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Abstract: The plasma membrane separates the interior of the cells from the extracellular fluid and
protects the cell from disruptive external factors. Therefore, the self-repairing capability of the
membrane is crucial for cells to maintain homeostasis and survive in a hostile environment. Here,
we found that micron-sized membrane pores induced by cylindrical atomic force microscope probe
puncture resealed significantly (~1.3–1.5 times) faster in drug-resistant non-small cell lung cancer
(NSCLC) cell lines than in their drug-sensitive counterparts. Interestingly, we found that such
enhanced membrane repairing ability was due to the overexpression of annexin in drug-resistant
NSCLC cells. In addition, a further ~50% reduction in membrane resealing time (i.e., from ~23 s
to ~13 s) was observed through the epithelial-mesenchymal-transition, highlighting the superior
viability and potential of highly aggressive tumor cells using membrane resealing as an indicator for
assessing the drug-resistivity and pathological state of cancer.

Keywords: cell membrane; atomic force microscope (AFM); membrane recovery; annexin; epithelial-
mesenchymal-transition (EMT); non-small cell lung cancer; drug resistance

1. Introduction

In addition to serving as the physical barrier separating cytoplasm from outside,
and protecting the cell from disruptive extracellular factors, the plasma membrane also
allows a cell to achieve signal and mass exchange with the surrounding microenviron-
ment (through various transmembrane signaling proteins and ion channels/pumps) and
maintain homeostasis is critical for the cell’s survival. For example, it is widely reported
that cells must actively pump out calcium ions to keep their internal concentration low, a
condition that is critical for the proper functioning of many proteins and signaling path-
ways [1]. However, damage to the membrane will enable calcium to flow into the cell,
disrupting its normal function and eventually leading to proteolysis and cell death [2].
Given that membrane injuries have been commonly observed in migrating cancer cells [3],
the self-repairing capability of plasma membrane will be crucial for their survival in the
hostile environment [4].

Microscopically, it is well-documented that the calcium influx through the ruptured
membrane could trigger a cascade of events to help its repairing. In particular, annexin fam-
ily proteins (known to facilitate membrane repair by inducing proper membrane morphol-
ogy changes as well as generating forces for bringing ruptured membrane together [5–9]
will be recruited to the damage site through the binding between their negatively charged
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phospholipids and calcium ion [10]. On the other hand, it has also been shown that diffu-
sion of lipids itself is enough to lead to spontaneous resealing of the membrane hole when
its size is below a threshold value [11].

Interestingly, a recent study showed that membrane resealing in tumor cells is much
faster than the corresponding normal ones [12]. Motivated by this exciting finding, we
report a study focusing on how the membrane resealing response of non-small-cell lung
cancer (NSCLC) cells is influenced by their drug-resistivity and pathological state. We
chose NSCLC here because it accounts for ~85% of all lung cancers with most deaths.
For this reason, intense efforts have been devoted to developing new strategies/methods
for the monitoring and treatment of this disease. In particular, epidermal growth factor
receptor (EGFR) was identified as an important drug target due to its critical role in
signaling pathways, for example, Ras-Raf-MEK-ERK-MAPK, phosphatidylinositol 3-kinase
(PI3K)/Akt, phospholipase Cγ (PLCγ) and Src kinase pathways [13,14]. Indeed, as one of
the most commonly used drugs to treat NSCLC patients with mutant EGFR, erlotinib is a
commonly used first-line EGFR-targeting tyrosine kinase inhibitor (TKI) [15]. In general,
the mechanism for TKIs to work is to bind to specific receptors like EGFR and ALK,
in competition with other ligands such as ATP, block the docking site for downstream
effectors in the tyrosine kinase domain of these receptors and eventually prevent the
activation of the receptor. As a result, the anti-apoptotic pathway and other uncontrolled
downstream cascades eliciting tumor cell proliferation and angiogenesis will be inhibited.
Unfortunately, after repeated treatments, NSCLC cells may develop resistance to erlotinib
and consequently greatly reduce its efficacy [16,17]. Another common way for NSCLC cells
to acquire EGFR-TKI resistance is the epithelial-mesenchymal transition (EMT) where cells
undergo a switch from being epithelial- to mesenchymal-like. In this study, protocols for
developing the resistance to erlotinib and triggering EMT in different NSCLC cell lines
were established. We then systematically examined how these changes affect the membrane
repairing capability of NSCLC cells as well as the mechanisms behind them.

