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Abstract 

Metastasis remains the leading cause of cancer-related mortality, a process in which circulating tumor 
cells (CTCs) play a central but incompletely understood role. Although most CTCs are rapidly eliminated 
during circulation through detachment-induced anoikis and fluid shear stress (SS)-triggered apoptosis, a 
subset of CTCs can survive these hostile conditions; however, the underlying mechanisms remain poorly 
defined. To investigate this, we developed a microfluidic circulatory system that mimics physiological SS 
and performed transcriptomic profiling of A549 lung cancer cells under SS, attached, and static 
suspension conditions. Through this approach, we identified the ROS-CD44-Ezrin axis as a potential 
mechanosignaling module that may contribute to CTC survival under shear stress. In this cascade, SS-
induced ROS and CD44 converge to activate Ezrin via phosphorylation at Thr567. Once activated, Ezrin 
appears to coordinate its two canonical functions-membrane-cytoskeleton reinforcement and pro-
survival signaling via PI3K/AKT/Bcl-2 and NF-κB/p38/JNK pathways-within this specific mechanobiological 
context to preserve cell integrity and limit apoptosis. Our findings suggest that these well-established 
molecular functions are differentially engaged under shear stress, revealing a context-dependent survival 
mechanism that may offer opportunities for therapeutic exploration, pending further validation in more 
clinically relevant models. 
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Introduction 
Cancer remains one of the most life-threatening 

diseases worldwide, with lung cancer standing out as 
the primary cause of cancer deaths [1]. Metastasis, the 
spread of cancer cells from the primary tumor to 
distant organs, is the leading cause of cancer-related 
fatalities, and circulating tumor cells (CTCs) are 
considered to play a critical role in this process [2]. 
Research has shown that elevated levels of CTCs in the 
blood are associated with poorer clinical outcomes in 
various cancers, including breast [3], lung [4], 
colorectal [5], and prostate cancer [6]. Despite the fact 
that millions of cancer cells are shed into the 
bloodstream, only fewer than 0.02% of CTCs could 

successfully establish metastatic colonies in distant 
tissues [7-9]. Understanding the mechanisms that 
enable these rare CTCs to survive in the harsh 
circulatory environment may inform future strategies 
aimed at preventing metastasis in cancer patients. 

When CTCs enter the bloodstream, they face 
three significant survival challenges. The first is 
anoikis, a form of programmed cell death triggered by 
the loss of attachment to their original extracellular 
matrix and neighboring cells. Additionally, CTCs 
must evade attacks from the immune system. Lastly, 
they must withstand the mechanical forces in the 
circulatory system, particularly hemodynamic shear 
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stress (SS), which can damage or destroy cells as they 
navigate through the bloodstream [10-13]. 
Overcoming these barriers is essential for the survival 
and successful colonization of CTCs [14].  

The magnitude of SS within the human 
circulatory system varies significantly depending on 
the vascular environment. In veins, SS typically ranges 
from 0.5 to 4 dynes/cm², while in arteries, it can reach 
much higher levels, ranging from 4 to 30 dynes/cm² 
[15-18]. These varying levels of SS exert distinct effects 
on CTCs. Lower SS, such as those found in venous 
circulation, appears to have minimal detrimental 
impact on CTCs, while elevated SS levels characteristic 
of arterial flow (12 to 30 dynes/cm²) pose a significant 
threat to CTCs, leading to a marked increase in 
apoptosis [19, 20]. Elucidating the mechanisms of how 
CTCs withstand SS is therefore of considerable interest 
for cancer therapy.  

To study the impacts of SS on CTCs, researchers 
have developed various in vitro models to simulate 
blood flow conditions. These include methods such as 
stirring cell suspensions [21], rotating cells [22], using 
cone and plate viscometers [23, 24], syringes and 
needles [25, 26], parallel plate flow chambers [27], and 
microfluidic devices [28]. Our group previously 
designed a microfluidic circulatory system to mimic SS 
in vitro, and revealed that CTCs tend to form clusters 
to protect themselves from SS damage and contribute 
to metastatic potential, which was facilitated by the 
upregulation of desmosomal proteins desmocollin-2 
and plakophilin-1 upon circulatory treatment [29].  

While earlier studies often overlooked the dual 
challenges of detachment and SS that CTCs face in 
circulation, we previously analyzed lung cancer cells 
under adherent, suspended and circulatory conditions 
and demonstrated that SS specifically promoted CTC 
metastasis through upregulation of mesotrypsin 
(PRSS3) and protease-activated receptor 2 (PAR2) [30]. 
In that study, we also observed SS-induced cell death 
in CTCs; however, the mechanisms by which a subset 
of CTCs survived SS damage remain unclear. 

To address this, we further analyzed our RNA-
sequencing data to identify key protective genes in SS-
resistant CTCs. In this study, our data suggest the 
ROS-CD44-Ezrin axis as a potential integrated 
mechanosignaling module in SS-resistant CTCs. While 
the individual functions of Ezrin as a membrane-
cytoskeleton linker and signaling scaffold are well 
established, our findings suggest that under shear 
stress conditions, these canonical roles may be 
coordinately engaged via ROS-induced signaling and 
CD44 cooperation. Specifically, SS triggers Ezrin 
phosphorylation at Thr567, enabling it to couple two 
context-dependent outputs: stabilization of 
membrane-cytoskeleton integrity through CD44 

interaction, and concurrent activation of 
PI3K/AKT/Bcl-2 and NF-κB /p38/JNK survival 
pathways. 

Together, these observations point to a context-
specific mechanoadaptive role for the ROS-CD44-
Ezrin axis in promoting CTC survival under shear 
stress. Further investigation will be required to 
determine whether this mechanism operates in more 
clinically relevant settings and whether it may offer 
opportunities for therapeutic intervention. 

Materials and Methods 
Cell lines and culture conditions 

The non-small cell lung cancer (NSCLC) cell line 
A549 and the human embryonic kidney cell line 293T 
were procured from the American Type Culture 
Collection (ATCC). These cells were maintained in 
Dulbecco’s Modified Eagle’s Medium (DMEM; 
#12100046, Thermo Fisher Scientific, USA). 
Additionally, the NSCLC cell line H1975 was kindly 
provided by Prof. Joong Sup Shim from the Faculty of 
Health Sciences at the University of Macau, Macau, 
China, and cultured in Roswell Park Memorial 
Institute (RPMI) 1640 medium (#31800022, Thermo 
Fisher Scientific, USA).  

All culture media were supplemented with 10% 
fetal bovine serum (FBS; #10270-106, Gibco, USA) and 
1% penicillin-streptomycin antibiotic solution 
(#15140122, Thermo Fisher Scientific, USA) to ensure 
optimal growth conditions. A549-C3 and A-SSP6 cells 
were established using previously published protocols 
[29]. 

Suspension culture and microfluidic 
circulatory system setup 

To achieve suspension conditions, cancer cells 
were trypsinized and resuspended at a density of 2 × 
10⁵ cells per mL in standard culture medium using 
ultralow attachment 6-well plates (#3471, Corning, 
USA). The cells were then incubated in a humidified 
CO₂ incubator at 37 °C for specified time periods and 
collected for analysis.  

The microfluidic circulatory system was custom-
designed based on methodologies established in prior 
studies [29, 30]. Briefly, the system consisted of several 
key components: a reservoir equipped with a cotton 
filter to minimize contamination and medium 
evaporation, a connecting tube, a peristaltic pump 
(Ismatec, Germany) to generate pulsatile shear flow, 
and a circulatory tube with a diameter of 500 μm and 
a length of 1.5 m. The shear stress (SS) levels within the 
system were calculated using Poiseuille’s equation: 𝜏𝜏 = 
4Q𝜂𝜂∕𝜋𝜋R³, where 𝜏𝜏 represents the shear stress (in dyne 
cm⁻²), Q is the flow rate (in cm³ s⁻¹), 𝜂𝜂 is the dynamic 
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viscosity of the fluid (0.012 dyne s cm⁻²), and R is the 
radius of the tube (250 μm). In this study, the primary 
focus was on a 15 dynes cm-2 (SS15), as it approximates 
the average shear stress found in human arteries. 

