-231 
cells compared with vehicle ones (Fig. 7a). Among them, 
ZC3H12A, RHOD and ID1 were demonstrated to be related 
with cytoskeleton regulation (Fig. 7b). We then investigated 
the expressions of these three genes in MDA-MB-231 cells, 
and found that ZC3H12A was upregulated while the other 

indicated that GCX component mucin could affect F-actin 
rearrangement, implying a close association between GCX 
and cell stiffness [10, 11]. We therefore assumed that HA 
disruption could attenuate TNBC cell progression via 
inducing cell stiffening. To explore this, we used cytoD, an 
F-actin polymerization inhibitor, to decrease cell rigidity. 
We found that cytoD could soften TNBC cells dramatically 
and impede intracellular F-actin polymerization (Fig.  5a, 
b, c, d). Importantly, we showed that the Cyto D treatment 
could effectively increase PTX chemoresistance in HAase-
treated MDA-MB-231 cells (Fig.  5e). Consistently, the 
mammosphere formation (Fig. 5f) and migration (Fig. 5g, 
h) were recovered after cell re-softening. Taken together, the 
reduction of GCX HA could increase TNBC cell stiffness, 
thereby resulting in decreased cell progression.

The depletion of GCX HA inhibits cancer cell growth 
in vivo

To further validate the function of GCX HA in vivo, we 
used orthotopic mouse models by implanting untreated, 
HAase-pretreated, and MDA-MB-231 HAS2-KO cells into 
the mammary fat pads of BALB/c nude mice. Our results 
showed that the untreated xenografts grew at a rate evidently 

Fig. 3  The digestion of GCX HA 
attenuates TNBC cells stem-like 
properties. a-c Sphere forming 
ability of the indicated cells. 
Scale bar, 100 μm. Numbers 
of spheres in triplicate experi-
ments were counted and plotted 
as means ± SD, **p < 0.01, 
***p < 0.001. d-f the protein 
expressions of stemness-related 
genes (Sox2, Nanog, Oct4, 
and C-myc) were analyzed 
in different groups. Each bar 
was presented as means ± SD 
of three independent experi-
ments. *p < 0.05, **p < 0.01, 
***p < 0.001. g-i Chemosen-
sitivity to paclitaxel (PTX) of 
indicated groups at different 
concentrations. Data were shown 
as means ± SD with triplicate 
independent assays, *p < 0.05, 
**p < 0.01, ***p < 0.001
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force microscope (AFM) [5, 27–29]. Moreover, studies 
reported that breast cancer cells (BCCs) with lower stiffness 
display enhanced metastasis and stem-like properties [6, 8]. 
These findings shed light on the significance of mechanical 
properties of BCCs in cell activities and functions, as well 
as cancer development. Therefore, unveiling the mecha-
nisms of BCCs behaviors during tumor progression from 
the perspective of cell mechanics is crucial to the diagnosis 
and treatment of breast cancers.

The findings of the study

It is demonstrated that dynamic remodeling and rearrange-
ment of cellular cytoskeleton play a pivotal role in modu-
lating cellular stiffness [2, 30]. Moreover, a previous study 
indicated that mucin, a membrane glycoprotein, could trigger 
cytoskeleton reorganization and membrane protrusion for-
mation [14]. These findings prompted us to hypothesize that 
glycocalyx (GCX) on the cell membrane might be involved 
in modulating cell stiffness via changing the cytoskel-
etal network. In accordance with our speculation, a recent 
report demonstrated that hyaluronan (HA), a major compo-
nent of GCX, could induce endothelial cells cytoskeleton 

two were downregulated after HAase treatment (Fig.  7c). 
Furthermore, knocking down ZC3H12A (Fig. S6a) could 
decrease cell stiffness and abrogate F-actin reorganization 
induced by HA elimination (Fig. 7d, e, S6b), whereas no dif-
ference in this context was found by knocking down RHOD 
(Fig.  7f, S6c) and ID1 (Fig.  7g, S6d). These results sug-
gested that ZC3H12A might play an indispensable role in 
mediating HA removal induced cell stiffness augmentation. 
Collectively, we demonstrated that the digestion of GCX HA 
on the TNBC cell membrane could upregulate ZC3H12A 
expression, leading to F-actin bundling and redistribution 
underneath the plasma membrane.