2. Materials and Methods
2.1. Cell Culture

Two NSCLC cell lines, HCC4006 and ETCC016 (from Caucasian and Chinese pa-
tients, respectively) were used in this study. The HCC4006 cell line was cultured in
RPMI 1640 medium with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(PS), and ETCC016 cells were cultured in DMEM supplemented with 10% FBS and 1% PS.
Both cell lines were maintained in a 37 ◦C humidified incubator containing 5% CO2.

2.2. Development of Drug Resistant Cell Lines

Both HCC4006 and ETCC016 cell lines were treated with 5 µM erlotinib for over
10 passages to gain resistance to the drug. We named the resistant phenotype of these
cell lines as HCC4006R and ETCC016R, respectively, whereas the parental control groups
(called mock cell lines, i.e., HCC4006M and ETCC016M) were treated with the same amount
of dimethyl sulfoxide (DMSO), instead of erlotinib.

2.3. MTS Assay

To evaluate the IC50 value of erlotinib in both drug-sensitive and drug-resistant cell
lines, MTS assay CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit (Promega,
Madison, WI, USA) was performed. Briefly, 0.0001 µM, 0.001 µM, 0.01 µM, 0.1 µM, 1 µM,
10 µM, 20 µM, 50 µM, 100 µM, 200 µM erlotinib and control (DMSO) were added to both cell
lines. After 72 h, the supernatant was discarded and replaced with MTS reagent solution
(20 µL/well for 96-wellplate), and cells were then incubated for another 4 h. The absorbance
of 490 nm wavelength was read by a plate-reader to measure the viability of cells.
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2.4. Inducing Cell EMT

EMT in both HCC4006 and ETCC016 cell lines was activated through TGF-β receptor
signaling pathways. Specifically, 4 ng/mL TGF-beta was added to the growth medium 36 h
before experiment [11]. The occurrence/progression of EMT was monitored by examining
the mRNA expression levels of N-cadherin, E-cadherin and vimentin in the cells.

2.5. Membrane Puncturing

Cells were digested and transferred into glass-bottom dish (MatTek, Ashland, MA,
USA) precoated with poly-L-lysine (Sigma, St Louis, MO, USA), tested after 30 min incuba-
tion to ensure cells would adhere strongly to the dish. Membrane puncturing experiment
was conducted using atomic force microscopy (AFM). Specifically, cylindrical AFM probes
(with a diameter of 2 µm) were fabricated by focused ion beam (FEI Quanta 200 3D). After
that, said probe was pushed into the cell to induce membrane damage (similar to that
achieved by using laser or electric pulses [18]). The resealing of the created membrane pore
was recorded with a phase contrast microscope.

2.6. Measuring Membrane Tension

The membrane tension of cells was estimated by indenting the cell membrane with a
cylindric AFM, a method that has been used in previous studies [19,20]. Before contact, the
intracellular (Pc) and external (Pe) pressures were balanced by the membrane tension γ m
via the Laplace’s law as

Pc − Pe =
2γm

R
(1)

where R represents the cell radius. Since the indentation depth is small, the contact area A
and indentation depth δ can be related to each other as:

A = πδ (2R− δ ) (2)

On the other hand, the force F applied on membrane through the cross-section area A of
the indenter must equal to that induced by the pressure difference across the membrane, i.e.,

Pc − Pe =
F
A

(3)

Combining the above equations, the membrane tension can be estimated as:

γm =
FR

2πδ (2R− δ )
(4)

2.7. Immunofluorescent Staining

Cells were treated with cold methanol for 10 min to make their membrane perme-
able to dyes (without destroying embedded membrane proteins), followed by another
10 min treatment of PBS with 0.25% Tween 20. After being washed with PBS for 3 times,
the samples were immersed in 5% BSA blocking solution for incubating 30 min at room
temperature. Next, primary monoclonal antibody annexin A2 (Thermo Fisher Scientific,
Waltham, MA, USA) diluted in 2% BSA PBS and added. After overnight incubation at 4 ◦C
and washing with PBS 3 times, a secondary antibody was added and the samples were in-
cubated at room temperature for 1 hr. DAPI (4′,6-diamidino-2-phenylindole, Thermo Fisher
Scientific, Waltham, MA, USA) was added into the medium 30 min before observation.