Prior to use, all system components were 
sterilized with 70% ethanol and rinsed three times 
with Milli-Q water. To prevent cell adhesion to the 
tubing, the entire system was coated with 1% Pluronic 
F-127 (#P2443, Sigma-Aldrich, Germany). Cancer cells 
were trypsinized, resuspended at a density of 2 × 10⁵ 
cells per mL in culture medium, and introduced into 
the reservoir. Following the circulatory treatment, cells 
were harvested, transferred to a confocal dish, and 
imaged using a Carl Zeiss microscope (10× objective, 
Axio Observer, Germany) or subjected to other 
analysis. 

MTT assay for cell viability 
Cells were harvested at three different 

conditions: 0 h (baseline) and shear stress (SS). A 
volume of 100 μL of cell suspension was seeded into 
each well of a 96-well plate. Then 10 μL of MTT 
solution (#M2128, Sigma-Aldrich, Germany) was 
added to each well, and the plates were incubated for 
4 hours at 37 °C to allow formazan crystal formation. 
After incubation, 100 μL of a solubilization solution 
containing 10% sodium dodecyl sulfate (SDS) and 0.01 
M HCl was added to each well to dissolve the crystals. 
The plates were then incubated overnight at 37 °C to 
ensure complete solubilization. The absorbance of 
each well was measured at 595 nm using a microplate 
reader (PerkinElmer VICTOR X3, USA) to quantify cell 
viability. 

Transwell migration assay 
Cells were trypsinized, and resuspended in 

serum-free DMEM. A total of 10,000 cells in 100 μL of 
serum-free medium were seeded onto the upper 
chamber of a Transwell insert (#3422, Corning, USA). 
The lower chamber was filled with 600 μL of complete 
culture medium containing 10% fetal bovine serum to 
act as a chemoattractant. The plates were then 
incubated in a humidified CO₂ incubator at 37 °C for 
the specified duration to allow cell migration. 

After incubation, non-migrated cells on the upper 
surface of the membrane were carefully removed 
using a cotton swab. Migrated cells on the lower 
surface of the membrane were fixed with 4% 
paraformaldehyde (PFA; #158127, Sigma-Aldrich, 
Germany) for 15 minutes at room temperature. The 
fixed cells were then stained with 0.5% crystal violet 
(#C6158, Sigma-Aldrich, Germany) for an additional 
15 minutes to visualize migrated cells. The membrane 
was then washed with Milli-Q water, excised from the 
Transwell insert and mounted onto a glass slide using 

a mounting medium (#06522, Sigma-Aldrich, 
Germany). Migrated cells were imaged and quantified 
under a light microscope to assess cell migration 
capability under different experimental conditions. 

Colony formation assay 
To assess clonogenic potential, 1,000 cells per 

well were seeded into 6-well plates and cultured in 
complete growth medium for 7 days under standard 
culturing conditions (37 °C, 5% CO₂). After the 
incubation period, the culture medium was carefully 
aspirated, and the cells were gently washed with 
phosphate-buffered saline (PBS) to remove debris. The 
colonies were then fixed and stained with 0.5% crystal 
violet solution for 15 minutes at room temperature. 
Excess stain was rinsed off with distilled water, and 
the plates were air-dried. Colony images were 
captured using a digital camera. The number of 
colonies and their respective areas were quantified 
using ImageJ software (National Institutes of Health, 
USA). 

RNA extraction and quantitative PCR (qPCR) 
Total RNA was isolated from cells using TRIzol 

reagent according to the manufacturer’s instructions. 
Reverse transcription was performed using the iScript 
cDNA Synthesis Kit (#1778890, Bio-Rad, USA) to 
generate complementary DNA (cDNA). For qPCR 
analysis, reactions were carried out using the iTaq 
Universal SYBR Green Supermix (#1725122, Bio-Rad, 
USA) on a real-time PCR system. Gene-specific 
primers, designed and validated for target genes, were 
used for amplification (primer sequences are provided 
in Supplementary Table 1).  

Western blot analysis 
Cells were harvested, washed once with PBS, and 

lysed using radioimmunoprecipitation assay (RIPA) 
buffer supplemented with protease and phosphatase 
inhibitor cocktails (Sigma-Aldrich, Germany). Protein 
concentrations were quantified using the Bio-Rad 
protein assay. Equal amounts of protein were resolved 
by SDS–polyacrylamide gel electrophoresis (SDS-
PAGE) and subsequently transferred onto 
nitrocellulose membranes (Bio-Rad, USA). 

Membranes were blocked with 5% blotting-grade 
blocker (#1706404, Bio-Rad, USA) for 1 hour at room 
temperature to prevent nonspecific binding. They 
were then incubated with primary antibodies 
overnight at 4 °C. After washing, membranes were 
probed with horseradish peroxidase (HRP)-
conjugated secondary antibodies for 1 hour at room 
temperature. Detailed information on the primary and 
secondary antibodies used is provided in 
Supplementary Table 2. 



Int. J. Biol. Sci. 2026, Vol. 22 
 

 
https://www.ijbs.com 

7890 

Protein bands were detected using Clarity 
Western ECL Substrate (#1705061, Bio-Rad, USA) and 
visualized with a ChemiDoc Touch Imaging System 
(Bio-Rad, USA). Band intensities were quantified 
using ImageJ software (National Institutes of Health, 
USA), and statistical significance was determined 
using Student’s t-test. 

Immunofluorescence staining 
Sterilized glass coverslips were coated with poly-

D-lysine hydrobromide (#P7886, Sigma-Aldrich, 
Germany) for 30 minutes to enhance cell adhesion. 
Cancer cells were collected and seeded onto the coated 
coverslips, followed by incubation at 37 °C for 20–30 
minutes to allow attachment. Cells were then fixed 
with 4% PFA for 15 minutes at room temperature and 
permeabilized with 0.2% Triton X-100 (#T8787, Sigma-
Aldrich, Germany) for 15 minutes. To reduce 
nonspecific binding, cells were blocked with 3% 
bovine serum albumin (BSA; #4240GR500, BioFroxx, 
Germany) for 1 hour at room temperature. 

Primary antibodies were applied and incubated 
overnight at 4 °C. After washing, cells were incubated 
with Alexa Fluor-conjugated secondary antibodies 
(Invitrogen, USA) for 1 hour at room temperature in 
the dark. Nuclei were counterstained with Hoechst 
33342 (#H3570, Thermo Fisher Scientific, USA) for 10 
minutes. Fluorescent images were acquired using a 
confocal microscope (Carl Zeiss LSM710, Germany), 
and fluorescence intensity was quantified using 
ImageJ software (National Institutes of Health, USA). 

Gene knockdown and overexpression 
Gene-specific siRNA duplexes were designed 

and commercially obtained (Ambion). For 
transfection, Lipofectamine RNAiMAX (Invitrogen) 
was used. Briefly, each siRNA was diluted in serum-
free medium and allowed to complex with the 
transfection reagent for 20 min at room temperature. 
The resulting siRNA-lipid complexes were then added 
to cultured cells and incubated for 48 h under standard 
conditions. Knockdown efficiency was assessed by 
qPCR. 