In conclusion, glycocalyx hyaluronan digestion induced 
cytoskeleton remodeling may contribute to the increased 
cell stiffness, resulting in the inhibition of BCCs progres-
sion (Fig. 8).

Discussion

While solid tumors like breast cancers are often featured 
with rigid tissues on palpation, malignant tumor cells are 
actually softer than their benign counterparts under atomic 

Fig. 4  The elimination of GCX 
HA inhibits cell migration 
and proliferation in vitro. a-c 
Representative images of 3D cell 
culture of MDA-MB-231 cells 
with or without HAase treatment 
(a), MDA-MB-231 HAS2-KO 
cells (b), and MCF-7 HAS2-OE 
cells (c), respectively. Scale bar, 
50 μm. d-f Transwell migration 
assay for the indicated groups. 
Scale bar, 100 μm. Each bar 
represented means ± SD of three 
independent assays, **p < 0.01, 
***p < 0.001. g-i Colony forma-
tion assay for different groups. 
Data displayed means ± SD of 
triplicate experiments, **p < 0.01
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upregulated upon HA depletion which may be an essential 
regulator in GCX HA-mediated cell stiffness. Most impor-
tantly, this mechanical response by the disruption of GCX 
HA could attenuate BCCs progression.

The elimination of GCX HA enhances TNBC cells 
stiffness

In this study, we first determined that malignant TNBC 
MDA-MB-231 cells are softer than luminal MCF-7 cells, 
which is consistent with previous findings that highly 

alignment in shear-sensing and mechano-transduction in 
response to shear stress [20]. In addition, another study has 
reported that thicker GCX HA on highly metastatic cancer 
cells could contribute to cell survival, anoikis evasion, and 
chemotherapeutics resistance [31]. However, the exact role 
of GCX HA in cancer cell mechanics responding to tumor 
microenvironment remains largely unknown. In this paper, 
we demonstrated that the elimination of thicker GCX HA on 
the membrane of TNBC cells could increase cell stiffness 
via eliciting intracellular F-actin rearrangement. Intrigu-
ingly, RNA sequencing analysis showed that ZC3H12A was 

Fig. 5  Re-softening HAase-treated 
TNBC cells by cytoD promotes cell 
progression. a-b Representative force-
mapping images of Young’s modulus 
(left panel) and immunofluorescent 
images of F-actin (right panel) to 
evaluate the effect of cytoD treatment 
on HAase-treated MDA-MB-231 cells 
(a) and MDA-MB-231 HAS2-KO cells 
(b). Scale bar, 1 μm for force-mapping 
images, and 10 μm for immunofluores-
cent images. c Line scan (dashed lines 
in images) intensity analysis of F-actin. 
d The effect of cytoD treatment on cell 
stiffness (Young’s modulus) of HAase-
treated MDA-MB-231 cells (left panel) 
and MDA-MB-231 HAS2-KO cells 
(right panel). Young’s modulus was cal-
culated from force-displacement curves, 
n = 50 cells for each group. Each bar 
represented means ± SD, ***p < 0.001.e 
The contribution of cytoD treatment to 
PTX sensitivity in HAase-treated MDA-
MB-231 cells (left panel) and MDA-
MB-231 HAS2-KO cells (right panel). 
Data showed means ± SD of triplicate 
experiments, **p < 0.01, ***p < 0.001. f 
The effect of cytoD treatment on sphere 
formation ability in HAase-treated 
MDA-MB-231 cells (upper panel) and 
MDA-MB-231 HAS2-KO cells (lower 
panel). Numbers of spheres in triplicate 
experiments were counted and plotted 
as means ± SD, *p < 0.05, **p < 0.01, 
***p < 0.001. g-h the wound closure rate 
of cytoD treatment in HAase-treated 
MDA-MB-231 cells (g) and MDA-
MB-231 HAS2-KO cells (h). Data 
were shown as means ± SD of triplicate 
experiments, ***p < 0.001
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To confirm our suggestion, we performed series experi-
ments described above, and proved that the HA disruption 
could decrease TNBC cells proliferation, migration, and 
stem-like properties, while the GCX HA thickening dis-
played opposite results. These findings highlighted the sig-
nificance of GCX HA turnover in regulating cell behaviors, 
which is supported by a previous report showing that refor-
mation of GCX can impair prostate cancer cells growth and 
motility [17]. However, the detailed mechanisms of F-actin 
bundling and redistribution needs in-depth research. For 
example, a recent study showed that drug-resistant mela-
noma cells underwent cytoskeletal remodeling via activat-
ing ROCK-myosin II pathway to increase cell survival [33]. 
Because the ROCK-myosin II activity played crucial role in 
actin dynamics, whether this signaling is involved in GCX 
HA dependent F-actin remodeling needs our further inves-
tigation. Moreover, we also confirmed that the TNBC cells 
stem-like features could be restored after cell re-softening 
by using an F-actin polymerization inhibitor. In light of our 
findings, we concluded that the eliminating of GCX HA 
could decrease TNBC cells malignancy by increasing cell 
stiffness.