The fluorescence images were obtained using Nikon Eclipse Ts2R-FL fluorescence
microscope with fixed exposure time for each sample.

2.8. Real Time Quantitative Polymerase Chain Reaction (RT-qPCR)

To evaluate the expression of EMT markers, real-time quantitative PCR (RT-qPCR)
was employed to detect the expression levels of E-cadherin, N-cadherin and vimentin. To
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further determine the role of proteins in relation to membrane repairing capability, annexin
A2, A5, A6, A7 were also tested. GAPDH was determined as the reference gene. The
primers were purchased from Lifeact Technology (Thermo Fisher Scientific Waltham, MA,
USA). TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA) was used to lyse the
cell to extract mRNA, following the manufacturer’s instructions. RT-qPCR was performed
with a QuantiNova SYBR Green PCR Kit (QIAgen, Hilden, Germany). Specifically, the
cycling program was adopted as: (i) denaturation at 95 ◦C for 15 s, (ii) annealing at 60 ◦C
for 30 s, and (iii) repeating these two steps for 45 cycles (Table 1).

Table 1. The sequences of primers for qPCR.

Gene Name Forward Primer (5′-3′) Reverse Primer (5′-3′)

E-Cadherin TGCTGATGCCCCCAATACCCCA GTGATTTCCTGGCCCACGCCAA

N-Cadherin TGACTCCAACGGGGACTGCACA AGCTCAAGGACCCAGCAGTGGA

Vimentin AACCAACGACAAAGCCCGCGTC TTCCGGTTGGCAGCCTCAGAGA

Annexin A2 TCGGACACATCTGGTGACTTCC CCTCTTCACTCCAGCGTCATAG

Annexin A5 GTGGCTCTGATGAAACCCTCTC GGCTCTCAGTTCTTCAGGTGTC

Annexin A6 GACTGACGAAGACACAATCATCG CAGAATCAGCCTTGCCAGGTCT

Annexin A7 CGGATTGTGGTCACTCGAAGTG CGGTAATCTCCACTCGTGTCAC

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

3. Results
3.1. Fast Membrane Resealing Response Observed in NSCLC Cancer Cell Lines

Using an atomic force microscope (AFM) mounted with a 2 µm cylindrical probe
(refer to Figure 1a), membrane puncturing tests were conducted on two types of NSCLC
cell lines, ETCC016 and HCC4006. Specifically, after retracting the AFM probe from the
penetrated cell, self-repairing of the damaged membrane was monitored with the optical
microscope. Interestingly, as shown in Figure 1c, most induced membrane pores can fully
reseal within a few tens of seconds. Many factors have been reported to influence the
membrane resealing response of cells. For example, physically, membrane tension acts to
enlarge the pore. Therefore, the resealing time has been shown to increase exponentially
with the membrane tension. To see whether this is important in the present study, we
measured the membrane tension of different cell types used here via AFM indentation [19].
Interestingly, as illustrated in Figure 1b, no significant difference in the tension level among
various cell types was observed, confirming that we do not need to consider the influence
of membrane tension when analyzing different observed resealing responses of cells.

3.2. Membrane Resealing Speed Correlates with Cancer Cells’ Drug Resistivity

With the method for introducing membrane pores with precisely controlled size at
hand, we can then examine how the self-repairing capability of cancer cells is influenced by
their pathological status. Given its important clinical implications, we first investigated
how the drug resistance developed in non-small cell lung cancer cells affect their membrane
resealing ability. Specifically, drug-resistant ETCC016 and HCC4006 cells were developed
by culturing these two cell lines with 5 µM erlotinib for more than 10 passages. The
resistance to erlotinib of these cell lines was evaluated/verified by the MTS assay shown
in Figure 2. Interestingly, as shown in Figure 1d,e, the resealing speed in drug-resistant
(ETCC016R and HCC4006R) cells was found to be significantly faster than their drug-
sensitive (ETCC016M and HCC4006M) counterparts. Specifically, on average, the 2 µm
membrane pore in ETCC016R and HCC4006R cell lines could reseal in ~23 s whereas it
took ~33 s for the holes in ETCC016M and HCC4006M cells to disappear.
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ing time measured from ETCC016 and HCC4006 cell lines under different treatments. Error bar 