Short hairpin RNA (shRNA) sequences were 
designed by evaluating the H-b index of candidate 
sequences to ensure optimal knockdown efficiency. 
The specific targeting sequences for shRNAs are 
provided in Supplementary Table 3, while the 
sequences for gene overexpression constructs are 
detailed in Supplementary Table 4. All shRNA and 
overexpression vectors were procured from 
VectorBuilder (USA). 

For gene knockdown, lentiviral vectors encoding 
shRNA constructs were transfected into cells to silence 
target gene expression. For overexpression studies, 

cells were transfected with lentiviruses carrying 
expression plasmids containing the full-length coding 
sequences of the target genes. Transduction efficiency 
was confirmed using appropriate controls, and 
functional assays were performed to validate the 
effects of gene modulation. 

Lung colony formation assay and orthotopic 
lung xenograft model 

All animal procedures were conducted in 
compliance with the guidelines approved by the 
University of Macau Animal Ethics Committee 
(Approved Protocol IDs: UMARE-025-2017 and 
UMARE-026-2017). 

For the lung colony formation assay, 1 × 10⁶ 
cancer cells were injected into the tail vein of 6- to 8-
week-old female NOD/SCID mice. After 28 days, the 
mice were euthanized, and lung tissues were 
harvested for analysis. Lung metastases were 
visualized and quantified using an Olympus 
fluorescence microscope (MVX10, Japan). The number 
of metastatic colonies in the left lungs was counted to 
assess the metastatic potential of the cancer cells. 

For the orthotopic lung xenograft model, cancer 
cells were resuspended at a concentration of four 
million cells per 25 μL in PBS and mixed with an equal 
volume of Matrigel matrix (#354234, Corning, USA). 
NOD/SCID mice were anesthetized using 1.25% 
avertin (#T4840-2, Sigma-Aldrich, Germany), and 50 
μL of the cell-Matrigel mixture was injected into the 
right lungs of each mouse using a 30-gauge 
hypodermic needle. Body weight was monitored 
weekly as an indicator of overall health. Four weeks 
post-injection, mice were euthanized, and lung tissues 
were excised for imaging using the Olympus 
fluorescence microscope (MVX10, Japan). 

Immunohistochemistry (IHC) 
Tissue microarray slides from non-small cell lung 

cancer (NSCLC) patients were procured from 
Superchip Company (China). The slides were 
deparaffinized in xylene and rehydrated through a 
graded ethanol series. Antigen retrieval was 
performed using a citrate-based buffer under heat-
induced conditions. IHC staining was carried out 
using an IHC Detection Kit (#ab64264, Abcam, UK) 
following the manufacturer’s protocol. 

After staining, nuclei were counterstained with 
hematoxylin using a Leica ST5020-CV5030 
Multistainer-Coverslipper (Germany). The slides were 
then scanned at high resolution using a NanoZoomer 
S60 Digital Slide Scanner (#C13210-01, 
HAMAMATSU, Japan) to obtain whole-slide images 
for analysis. 

IHC scoring was performed by evaluating both 
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the percentage of positively stained cells and the 
staining intensity, as previously described [31]. The 
combined score provided a semi-quantitative 
assessment of protein expression levels in the tissue 
samples. 

ROS detection 
A549 and H1975 cells were circulated for 

different time points and then immediately stained 
with 10 μM CM-H2DCFDA (DCFDA; #C6827, Thermo 
Fisher Sci entific, USA) in serum-free fluoro-brite 
medium (#A1896701, Thermo Fisher Scientific, USA) 
for 30 min at 37 °C. The images were taken with a Carl 
Zeiss microscope and analyzed by using ImageJ 
software. 

Co-immunoprecipitation 
To examine the interaction between EZR and 

CD44 and its regulation by SS and ROS, A549 and 
H1975 cells were subjected to control, SS treatment, or 
SS treatment in the presence of an antioxidant propyl 
gallate (PG). Cells were lysed in NP-40 buffer (20 mM 
Tris-HCl, pH 7.5, 137 mM NaCl, 10% glycerol, 1% NP-
40, 2 mM EDTA) containing protease and phosphatase 
inhibitors. Lysates were incubated overnight at 4 °C 
with anti-EZR antibody or control IgG, then with 
protein A/G agarose beads for 4 h. Beads were washed 
five times, and immunoprecipitated proteins were 
analyzed by Western blotting with anti-CD44 and anti-
EZR antibodies.  

Statistical analysis 
Data were collected from three independent 

experiments or at least five mice per group and are 
presented as means ± standard deviation (SD). 
Statistical significance was assessed using one-way 
analysis of variance (ANOVA), two-way ANOVA, or 
Student’s t-test, as appropriate, with GraphPad Prism 
9.0 software. Significance levels were defined as 
follows: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 
0.0001. 

Results 
Ezrin and EMP1 promote lung cancer cell 
survival and metastatic potential under shear 
stress 

Previously, to identify the key genes that help 
lung cancer cells survive and metastasize in 
circulation, we performed RNA sequencing (RNA-
seq) analysis of A549 cells under 0 h, suspension and 
shear stress conditions (Fig. 1A). Further investigation 
revealed that PRSS3 and PAR2 played a vital role in 
promoting the invasion and metastasis of circulating 
lung cancer cells [30]. However, how a subset of CTCs 

survived under SS and then metastasized to other sites 
was not investigated in that study. To further identify 
the important genes that promote the survival and 
metastasis of CTCs, we first compared the RNA 
expression levels from the RNA-seq data between the 
cells under suspension conditions and SS treatment. 
Suspension group was used to rule out the impacts of 
detachment on CTCs. We then selected the following 
six genes with significant higher elevation levels in SS 
treatment group: keratin 6A (KRT6A), hyaluronan 
synthase 2 (HAS2), limb bud and heart development 
homolog (LBH), EZR and epithelial membrane protein 
1 (EMP1). We measured the mRNA levels of these six 
candidate genes by quantitative polymerase chain 
reaction (qPCR) and the results showed that their 
mRNA levels were all significantly elevated after SS 
treatment compared with suspension group (Fig. 1B). 
To establish a controlled system for mechanistic 
inquiry, we employed the A549 cell line instead of 
more heterogeneous patient-derived CTCs. This 
approach provided a homogeneous and genetically 
tractable platform essential for generating stable gene-
modulated clones and performing high-throughput 
shear stress assays [32]. In order to achieve higher gene 
expression for subsequent gene knockout studies, A-
SSP6 cells were used. For further validation, we 
examined the expression of these genes in the SS-
resistant cell line A-SSP6, which was generated in our 
lab via treating the lung cancer cell line A549-C3 with 
SS for 6 rounds [29] (Fig. S1A). To mitigate the effects 
of long-term culture on genetic and epigenetic profiles 
[33, 34], both A549-C3 and A-SSP6 cells were revived 
from early-passage frozen stocks. The q-PCR results 
showed that compared with the parental A549-C3 
cells, the expression of HAS2, LBH, EZR and EMP1 
was markedly upregulated by 4- to 15-fold in A-SSP6 
cells, while KRT6A expression increased by 95.8-fold 
(Fig.1C).  