The in vivo experiment

Encouraged by our in vitro results, we next performed in 
vivo experiments to evaluate the GCX HA rupture on TNBC 
cells tumorigenesis. Our results demonstrated that the diges-
tion of GCX HA on MDA-MB-231 cells could dramatically 
delay tumor xenograft growth in immunodeficient mice, 
which further provided a support to our in vitro findings. In 
accordance with our findings, another report has illustrated 
that intravenous administration of HAase could decrease the 

aggressive tumor cells are less stiff than their counterparts 
[5, 8]. As MDA-MB-231 displayed a thicker GCX HA than 
MCF-7 cells, we further wondered whether there is a cor-
relation between thicker GCX HA and the cell stiffness 
of BCCs. To address this, we next removed GCX HA by 
HAase treatment and hyaluronan synthase 2 (HAS2) gene 
knockout in TNBC cells, and then recovered GCX HA by 
HAS2 overexpression in luminal MCF-7 cells to investigate 
the contribution of the GCX HA to cell rigidity. As a result, 
we found that reduction of GCX HA on TNBC cells could 
increase Young’s modulus under AFM measurement, while 
the restoration of GCX HA on luminal cells could lead to 
cell softness, which suggested that the GCX HA remodeling 
could affect BCCs stiffness.

The decreased cell stiffness is related to BCCs 
progression

It is reported that a strong reduction of the GCX could 
influence the membrane bending and change the accessible 
surface area with substrate nanotopography, which leads to 
alterations of the actin retrograde flow speed [32]. As cell 
mechanics are mainly regulated by intracellular cytoskel-
eton such as F-actin [2], we also found that F-actin was 
bundled and redistributed underneath the plasma mem-
brane after HA removal during the experiments. Our results 
are in line with a previous study which demonstrated that 
actin bundling could mediate cell stiffening in pre-invasive 
BCCs [12]. Because the cell rigidity is closely related to 
cancer cell malignancy [15, 18], our findings that GCX HA 
might influence BCCs stiffness further suggested that GCX 
HA-dependent BCCs stiffness could regulate cancer cell 
development.