represents standard deviation. (ns, not significant. ‘*’, ‘**’, ‘***’ represent p < 0.05, 0.01, 0.001, respec-

tively, from unpaired t-test). 
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Figure 1. (a) An illustration of mechanical puncturing of the plasma membrane by a cylindrical
AFM probe and its subsequent annexin-assisted self-repairing. (b) Membrane tension of different
cells measured by AFM indentation. (c) A representative set of images showing the resealing of a
membrane pore in the NSCLC cell line. Here, 0 s indicates the removal of the AFM probe. Clearly,
the pore got smaller and smaller and eventually disappeared in ~30 s. (d,e) show the membrane
resealing time measured from ETCC016 and HCC4006 cell lines under different treatments. Error
bar represents standard deviation. (ns, not significant. ‘*’, ‘**’, ‘***’ represent p < 0.05, 0.01, 0.001,
respectively, from unpaired t-test).

As pointed out earlier, membrane tensions in these drug-resistant and drug-sensitive
cells were found to be more or less the same, therefore we look for other factors that could
give arise to the different membrane resealing response observed here. In particular, we
examined the expression of annexin in these cell lines, given the well-known role of such
proteins in facilitating membrane remodeling. As shown in Figure 3a, for HCC4006 cell
line, the expression levels of annexin A7 was found to be similar in both the mock and
drug-resistant cells. However, the concentration of annexin A2, A5 and A6 are much higher
in the drug-resistant cell line. Similarly, a 2-fold increase in the expression levels of annexin
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A2, A5 and A6 were also observed in ETCC016R cells compared to the control ETCC016M
cell line (Figure 3b). Taken together, these evidences indicate that the enhanced membrane
repairing capability in drug-resistant NSCLC cells was likely due to the overexpression
of annexin (especially annexin A2, A5 and A6) in them. These four types of annexins
were selected in the present study because annexin A2 can facilitate actin assembly near
the membrane and consequently orchestrate its organization [21], annexin A5 is the most
abundant membrane-bound annexin scaffold [22] while annexin A6 and A7 are known to
be involved in the lipid-vesicle transport in cells [21,23].
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Figure 2. MTS assay of HCC4006 and HCC4006R cell lines. The drug resistance (HCC4006R) cell line
was established by 10 cycles of drug treatment. Compared to drug-sensitive HCC4006M cells, a three
orders of magnitude increase in the concentration of erlotinib is required to reduce the viability of
HCC4006R cell line to 50%.
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Figure 3. RT-PCR result of annexin A2, A5, A6, A7 expression levels in HCC4006 and ETCC016 cells,
both for the mock (normal) and drug-resistant cell lines. Annexin A2, A5 and A6 were significantly
more expressed in the resistant HCC4006 and ETCC016 (>2 folds) cell lines.

3.3. Epithelial-Mesenchymal-Transition Leads to Faster Membrane Resealing of Cancer Cells

Another way for tumor cells to acquire drug-resistance is the EMT, where epithelial-
like cells lose their apical-basal polarity and adhesion with each other, and eventually
become highly migratory. Specifically, the reduced drug-induced apoptosis and elevated
drug efflux pumping [24,25] in tumor cells undergoing such transition are believed to
be behind their enhanced drug resistance. Given the correlation between the membrane
resealing response and drug resistivity of cancer cells discussed above, it is interesting to
see whether the membrane repairing capability of NSCLC cells is also regulated by EMT
or not.
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We proceeded by adding 4 ng/mL TGF-β, a common EMT inducer, into the culture
medium of cells. Interestingly, as shown in Figure 1(d,e), the resealing of membrane pores in
both HCC4006 and ETCC016 cell lines became faster after TGF-β treatment, confirming an
enhanced self-repairing capability has been triggered. To confirm whether EMT was indeed
induced by TGF-β treatment, the expression levels major EMT markers, e.g., vimentin and
N-cadherin were measured by RT-qPCR. As illustrated in Figure 4, a 10-fold increase in the
vimentin expression level in HCC4006R was observed, in which is far greater in the fold
change compare to the drug-sensitive cell line (HCC4006M). For ETCC016 cells after TGF-β
treatment, we observed that vimentin expressions were increased in both the resistant and
mock cell lines.