To verify the roles of these genes in the survival 
and metastatic potential of CTCs, we knocked down 
them in A-SSP6 cells using small interfering RNAs 
(siRNAs) and detected the cell viability after SS and 
migration ability (Fig. S1B). The 10-hour shear stress 
served as a stringent functional selection protocol to 
mimic the extended circulatory phase of metastasis. 
Since most CTCs die within 3 hours [35], this duration 
enriches for the resilient subclones that survive 
beyond this point—precisely the population with the 
highest metastatic potential. Thus, studying these 
survivors reveals molecular adaptations that confer a 
lethal advantage. After knockdown of EZR and EMP1, 
the survival rates of A-SSP6 cells following 10 hours of 
SS treatment were reduced from around 60% to 24.7% 
and 34.3%, respectively, whereas knockdown of 
KRT6A, HAS2 and LBH did not significantly affect cell 
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survival (Fig. 1D, E). These results suggest that EZR 
and EMP1 may serve as important mediators of lung 
cancer cell survival in circulation. To assess the critical 
step of metastatic colonization beyond initial survival, 
we performed a colony formation assay to measure 
clonogenic potential of the cells. As a result, low 
expression of EZR and EMP1 led to a 50% decrease in 
the colony formation ability of A-SSP6 cells (Fig. 1F, 
G). Similarly, survival in circulation means little if the 

cell cannot exit the vasculature. The migration assay is 
a direct functional proxy for this essential 
extravasation step. The migration ability was also 
markedly impaired, reducing to 29.1% and 42.5% of 
control cells, respectively (Fig. 1H, I). Taken together, 
our data suggest that EZR and EMP1 contribute to 
both survival and migratory capacity, supporting their 
potential involvement in multiple steps of the 
metastatic process. 

 

 
Figure 1. Ezrin and EMP1 promote the survival and metastasis of lung cancer cells under circulatory conditions. (A) Schematic picture showing the procedure 
of RNA sequencing. (B) qPCR results showing the relative mRNA levels of KRT6A, HAS2, LBH, EZR and EMP1 in A549 cells under suspension and SS conditions in comparison 
with those at 0 h. (C) qPCR results showing the relative mRNA levels of KRT6A, HAS2, LBH, EZR and EMP1 in A549-C3 and A-SSP6 cells. (D, E) Representative images and 
quantification results of the survival rates of cells under 10 h SS treatment after knocking down indicated genes. Scale bar: 100 μm. (F, G) Representative images and quantification 
results of the colony formation assay. One thousand knockdown cells were seeded in each well of 6-well plates and allowed to grow for 7 days. Scale bar: 2 mm. (H, I) 
Representative images and quantification results of the Transwell migration assay. Ten thousand cells were seeded and allowed to migrate for 18 h. Scale bar: 100 μm. The 
quantification results are the means ± SD from three independent experiments. Significant differences were determined by one-way ANOVA (E, G, I) and two-way ANOVA 
(B, C). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant. 



Int. J. Biol. Sci. 2026, Vol. 22 
 

 
https://www.ijbs.com 

7893 

Low expression of EZR and EMP1 impair the 
survival and migration ability of A-SSP6 cells 
in vitro and in vivo 

To further validate the function of EZR and EMP1 
in circulation, short hairpin-mediated RNAs (shRNAs) 
were designed to generate stable knockdown cell lines. 
Two shRNAs were designed to target each gene, and 
both qPCR and Western blot results verified efficient 
knockdown (Fig. 2A-C).  

Consistent with the results in Fig. 1D−I, knocking 
down EZR and EMP1 with shRNAs markedly reduced 
the SS survival rate of A-SSP6 cells from nearly 80% to 
30% (Fig. 2 D, E). The colony formation and migration 
ability in A-SSP6-shEZR and A-SSP6-shEMP1 were 
also significantly reduced (Fig. 2F-I), supporting the 
involvement of EZR and EMP1 in promoting the 
survival and migration of circulating lung cancer cells 
in vitro. 

Next, to determine whether EZR and EMP1 were 
required for survival during circulation and 
subsequent colonization in vivo, we bypassed the 
initial steps of metastasis by directly injecting the A-
SSP6 knockdown cells into the tail vein of NOD/SCID 
mice. The mice were sacrificed 4 h, 1, 2, 3 and 28 days 
post injection. The colony number in the lungs were 
counted, and the results showed that low expression 
of EZR and EMP1 impaired the metastatic ability of A-
SSP6 cells by more than 80% after 28 days (Fig. 2J, K). 
Notably, a significant reduction in colony numbers 
was already observed 2-3 days post-injection, 
suggesting that EZR and EMP1 are crucial for 
immediate survival in circulation and early 
colonization. The timing aligns with the critical 
window when most CTCs are eliminated, consistent 
with a role in protecting cells from shear stress-
induced apoptosis. 

High expression of EZR enhances the survival 
and migration ability of A549-C3 cells 

To further investigate the potential roles of EZR 
and EMP1 in resisting SS damage, these two genes 
were overexpressed in A549-C3 cells (Fig. 3A-C). Then 
these cells were subjected to circulatory system for 10 
h. As the results showed, overexpression of EZR and 
EMP1 increased the survival rate by around 20% 
compared with the empty vector group (Fig. 3D, E). 
The colony formation and migration ability were also 
enhanced. Specifically, the number of colonies nearly 
doubled in both overexpression cell lines (Fig. 3F, G), 
while the migrated cell number nearly tripled in the 
EZR-overexpressing group and doubled in the EMP1 
overexpression group (Fig. 3H, I). For in vivo 
validation, tail vein injection of overexpression cells 
was conducted. The results showed that EZR 

overexpression significantly enhanced the number of 
lung colonies compared with the empty vector group, 
while no significant difference was observed in the 
EMP1-overexpressing group (Fig. 3J, K). Taken 
together, these results suggest that EZR 
overexpression promotes lung colonization in this 
model, whereas EMP1 overexpression, despite 
enhancing in vitro survival and migration, was 
insufficient to confer a similar advantage in vivo under 
the conditions tested. 

To determine whether EZR and EMP1 act in 
parallel pathways or within a shared network to 
promote cell survival under shear stress conditions, 
we first examined their cross-regulation by qPCR. As 
shown in Fig. S2A, knockdown of EZR did not 
significantly alter EMP1 expression, and vice versa, 
suggesting no evident cross-regulation between these 
two genes at the transcriptional level. 

To assess functional redundancy, we performed 
double knockdown of EZR and EMP1 in A-SSP6 cells 
(Fig. S2B) and subjected them to shear stress treatment 
(10 h). As shown in Fig. S2C-F, combined depletion of 
EZR and EMP1 did not produce a synergistic effect on 
cell survival or migration beyond that observed 
reduced effects with EZR knockdown alone (Fig. 2D, 
E, H, I), suggesting that, in this experimental setting, 
EMP1 does not substantially contribute to the core 
survival pathway beyond the effects mediated by EZR. 

EZR supports the metastasis of lung cancer 
cells in orthotopic models 

Orthotopic models were used to mimic clinical 
lung cancer patients. This approach allows for a 
comprehensive assessment of EZR’s impact on the 
entire metastatic cascade, from primary tumor growth 
to distant dissemination. To test the effects of EZR on 
the malignancy of circulating lung cancer cells in 
orthotopic models, EZR knockdown cells were 
injected into the lungs of NOD/SCID mice. In the 
control group, larger tumor area was observed 
compared with EZR knockdown group (Fig. 4A, B and 
S3A), as well as a much higher metastatic percentage 
(Fig. 4A, C). All the six mice in the control group had 
metastatic tumors in intestine, liver or brain, while in 
EZR knockdown group, only one mouse had 
metastatic tumors in the intestine and liver. The body 
weight did not change significantly between the two 
groups (Fig. 4D).  

Subsequently, EZR overexpression cells were 
also subjected to the lung orthotopic model. The 
results showed that after 28 days, cells with high levels 
of EZR formed larger primary tumors in lungs (Fig. 4E, 
F and S3B), and also migrated more frequently into the 
intestine, liver and brain (Fig. 4E, G), with no 
significant change in the body weight observed (Fig. 
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4H). Together, these data suggest that EZR plays an 
important role in promoting the metastatic 

progression of lung cancer cells in this orthotopic 
model. 