Fig. 6  The depletion of GCX 
HA inhibits cancer cell growth 
in vivo. a Tumor formation rate 
of untreated, HAase-pretreated, 
and HAS2-KO MDA-MB-231 
cells in the orthotopic mam-
mary fat pads of nude mice. The 
tumor volume was measured as: 
(Length × Width2 × 0.5) mm3 
(n = 5/group). Data were shown 
as means ± SD, ***p < 0.001. 
b Bioluminescence images of 
xenograft tumors by IVIS imag-
ing system. c Images of excised 
xenograft tumors from mice and 
the tumor weight was plotted in 
means ± SD, **p < 0.01. d Repre-
sentative images of lung and liver 
imaged by IVIS bioluminescence 
imaging system. e The number of 
mice developed xenograft tumors 
and metastatic lesions were 
summarized
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The digestion of GCX HA increases cell rigidity via 
ZC3H12A

To search for the mechanisms underlying HA depletion 
enhanced cell stiffness, we further performed transcriptional 
sequencing analysis. We showed that ZC3H12A, a zinc fin-
ger RNA binding protein encoded gene, was identified to be 
robustly upregulated after HAase treatment. As GCX HA 
removal could attenuate stiffness associated BCCs malig-
nancy, whether the upregulated ZC3H12A was involved 
in the mechanism of cell stiffness was tested in a knock-
ing down experiment. Our data showed that ZC3H12A 

volume of human breast cancer xenografts in SCID mice by 
changing the CD44 variant expression [34]. These findings 
may highlight the significance of in vivo administration of 
HAase treatment in cancer adjuvant therapeutics. However, 
there are limitations in our results such as cellular stiffness 
in vivo has not been measured and the thickness of GCX HA 
on BCCs was undetected in the process of tumor progres-
sion, which need our further research.

Fig. 7  The impairment of GCX HA increases cell stiffness via upregu-
lating ZC3H12A expression. a Volcano plot of log2 fold changes vs. 
-log10 p-value showed transcriptional differences between HAase-
treated and untreated MDA-MB-231 cells. Vertical lines represent 
the 1.5-fold change cut-off and the horizontal lines indicate the 0.05 
p-value cut-off. Up- and downregulated genes are highlighted in red 
and blue, respectively. b Heatmap shows expression profiles of the 
cytoskeleton related genes in HAase-treated and untreated MDA-
MB-231 cells. Red colors indicated upregulation, while blue colors 
represented downregulation. c mRNA levels of ZC3H12A, RHOD, 
and ID1 were tested by qPCR. Data displayed as means ± SD of 

triplicate experiments, **p < 0.01, ***p < 0.001. d The effects of 
siZC3H12A on cell stiffness between HAase-treated and untreated 
MDA-MB-231cells. n = 50 cells for each group. Data were shown as 
means ± SD for three independent experiments, ***p < 0.001. e Rela-
tive F-actin distribution due to ZC3H12A silencing in HAase-treated 
and untreated MDA-MB-231cells, and F-actin line scan (dashed lines 
in images) intensity analysis. Scale bar, 10 μm. f-g No significant dif-
ferences were found on cell stiffness and F-actin distribution (dashed 
lines in images) after siRHOD (f) and siID1(g) treatment. Each bar 
presented means ± SD, ns stands for no significance
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silencing could significantly soften HAase-treated TNBC 
cells, implying its role in regulating GCX HA elimination 
associated cell stiffening. In some related studies, research-
ers have demonstrated that high ZC3H12A expression was 
closely associated with longer survival in breast cancer 
patients [35–37]. Furthermore, as a zinc finger RNA bind-
ing protein encoded gene, ZC3H12A is thought to be a fun-
damental regulator in multiple cellular metabolic processes. 
For instance, a recent study reported that ZC3H12A could 
regulate Rho GTPase activity, resulting in actin remodel-
ing [38]. However, the detailed mechanisms how ZC3H12A 
regulates F-actin rearrangement in our study has not been 
explored, further research is warranted.

In summary, our work highlights the biological signifi-
cance of GCX HA in TNBC cells mechanics. Of note, the 
elimination of GCX HA could increase cell stiffness via 
ZC3H12A-mediated F-actin rearrangement, resulting in 
decreased BCCs progression. This study might be valuable 
to therapeutic interventions aimed at normalizing mechano-
transduction in breast cancer treatment.
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