1 
 

 Figure 4. RT-qPCR results of EMT markers: E-cadherin, N-cadherin and vimentin. RT-qPCR experi-
ments were performed after 36 h exposure with/without 4 ng/mL TGF–β. (a,c) Mock and resistant
groups of ETCC016 cell line were induced EMT. (b,d) Resistant and mock groups of HCC4006 cell
lines represent greater increase in vimentin expression, 10-fold increase in the resistant group and
3-fold increase in the mock group.

It must be pointed out that, among all cell lines tested, HCC4006R underwent the
largest increase in the annexin expression level (after TGF-β treatment) coupled with the
biggest decrease of membrane resealing time (from ~23 to ~13 s) which again supports
the notation that EMT enhances the membrane repairing capability of cells. Similar to the
previous drug-sensitive and drug-resistant case, we then examined how TGF-β treatment
influences annexin expression in NSCLC cells. As expected, a much bigger increase in the
expression level of annexin A2, A5, A6 and A7 was observed in drug-resistant HCC4006R
cells, in comparison to the HCC4006M cell line (Figure 5a). On the other hand, such
increase was fond to be more prominent in drug-sensitive ETCC016M cells compared to
that in the ETCC016R cell line, see Figure 5b. These RT-qPCR results are consistent with
our immunofluorescence staining observation where a significant increased annexin A2
fluorescent signal was detected in HCC4006R cells after TGF-β treatment, refer to Figure 5c.
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Figure 5. Annexin A2, A5, A6, A7 expression of HCC4006 (a) and ETCC016 (b) drug-resistant (R)
and non-resistant (mock, M) cell line, with/without inducing EMT. (c) Immunofluorescence staining
of annexin A2 protein for drug resistant HCC4006 cell lines with/without inducing EMT.

4. Discussion and Conclusions

This study showed that micron-sized membrane pores (induced by AFM puncturing)
in NSCLC cells could fully reseal in tens of seconds. Interestingly, although membrane ten-
sion remained more or less the same across cancer cell lines, erlotinib-resistant tumor cells
were found to reseal their membranes much faster than the corresponding drug-sensitive
cell lines. We further demonstrated that such enhanced membrane repairing capability
was due to the overexpression of annexin (a protein family known to play significant roles
in the remodeling and reorganization of lipid membranes) in drug-resistant NSCLC cells.
Interestingly, EMT could further reduce the resealing time of the membrane. These findings
are consistent with previous studies reporting that annexin facilitates membrane repairing
by inducing curvature and folding of lipid bilayer near the pore edge [9], and knockdown
of annexin A6 in cells will lead to impaired membrane healing [6].

It must be pointed out that clinically, overexpression of annexin A2 in the tumor was
considered a predictor of adverse outcomes for patients [26]. Recent studies have also
indicated that annexin is heavily involved in the development of cisplatin resistance in
NSCLC [27,28]. Our study provides new insights into how annexin helps tumor cells im-
prove their self-repairing ability, which is crucial for their survival in a hostile environment
(caused by anti-cancer drugs or other disruptive factors). We would like to emphasize that
the micron-sized nature of membrane pores introduced in the present study allows us to
quantitatively monitor their resealing dynamics and unambiguously assess the membrane
repairing capability of cells. Actually, we could also generate nano-sized membranes holes
via techniques such as electroporation. However, it will be impossible to directly observe
and measure the size evolution of those small pores. On the other hand, the biophys-
ical mechanism behind the resealing of micro- and nano-sized holes should be similar.
Therefore, the conclusions obtained here are expected to be robust.

Finally, given that membrane puncturing and resealing tests can be conducted in a
few minutes, it is conceivable that we might be able to use membrane resealing time as a
marker for rapid drug-resistance identification and/or classification of cancer. Indeed, cell
stiffness level has been successfully applied to distinguish tumor cells from their normal
counterparts [29]. Finally, we want to emphasize that, besides membrane tension and
annexin considered here, factors such as the viscoelastic deformation [30,31] and dynamic
remodeling [32,33] of the actin cortex could play a role in how membrane pores evolve as
well. In addition, the cellular volume may also change (due to water efflux or influx [34,35])



Membranes 2022, 12, 428 9 of 10

during mechanical puncturing of the membrane, which then alters its tension level and
eventually its resealing. More careful theoretical and experimental efforts are needed in the
future to take these important features into account.