 

 
Figure 2. Low expression of EZR and EMP1 impair the survival and migration ability of A-SSP6 cells in vitro and in vivo. (A) qPCR results showing the relative 
mRNA levels of EZR and EMP1 after knockdown. (B, C) Western blot results showing the knockdown efficiency in A-SSP6 cells. (D, E) Representative images and quantification 
results of the survival rate of cells after knocking down EZR or EMP1. Scale bar: 100 μm. (F, G) Representative images and quantification results of the colony formation assay. 
Scale bar: 2 mm. (H, I) Representative images and quantification results of the Transwell migration assay. Scale bar: 100 μm. (J, K) Representative images and quantification 
results showing the lung colonies formed at different time points. Scale bar: 2 mm. The quantification results are the means ± SD from three independent experiments. Significant 
differences were determined by one-way ANOVA (A, E, G, I) and two-way ANOVA (K). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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Figure 3. High expression of EZR enhances the survival rate and migration ability of A549-C3 cells in vitro and in vivo. (A) qPCR results showing the relative 
mRNA levels of EZR and EMP1 after overexpression. (B, C) Western blot results showing the efficiency of EZR and EMP1 overexpression in A549-C3 cells. (D, E) Representative 
images and quantification results of the survival rate of cells after overexpression. Scale bar: 100 μm. (F, G) Representative images and quantification results of the colony 
formation assay. Scale bar: 2 mm. (H, I) Representative images and quantification results of the Transwell migration assay. Scale bar: 100 μm. (J, K) Representative images and 
quantification results of the lung colony formation assay. Scale bar: 2 mm. The quantification results are the means ± SD from three independent experiments. Significant 
differences were determined by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant. 
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Figure 4. EZR is important for the metastasis of lung cancer cells in orthotopic models. (A, E) Representative fluorescent images of primary tumors in the lungs 
and metastatic tumors in the liver, intestine and brain (n = 6 mice per group). Four million cancer cells were orthotopically injected into the right lungs of each NOD/SCID 
mouse. Scale bar: 2 mm. White arrows indicate metastatic tumors. (B, F) The tumor area in all five lungs of each mouse was measured by ImageJ. (C, G) The percentage of 
mice with metastatic tumors in each group was calculated 4 weeks post injection. (D, H) The body weights of each mouse at 0, 1, 2, 3, and 4 weeks after orthotopic implantation 
were measured. The quantification results are the means ± SD from 6 mice. Significant differences were determined by t-test (B, F) and two-way ANOVA (D, H). ****P < 
0.0001. ns, not significant. 
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EZR interacts with actin and CD44 at the cell 
membrane to protect CTCs in circulation and 
promote metastasis 

After identifying the important role of EZR in 
helping lung cancer cells to resist SS damage in 
circulation, we conducted further research to 
investigate the underlying mechanisms. Ezrin acts as a 
membrane-actin linker to provide structural support 
and influence cell shape [36]. To observe the changes 
of Ezrin and actin after circulation, we circulated EZR 
knockdown cells for 10 h and performed 
immunofluorescence staining. The results showed that 
knockdown of Ezrin led to abnormal distribution of 
actin, indicating altered cell shape after SS treatment in 
both A549-shEZR and H1975-shEZR cells (Fig. 5A). 
The percentage of cells with abnormal cell shape 
increased from 3.4% to 47.8% in the A549-shEZR cells 
which is 14.1-fold increment, while in H1975-shEZR 
cells, the percentage was increased from 6.7% to 56.9%, 
which is 8.5-fold increment (Fig. 5B). These 
observations suggest that Ezrin contributes to 
protecting CTCs from SS damage through interacting 
with actin to support cell structure and maintain 
normal cell shape. 

Considering that Ezrin needs to be activated by 
phosphorylation to function as a cytoskeletal 
organization modulator, we used Western blotting to 
examine the activation of Ezrin after SS. The results 
showed that the protein levels of both EZR and 
phosphorylated Ezrin (p-EZR) were significantly 
upregulated, with p-EZR increasing to 14.8- and 6.9-
fold in circulated A549 and H1975 lung cancer cells 
(Fig. 5C). In suspension state, the expression of p-EZR 
was also upregulated, but it was significantly 
increased in SS group (Fig. S4A). Since it is reported 
that CD44 can interact with EZR to support the 
migration of cancer cells, as CO-IP assay showed their 
interaction [37]. we also checked the expression of 
CD44 and found that CD44 was also highly 
upregulated under SS conditions (Fig. 5C).  

To further investigate the spatial distribution and 
potential interactions among Ezrin, actin, and CD44 
during circulation, we performed 
immunofluorescence staining. In adherent cells, Ezrin 
localized mainly in the cytoplasm, and the level of p-
EZR was low. While after SS treatment for 10 h, the 
levels of both EZR and p-EZR were increased, and 
they tended to assemble at the cell membrane. Actin 
displayed clear co-localization with EZR and p-EZR, 
suggesting enhanced Ezrin-mediated anchoring of the 
actin cytoskeleton to the membrane, thereby 
supporting cell structure under SS conditions (Fig. 5D, 
E). CD44 also co-localized with EZR and p-EZR at the 
cell membrane after SS treatment (Fig. 5D, E), which 

suggests a potential interaction between EZR and 
CD44 in CTCs. Changes in protein levels and location 
were observed in the suspension group, but they were 
less pronounced than those in the SS group (Fig. S4B, 
C), suggesting that SS treatment may specifically 
enhance the regulation of EZR. Together, these 
findings suggest that under SS conditions, activated 
EZR, potentially working with CD44, contributes to 
reinforcing the actin cytoskeleton-membrane linkage 
to help protect CTCs and maintain their structural 
integrity. 

Immunofluorescence analysis revealed that EZR 
and CD44 partially colocalized at the cell membrane 
under static conditions, and this colocalization was 
markedly enhanced upon exposure to shear stress 
treatment. To quantitatively assess this observation, 
we performed colocalization analysis using Pearson’s 
correlation coefficient (PCC) on 50 individual cells per 
condition from three independent experiments. As 
shown in Fig. S5A, shear stress treatment significantly 
increased the PCC for over 3.5-fold between EZR and 
CD44 compared between SS-treated cells and control 
cells under attached conditions. These data provide 
quantitative evidence for a shear stress-enhanced 
association between EZR and CD44 at the cell 
membrane. 

To directly validate the physical interaction 
between EZR and CD44 and its regulation by shear 
stress and ROS, we performed co-
immunoprecipitation (Co-IP) assays. As shown in Fig. 
S5B, shear stress treatment significantly enhanced the 
interaction between endogenous EZR and CD44 
compared to control cells under attached conditions. 
Importantly, this shear stress-induced interaction was 
markedly attenuated by pretreatment with the ROS 
scavenger PG, indicating that ROS production is 
required for promoting EZR-CD44 association under 
flow conditions. Furthermore, CD44 knockdown 
abrogated shear stress-induced Ezrin phosphorylation 
at Thr567 (Fig. S5C), suggesting that the EZR-CD44 
interaction is functionally important for Ezrin 
activation in this context. 

CD44 plays a vital role in promoting cell 
survival in circulation and promoting 
metastasis 

Considering the reported interaction between 
EZR and CD44, we wondered if upregulated CD44 
could help lung cancer cell survive in circulation and 
form metastatic tumors. We knocked down CD44 in A-
SSP6 cells and overexpressed CD44 in A549-C3 cells to 
verify its function under SS conditions. After 10 hours 
of circulation, CD44 knockdown significantly reduced 
the survival rate of A-SSP6 cells, while overexpressing 
CD44 improved the surviving ability of A549-C3 cells 
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(Fig. 6A, B, E, F). As for cell migration, low expression 
of CD44 greatly impaired the migrated cell number by 
more than 70% (Fig. 6C, G), whereas increased CD44 
enhanced the migration ability of A549-C3 cells to 3-
fold compared with the empty vector group (Fig. 6D, 
H). Lung colony formation assays further supported 
the role of CD44 in promoting metastasis. Knocking 
down CD44 decreased the in vivo metastatic ability of 

A-SSP6 cells by more than 90% (Fig. 6I, J), and 
consistently, overexpression of CD44 led to a 4-fold 
increase in the lung colony numbers (Fig. 6K, L). 
Together, these results suggest that CD44 plays an 
important role in supporting the survival, migration 
and metastatic potential of circulating lung cancer 
cells. 