Author Contributions: Y.L. and W.C.-S.C. conceived the study. X.X., H.Y., D.W.-Y.A. and S.P.-H.L.
performed measurements. X.X., H.Y., Y.L. and W.C.-S.C. analyzed data. X.X., Y.L. and W.C.-S.C. wrote
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Research Grants Council (Project No.:
GRF/17210618, GRF/17210520), the Health@InnoHK program of the Innovation and Technology
Commission of the Hong Kong SAR Government, and the National Natural Science Foundation of
China (Project No. 11872325).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bagur, R.; Hajnóczky, G. Intracellular Ca(2+) Sensing: Its Role in Calcium Homeostasis and Signaling. Mol. Cell 2017, 66, 780–788.

[CrossRef] [PubMed]
2. Cooper, S.T.; McNeil, P.L. Membrane Repair: Mechanisms and Pathophysiology. Physiol. Rev. 2015, 95, 1205–1240. [CrossRef]

[PubMed]
3. Mayer, C.; Maaser, K.; Daryab, N.; Zänker, K.S.; Bröcker, E.B.; Friedl, P. Release of cell fragments by invading melanoma cells. Eur.

J. Cell Biol. 2004, 83, 709–715. [CrossRef]
4. Jaiswal, J.K.; Lauritzen, S.P.; Scheffer, L.; Sakaguchi, M.; Bunkenborg, J.; Simon, S.M.; Kallunki, T.; Jäättelä, M.; Nylandsted, J.

S100A11 is required for efficient plasma membrane repair and survival of invasive cancer cells. Nat. Commun. 2014, 5, 3795.
[CrossRef]

5. Boye, T.L.; Jeppesen, J.C.; Maeda, K.; Pezeshkian, W.; Solovyeva, V.; Nylandsted, J.; Simonsen, A.C. Annexins induce curvature
on free-edge membranes displaying distinct morphologies. Sci. Rep. 2018, 8, 1–14. [CrossRef]

6. Boye, T.L.; Maeda, K.; Pezeshkian, W.; Sønder, S.L.; Haeger, S.C.; Gerke, V.; Simonsen, A.C.; Nylandsted, J. Annexin A4 and A6
induce membrane curvature and constriction during cell membrane repair. Nat. Commun. 2017, 8, 1–11. [CrossRef]

7. Sønder, S.L.; Boye, T.L.; Tölle, R.; Dengjel, J.; Maeda, K.; Jäättelä, M.; Simonsen, A.C.; Jaiswal, J.K.; Nylandsted, J. Annexin A7 is
required for ESCRT III-mediated plasma membrane repair. Sci. Rep. 2019, 9, 1–12. [CrossRef] [PubMed]

8. Hakobyan, D.; Gerke, V.; Heuer, A. Modeling of annexin A2—Membrane interactions by molecular dynamics simulations. PLoS
ONE 2017, 12, e0185440. [CrossRef]

9. Bouter, A.; Gounou, C.; Bérat, R.; Tan, S.; Gallois, B.; Granier, T.; d’Estaintot, B.L.; Pöschl, E.; Brachvogel, B.; Brisson, A.R.
Annexin-A5 assembled into two-dimensional arrays promotes cell membrane repair. Nat. Commun. 2011, 2, 1–9. [CrossRef]

10. Gerke, V.; Moss, S.E. Annexins: From structure to function. Physiol. Rev. 2002, 82, 331–371. [CrossRef]
11. Gozen, I.; Dommersnes, P. Pore dynamics in lipid membranes. Eur. Phys. J. Spec. Top. 2014, 223, 1813–1829. [CrossRef]
12. Hui, T.H.; Zhou, Z.L.; Fong, H.W.; Ngan, R.K.C.; Lee, T.Y.; Au, J.S.K.; Ngan, A.H.W.; Yip, T.T.C.; Lin, Y. Characterizing the

malignancy and drug resistance of cancer cells from their membrane resealing response. Sci. Rep. 2016, 6, 26692. [CrossRef]
[PubMed]

13. Scaltriti, M.; Baselga, J. The Epidermal Growth Factor Receptor Pathway: A Model for Targeted Therapy. Clin. Cancer Res. 2006,
12, 5268–5272. [CrossRef] [PubMed]