 

 
Figure 5. Co-localization of EZR, p-EZR, CD44, and actin at the cell membrane is enhanced under SS. (A) Representative immunofluorescence (IF) staining 
images showing the disrupted cell structure in A549-shEZR and H1975-shEZR cells after SS treatment. Scale bar: 5 μm. (B) Quantification result showing the percentage of 
cells with abnormal cell shape after circulation (n ≥ 100 cells). (C) Western blot results showing the protein levels of p-EZR, EZR and CD44 after SS treatment. (D, E) 
Representative IF staining images showing the distribution of EZR, p-EZR, actin and CD44 in A549 and H1975 cells. Scale bar: 10 μm. The quantification results are the means 
± SD from three independent experiments. Significant differences were determined by two-way ANOVA. ***P < 0.001, and ****P < 0.0001. 
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Figure 6. CD44 is vital in protecting the cell survival in circulation and promoting metastasis. (A, E) Representative images and quantification results of the cell 
survival rate after knocking down CD44. Scale bar: 100 μm. (B, F) Representative images and quantification results of the cell survival rate after overexpressing CD44. Scale 
bar: 100 μm. (C, G) Representative images and quantification results of the Transwell migration assay after knockdown of CD44. Scale bar: 100 μm. (D, H) Representative 
images and quantification results of the Transwell migration assay after overexpression of CD44. Scale bar: 100 μm. (I-L) Representative images (I, K) and quantification results 
(J, L) of the lung colony formation assay (n = 6 mice per group). Scale bar: 2 mm. (M, N) Western blot results showing the knockdown and overexpression efficiency of CD44, 
and the relative changes of EZR and p-ZER. The quantification results are the means ± SD from three independent experiments or more than five mice. Significant differences 
were determined by one-way ANOVA (E, G) and t-test (F, H, J, L). **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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To further validate the relationship between EZR 
and CD44, the levels of EZR and p-EZR were 
examined through Western blot analysis in A-SSP6-
shCD44 and A549-C3-OE-CD44 cells. The results 
revealed that knocking down the expression of CD44 
greatly reduced the phosphorylation of EZR, but did 
not affect the level of EZR. Similarly, increasing the 
expression of CD44 elevated the level of p-EZR by 4.7-
fold without affecting the level of EZR (Fig. 6M, N). 
This suggests that the expression level of CD44 
influences the activation of EZR. 

To determine whether CD44 regulates Ezrin 
phosphorylation by influencing its membrane 
localization, we performed cell fractionation followed 
by Western blot analysis. As shown in Fig. S6, shear 
stress treatment induced a marked increase in p-EZR 
levels in the membrane, but not in the cytosol fraction 
of the cells, which is consistent with its activation and 
membrane recruitment. These data suggest that CD44 
is important for the stable membrane association of 
phosphorylated Ezrin under shear stress conditions. 

Phosphorylation of EZR at Thr567 induced by 
ROS is essential for the pro-survival role of 
EZR in circulating lung cancer cells 

Previously, we have found that SS induces 
reactive oxygen species (ROS) production in breast 
cancer cells [38]. In order to know whether elevated 
EZR is correlated with ROS, we measured ROS levels 
following SS treatment and examined the relationship 
between ROS and EZR expression. The results showed 
that after SS treatment, more circulated lung cancer 
cells were stained positive with a ROS-detective dye, 
and the percentage of ROS positive cells reached to the 
highest level of 40.7% to 48.7% at 6 h in both A549 and 
H1975 cells (Fig. 7A, B). When antioxidants of propyl 
gallate (PG) and N-acetyl cysteine (NAC) were added 
in the circulatory system, the production of ROS was 
restricted, and the upregulation of CD44 and the 
phosphorylation of EZR were also reduced (Fig. 7C). 
More importantly, treating A549 and H1975 cells with 
hydrogen peroxide which can produce ROS, markedly 
increased the protein levels of CD44 and p-EZR (Fig. 
7D). These findings suggest that CD44 expression and 
EZR activation are upregulated in response to SS-
induced ROS production. 

To further validate the importance of SS 
treatment on increasing EZR phosphorylation, p-EZR 
inhibitor NSC668394 was used to treat A549 and 
H1975 cells during circulation. The Western blotting 
results showed that this inhibitor greatly prevented 
the big elevation of phosphorylated EZR after SS 
treatment (Fig. 7E). Cell viability after SS treatment 
was measured and the results showed that inhibiting 
EZR phosphorylation reduced the SS-survival rates of 

both A549 and H1975 cells (Fig. 7F, G). Furthermore, 
the phosphorylation of EZR mainly occurs at Thr567, 
which is responsible for the activation of EZR and 
subsequent mediation of cytoskeleton-membrane 
interactions [36]. To verify the functional role of 
phosphorylation at this site, we overexpressed EZR 
with a phospho-null mutation which changed 
threonine (T) to alanine (A) at Thr567 in A549 and 
H1975 cells. The Western blotting results showed that 
the levels of EZR were slightly reduced, but the 
phosphorylation of EZR was completely prevented in 
T567A cells (Fig. 7H). Then these constructed cells 
were subjected to circulatory treatment, and the results 
showed that overexpression of wild type (WT) EZR 
enhanced the survival rate of A549 and H1975 cells, 
while overexpressing none-phosphorylated EZR with 
the T567A mutation failed to increase the viability of 
circulating lung cancer cells (Fig. 7I, J). Together, these 
results suggest that phosphorylation of EZR at Thr567, 
which is induced by the production of ROS upon SS 
treatment, is essential for the functional role of EZR to 
protect CTCs from SS damage. 

To directly test whether CD44 and activated 
Ezrin function downstream of ROS to promote cell 
survival under shear stress, we performed functional 
rescue experiments. As shown in Fig. S7A and B, 
treatment with the ROS scavenger PG significantly 
reduced cell viability under shear stress (I could not 
see the reduction of viability from Fig. S7A, B, where 
is the date of SS without PG?). Notably, 
overexpression of CD44 partially but significantly 
rescued this viability impairment. More importantly, 
expression of a constitutively active Ezrin mutant 
(T567D) effectively restored cell viability to the levels 
that exceeded to untreated controls (Fig. S7C-E). These 
results provide evidence supporting that CD44 and 
activated Ezrin function downstream of ROS. 

To directly establish whether shear stress and 
ROS induce Ezrin phosphorylation specifically at 
Thr567, we compared WT Ezrin and the 
phosphorylation-deficient T567A mutant upon shear 
stress treatment. As shown in Fig. S7F, shear stress 
markedly increased p-Ezrin levels in WT-expressing 
cells, but this increase was completely prevented in 
T567A-expressing cells, despite comparable total Ezrin 
expression. These findings indicate that shear stress 
treatment, via ROS, specifically targets Ezrin phospho-
rylation at Thr567, and that this residue is critical for 
Ezrin activation in response to hemodynamic stress. 