14. McCubrey, J.A.; Steelman, L.S.; Chappell, W.H.; Abrams, S.L.; Wong, E.W.T.; Chang, F.; Lehmann, B.; Terrian, D.M.; Milella, M.;
Tafuri, A.; et al. Roles of the Raf/MEK/ERK pathway in cell growth, malignant transformation and drug resistance. Biochim.
Biophys. Acta Mol. Cell Res. 2007, 1773, 1263–1284. [CrossRef]

15. Park, K.; Yu, C.J.; Kim, S.W.; Lin, M.C.; Sriuranpong, V.; Tsai, C.M.; Lee, J.S.; Kang, J.H.; Chan, K.C.; Perez-Moreno, P.; et al.
First-Line Erlotinib Therapy Until and Beyond Response Evaluation Criteria in Solid Tumors Progression in Asian Patients With
Epidermal Growth Factor Receptor Mutation-Positive Non-Small-Cell Lung Cancer: The ASPIRATION Study. JAMA Oncol. 2016,
2, 305–312. [CrossRef]

16. Kobayashi, S.; Boggon, T.J.; Dayaram, T.; Jänne, P.A.; Kocher, O.; Meyerson, M.; Johnson, B.E.; Eck, M.J.; Tenen, D.G.; Halmos, B.
EGFR mutation and resistance of non-small-cell lung cancer to gefitinib. N. Engl. J. Med. 2005, 352, 786–792. [CrossRef]

17. Wu, S.G.; Liu, Y.N.; Tsai, M.F.; Chang, Y.L.; Yu, C.J.; Yang, P.C.; Yang, J.C.; Wen, Y.F.; Shih, J.Y. The mechanism of acquired
resistance to irreversible EGFR tyrosine kinase inhibitor-afatinib in lung adenocarcinoma patients. Oncotarget 2016, 7, 12404–12413.
[CrossRef]

18. Chen, W.; Han, Y.; Chen, Y.; Xie, J.T. Field-induced electroconformational damages in cell membrane proteins: A new mechanism
involved in electrical injury. Bioelectrochemistry Bioenerg. 1998, 47, 237–245. [CrossRef]

19. Rosenbluth, M.J.; Lam, W.A.; Fletcher, D.A. Force microscopy of nonadherent cells: A comparison of leukemia cell deformability.
Biophys. J. 2006, 90, 2994–3003. [CrossRef]

20. Hui, T.H.; Zhou, Z.L.; Qian, J.; Lin, Y.; Ngan, A.H.; Gao, H. Volumetric deformation of live cells induced by pressure-activated
cross-membrane ion transport. Phys. Rev. Lett. 2014, 113, 118101. [CrossRef]

http://doi.org/10.1016/j.molcel.2017.05.028
http://www.ncbi.nlm.nih.gov/pubmed/28622523
http://doi.org/10.1152/physrev.00037.2014
http://www.ncbi.nlm.nih.gov/pubmed/26336031
http://doi.org/10.1078/0171-9335-00394
http://doi.org/10.1038/ncomms4795
http://doi.org/10.1038/s41598-018-28481-z
http://doi.org/10.1038/s41467-017-01743-6
http://doi.org/10.1038/s41598-019-43143-4
http://www.ncbi.nlm.nih.gov/pubmed/31040365
http://doi.org/10.1371/journal.pone.0185440
http://doi.org/10.1038/ncomms1270
http://doi.org/10.1152/physrev.00030.2001
http://doi.org/10.1140/epjst/e2014-02228-5
http://doi.org/10.1038/srep26692
http://www.ncbi.nlm.nih.gov/pubmed/27225309
http://doi.org/10.1158/1078-0432.CCR-05-1554
http://www.ncbi.nlm.nih.gov/pubmed/17000658
http://doi.org/10.1016/j.bbamcr.2006.10.001
http://doi.org/10.1001/jamaoncol.2015.4921
http://doi.org/10.1056/NEJMoa044238
http://doi.org/10.18632/oncotarget.7189
http://doi.org/10.1016/S0302-4598(98)00194-9
http://doi.org/10.1529/biophysj.105.067496
http://doi.org/10.1103/PhysRevLett.113.118101


Membranes 2022, 12, 428 10 of 10

21. Gerke, V.; Creutz, C.E.; Moss, S.E. Annexins: Linking Ca2+ signalling to membrane dynamics. Nat. Rev. Mol. Cell Biol. 2005, 6,
449–461. [CrossRef] [PubMed]