To functionally validate whether RhoA/ROCK 
signaling acts as the upstream kinase module linking 
ROS to Ezrin activation, we treated cells with the 
specific RhoA inhibitor Rhosin under shear stress 
conditions. As shown in Fig. S7G, Rhosin significantly 
inhibited shear stress-induced Ezrin phosphorylation 
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at Thr567, without affecting total Ezrin levels. This was 
accompanied by profound disruption of shear stress-
adapted cell morphology (Fig. S7J, K) and a significant 
reduction in cell viability (Fig. S7H, I). Importantly, 
Rhosin treatment did not reduce shear stress-induced 
ROS levels (Fig. S7L, M), indicating that RhoA acts 
downstream of ROS. Together, these data suggest that 
RhoA signaling plays a functional role in shear stress-
induced Ezrin phosphorylation, morphological 
adaptation, and cell survival, suggesting that RhoA 
serves as a key upstream kinase downstream of ROS 
in this mechanotransduction pathway. 

To further investigate whether ubiquitin-
proteasome degradation is involved in shear stress-
induced Ezrin stabilization, we performed MG132 
assay. As shown in Fig. S7N, MG132 significantly 
increased Ezrin levels in cells under static conditions, 
but SS treatment resulted in a much lesser elevation of 
Ezrin phosphorylation, suggesting that 
phosphorylated Ezrin may be subject to proteasomal-
mediated degradation. 

EZR-mediated activation of PI3K-AKT-Bcl-2 
and JNK/p38/NF-κB pathways enhances 
resistance to SS and metastatic potential in 
circulating lung cancer cells 

In order to investigate the downstream pathways 
through which EZR protects CTCs to resist SS damage 
and promote metastasis, Western blot analyses were 
performed in EZR knockdown and overexpression 
cells. We first found that after knocking down of EZR, 
the levels of p-PI3K, p-AKT and Bcl-2 were 
significantly reduced (Fig. 8A), which is a vital 
pathway to support cell survival. When EZR was 
overexpressed, the PI3K/AKT/Bcl-2 pathway was 
upregulated accordingly (Fig. 8B). Interestingly, the 
level of p-AKT was increased by up to 6.9-fold after 
EZR overexpression. The AKT signaling pathway is a 
master regulator of cell survival. This pathway was 
reported by Li to play a significant role in forming 
cluster and promoting survival of CTCs in circulation 
[29]. Our findings suggest that EZR may also 
contribute to this pathway to promote CTC survival. 
In addition, activation or phosphorylation of JNK, p38 
and NF-κB was reduced following the knockdown of 
EZR and increased in EZR overexpression cells, 
revealing that their activation is regulated by levels 
and activation of EZR. The total level of JNK, p38 and 
NF-κB were not changed significantly after EZR and 
overexpression (Fig. S8A, B). These observations are 
consistent with a model in which EZR modulates 
JNK/p38 signaling to support cytoskeletal adaptation 
and survival under shear stress. 

To determine the functional role of JNK and p38 
in shear stress-exposed CTCs, we treated cells with 

specific inhibitors under shear stress conditions. As 
shown in Fig. S8C-F, inhibition of JNK (SP600125) or 
p38 (SB202190) significantly reduced cell viability, 
indicating that both pathways contribute to survival in 
this context. 

To determine whether EZR upregulation is an 
early adaptive response rather than a late artifact, we 
performed a time-course analysis of cells exposed to 
shear stress. As shown in Fig. S8G, p-EZR increased as 
early as 2 h after shear stress exposure and continued 
to rise progressively. These results indicate that EZR 
upregulation is a rapid response initiated within the 
physiological circulation window of CTCs (1-3 h). The 
10 h time point used in SS-related experiments in this 
study thus represents a more stringent selection 
condition, while the early induction at 2 h supports the 
physiological relevance of this pathway. 

Then the clinical significance of EZR was 
investigated using Kaplan–Meier plotter. The clinical 
significance of EZR was underscored by its correlation 
with shorter overall survival (OS) and post-
progression survival (PPS) of lung cancer patients (Fig. 
8C). Furthermore, EZR expression increased with 
advancing pathological stages (Fig. 8D) and greater 
lymph node metastasis (Fig. 8E), consistent with its 
potential role in driving tumor progression and 
dissemination. 

Through immunohistochemistry (IHC) staining 
of EZR and p-EZR in lung tumors and adjacent tissues 
from lung cancer patients, we further confirmed the 
positive correlation of EZR expression and activation 
with tumor progression, indicated by higher IHC 
scores in lung tumors (Fig. 8F, G). Collectively, these 
findings suggest the following model: when lung 
cancer cells enter the bloodstream, SS induces ROS 
production, which elevates CD44 and activates EZR. 
Subsequently, activated EZR translocates to the cell 
membrane, interacts with CD44, and reinforces the 
CD44-EZR-actin linkage to maintain normal cell shape 
and help CTCs resist SS damage. Downstream, p-EZR 
activates the PI3K/AKT/Bcl-2 pathway as well as 
JNK, p38 and NF-κB, which may collectively facilitate 
the survival and metastatic potential of circulating 
lung cancer cells (Fig. 8H). 

Discussion 
Circulating tumor cells are a major source of 

cancer metastasis, yet only the small fraction that 
survives the circulatory environment succeeds in 
establishing distant colonies [39]. Hemodynamic shear 
stress (SS) is a leading cause of CTC death [40]. In this 
study, we describe a mechanosignaling pathway that 
may contribute to lung cancer CTC resistance to SS-
induced damage, suggesting Ezrin as a key mediator 
of circulatory survival and metastatic potential. 
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Figure 7. Activation of EZR induced by ROS is important for the survival of lung cancer cells in circulation. (A, B) Representative images and quantification 
results showing the ROS levels after SS treatment for different time points with or without PG and NAC. PG: 20 μM, NAC: 5 mM, Scale bar: 100 μm. (C) Western blot results 
showing the protein levels of CD44, EZR and p-EZR after SS treatment with or without PG and NAC. (D) Western blot results showing the protein levels of CD44, EZR and 
p-EZR after H2O2 treatment. (E) Western blot results showing the protein levels of EZR and p-EZR after using p-EZR inhibitor. (F, G) Representative images and quantification 
results showing the survival rate of cells after SS treatment with or without the addition of p-EZR inhibitor. Scale bar: 100 μm. (H) Western blot results showing the protein 
levels of EZR and p-EZR in cells with EZR or EZR (T567A) overexpression. (I, J) Representative images and quantification results showing the SS-survival rate of cells with EZR 
or EZR (T567A) overexpression. Scale bar: 100 μm. The quantification results are the means ± SD from three independent experiments. Significant differences were determined 
by two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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Figure 8. EZR promotes survival and metastasis of circulating tumor cells by activating PI3K/AKT/Bcl-2, JNK, p38 and NF-κB pathways. (A, B) Western blot 
results showing the protein levels of potential downstream molecules after knocking down or overexpressing EZR. (C) Kaplan–Meier plots of OS and PPS curves in lung cancer 
patients. (D) EZR expression in different stages of lung cancer patients. (E) EZR expression in lung cancer patients with different nodal metastasis. N0: No regional lymph node 
metastasis, N1: Metastases in 1 to 3 axillary lymph nodes, N2: Metastases in 4 to 9 axillary lymph nodes, N3: Metastases in 10 or more axillary lymph nodes. (F, G) Representative 
images and quantified IHC scores of EZR and p-EZR in adjacent tissues and lung tumors of NSCLC patients (n = 30). Scale bar: 100 μm. (H) Proposed signaling pathways. 
Significant differences were determined by Log-rank test (C) and Student’s t-test (D, E, G). *P < 0.05, **P < 0.01, and ****P <0.0001. ns, not significant. 
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Ezrin, a membrane-cytoskeleton linker protein, is 
frequently overexpressed in aggressive cancers and 
correlates with poor prognosis [41-45]. While its role in 
metastasis is recognized, its specific function in 
protecting CTCs from mechanical stress has been 
unclear. Our findings indicate that Ezrin plays an 
important role in maintaining structural integrity 
under SS, as its knockdown led to rapid membrane-
cytoskeleton disruption and cell death. This is 
supported by in vivo kinetics: Ezrin knockdown 
significantly reduced lung-colonizing cells as early as 
24 hours after tail vein injection, a timeframe that is 
more consistent with acute circulatory failure than 
with a generalized proliferative defect. 

Ezrin activation via phosphorylation at Thr567 is 
necessary for its function [36, 46, 47]. Phosphorylated 
Ezrin (p-Ezrin) is linked to invasive phenotypes and 
poor survival in various cancers, including NSCLC 
[48-52]. Here, we report that SS induces rapid Ezrin 
phosphorylation, and that pharmacological inhibition 
of this phosphorylation impairs CTC survival. The 
kinase responsible for this phosphorylation in our 
context appears to be ROCK, a downstream effector of 
RhoA. Our data indicate that RhoA expression is 
upregulated by SS, and specific RhoA inhibition 
prevents SS-induced Ezrin phosphorylation and 
survival. Importantly, SS triggers reactive oxygen 
species (ROS) production, and our data suggest that 
ROS acts as an upstream signal: antioxidant treatment 
markedly reduced Ezrin activation and subsequent 
survival. Taken together, these observations are 
consistent with a model in which SS initiates a 
signaling cascade where ROS production facilitates 
RhoA/ROCK-mediated Ezrin phosphorylation. 

While JNK and p38 are often associated with pro-
apoptotic signaling, their role is context-dependent. 
Under the transient shear stress conditions used in this 
study, pharmacological inhibition of either pathway 
significantly reduced CTC viability, suggesting that 
these pathways may contribute to cell survival in this 
particular context. This could involve integration with 
the concurrently activated PI3K/AKT pathway, 
potentially redirecting these stress kinases toward a 
protective outcome. 

As a scaffold protein, phosphorylated Ezrin does 
not possess kinase activity. Instead, it functions as a 
necessary signal-organizing node. Inhibition of Ezrin 
phosphorylation abolishes the activation of both 
PI3K/AKT and JNK/p38 pathways under SS 
conditions, suggesting that p-Ezrin may serve as a 
critical scaffold enabling pro-survival signaling in this 
context. The precise molecular interactors linking p-
Ezrin to these kinase cascades in this specific 
mechanobiological context remain to be fully mapped 
and represent an important direction for future work. 

We further identify CD44 as a key co-factor in this 
pathway. SS treatment upregulates CD44, a cell 
adhesion molecule known to interact with Ezrin and 
enhance cancer cell invasiveness and stem-like 
properties [53-60]. Our data suggest a functional 
hierarchy: ROS signaling acts upstream to promote 
CD44 upregulation and function. CD44, in turn, 
appears to serve as a membrane scaffold that is 
required for efficient membrane recruitment and 
subsequent phosphorylation of Ezrin. Knockdown of 
CD44 abolished SS-induced Ezrin phosphorylation 
and survival, even in the presence of elevated ROS. 
This points to CD44 as a signal-dependent amplifier 
that may convert a diffuse oxidative signal into a 
localized, productive cytoskeletal response. The 
physical and functional interaction between Ezrin and 
CD44 thus appears to be a key feature of the 
mechanoadaptive response. 

To assess the specificity of this axis, we examined 
the parental cells (A549) from which the SS-resistant 
cells (A-SSP6) were selected. In those A549 cells, a 
short period of SS treatment (2 h) rapidly induced the 
phosphorylation of Ezrin, and Ezrin knockdown 
significantly impaired the survival of these cells. These 
observations suggest that the pathway identified in 
this study is not merely an artifact of long-term 
selection, and may represent a stress response that is 
amplified in resistant populations. The A-SSP6 line 
served as a useful experimental tool to enrich for and 
dissect this core survival module. 

While EMP1 was co-identified with Ezrin in our 
transcriptomic screen, subsequent mechanistic 
dissection revealed that it operates in a distinct 
pathway. Double-knockdown experiments showed no 
synergy with Ezrin loss, and EMP1 overexpression 
failed to enhance metastasis in vivo in our 
experimental setting, despite improving in vitro 
migration and viability. These results suggest that, 
within the context of circulatory survival, Ezrin plays 
a more prominent role than EMP1. 

The clinical relevance of Ezrin is supported by 
our analysis of patient data, which links high EZR 
expression with reduced progression-free and overall 
survival, advanced tumor stage, and greater nodal 
metastasis in lung cancer. The observation that SS-
induced Ezrin upregulation in vitro mirrors its 
elevated expression in aggressive human tumors 
suggests a potential link between this 
mechanosensitive pathway and cancer progression in 
patients. We acknowledge that future validation in 
patient-derived CTCs or more heterogeneous in vivo 
models will be important to fully define the 
universality of this mechanism, and we note this as a 
direction for future investigation. 
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Several limitations of this study should be 
acknowledged. First, the 10-hour shear stress exposure 
used in our in vitro model exceeds the typical 
circulation half-life of most circulating tumor cells 
(CTCs), which is usually within 1-2 hours [61]. 
However, as shown in our time-course experiments 
(Figure S8G), shear stress-induced Ezrin 
phosphorylation begins as early as 2 hours in A549 
and H1975 cells, indicating that the key molecular 
events along the ROS-CD44-Ezrin axis are initiated 
within a physiologically relevant timeframe. The 10-
hour time point was chosen to capture the maximal 
adaptive response and ensure robust biochemical 
detection. Nevertheless, we fully recognize that direct 
clinical evidence linking differential shear stress 
exposure durations to metastatic potential is currently 
lacking, and future studies using time-stamped CTC 
isolation or in vivo models will be important to address 
this question. 

Second, while we have validated the ROS-CD44-
Ezrin axis in multiple unselected lung cancer cell lines 
(A549 and H1975), the A-SSP6 line used in part of this 
study is a long-term shear stress-selected model that 
may exhibit a more pronounced Ezrin response 
compared to naïve CTCs. We acknowledge that A-
SSP6 represents an extreme model of shear stress 
adaptation, which limits the direct translational 
generalizability of our findings. Ideally, validation in 
primary patient-derived CTCs would be the most 
clinically relevant approach. However, due to the 
extreme rarity of CTCs in patient blood (typically 1-10 
cells per mL) [62], isolating sufficient viable CTCs for 
mechanistic assays such as shear stress exposure and 
western blotting is not feasible under current 
laboratory conditions. Therefore, we have used the A-
SSP6 line as a valuable tool to dissect the molecular 
mechanism of shear stress adaptation, while 
emphasizing that future studies using CTC-derived 
cell lines, patient-derived xenograft models, or 
microfluidic-based live CTC expansion systems are 
necessary to confirm the broader applicability of our 
findings. Within the scope of this study, our 
conclusions are primarily mechanistic and should be 
interpreted with caution regarding clinical translation. 

Finally, while our study delineates the 
downstream ROS-CD44-Ezrin effector module, the 
identity of the primary mechanosensor on the CTC 
surface remains an open question. Preliminary data 
from our lab suggest rapid calcium influx precedes 
ROS production, pointing to mechanosensitive ion 
channels as candidate initiators. A comprehensive 
exploration of this upstream event, however, extends 
beyond the scope of the present work and will be the 
focus of ongoing research. 

In summary, our findings identify the ROS-

CD44-Ezrin axis as an integrated mechanosignaling 
module that contributes to shear stress resistance in 
our experimental models. While the individual 
functions of Ezrin are well-established, the novelty of 
this work lies in revealing how these functions-
structural reinforcement and pro-survival signaling-
may be coordinately engaged within a specific 
mechanobiological context to overcome a key 
metastatic bottleneck. These observations suggest that 
this pathway may offer opportunities for therapeutic 
exploration; however, further validation in more 
clinically relevant models will be necessary to 
determine its translational potential. 
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