22. Pigault, C.; Follenius-Wund, A.; Schmutz, M.; Freyssinet, J.-M.; Brisson, A. Formation of two-dimensional arrays of annexin V on
phosphatidylserine-containing liposomes. J. Mol. Biol. 1994, 236, 199–208. [CrossRef] [PubMed]

23. Creutz, C.; Pazoles, C.; Pollard, H. Identification and purification of an adrenal medulla (synexin) that causes calcium-dependent
aggregation of isolated chromamn granules. J. Biol. Chem. 1978, 253, 2858–2866. [CrossRef]

24. Nieto, M.A.; Huang, R.Y.; Jackson, R.A.; Thiery, J.P. EMT: 2016. Cell 2016, 166, 21–45. [CrossRef] [PubMed]
25. Saxena, M.; Stephens, M.A.; Pathak, H.; Rangarajan, A. Transcription factors that mediate epithelial-mesenchymal transition lead

to multidrug resistance by upregulating ABC transporters. Cell Death Dis. 2011, 2, 179. [CrossRef]
26. Liu, X.; Ma, D.; Jing, X.; Wang, B.; Yang, W.; Qiu, W. Overexpression of ANXA2 predicts adverse outcomes of patients with

malignant tumors: A systematic review and meta-analysis. Med. Oncol. 2014, 32, 392. [CrossRef]
27. Feng, X.; Liu, H.; Zhang, Z.; Gu, Y.; Qiu, H.; He, Z. Annexin A2 contributes to cisplatin resistance by activation of JNK-p53

pathway in non-small cell lung cancer cells. J. Exp. Clin. Cancer Res. 2017, 36, 123. [CrossRef]
28. Namee, N.M.; O’Driscoll, L. Extracellular vesicles and anti-cancer drug resistance. Biochim. Et Biophys. Acta—Rev. Cancer 2018,

1870, 123–136. [CrossRef]
29. Xu, W.; Mezencev, R.; Kim, B.; Wang, L.; McDonald, J.; Sulchek, T. Cell stiffness is a biomarker of the metastatic potential of

ovarian cancer cells. PLoS ONE 2012, 7, e46609. [CrossRef]
30. Yuan, W.; Wang, H.; Fang, C.; Yang, Y.; Xia, X.; Yang, B.; Lin, Y.; Li, G.; Bian, L. Microscopic local stiffening in supramolecular

hydrogel network expedites stem cell mechanosensing in 3D and bone regeneration. Mater. Horiz. 2021, 8, 1722–1734. [CrossRef]
31. Fletcher, D.A.; Mullins, R.D. Cell mechanics and the cytoskeleton. Nature 2010, 463, 485–492. [CrossRef] [PubMed]
32. Lin, Y.; Shenoy, V.; Hu, B.; Bai, L. A microscopic formulation for the actin-driven motion of Listeria in curved paths. Biophys. J.

2010, 99, 1043–1052. [CrossRef] [PubMed]
33. Blanchoin, L.; Boujemaa-Paterski, R.; Sykes, C.; Plastino, J. Actin dynamics, architecture, and mechanics in cell motility. Physiol.

Rev. 2014, 94, 235–263. [CrossRef]
34. Hui, T.H.; Kwan, K.W.; Chun Yip, T.T.; Fong, H.W.; Ngan, K.C.; Yu, M.; Yao, S.; Wan Ngan, A.H.; Lin, Y. Regulating the Membrane

Transport Activity and Death of Cells via Electroosmotic Manipulation. Biophys. J. 2016, 110, 2769–2778. [CrossRef]
35. Jiang, H.; Sun, S.X. Cellular pressure and volume regulation and implications for cell mechanics. Biophys. J. 2013, 105, 609–619.

[CrossRef]

http://doi.org/10.1038/nrm1661
http://www.ncbi.nlm.nih.gov/pubmed/15928709
http://doi.org/10.1006/jmbi.1994.1129
http://www.ncbi.nlm.nih.gov/pubmed/8107105
http://doi.org/10.1016/S0021-9258(17)40901-X
http://doi.org/10.1016/j.cell.2016.06.028
http://www.ncbi.nlm.nih.gov/pubmed/27368099
http://doi.org/10.1038/cddis.2011.61
http://doi.org/10.1007/s12032-014-0392-y
http://doi.org/10.1186/s13046-017-0594-1
http://doi.org/10.1016/j.bbcan.2018.07.003
http://doi.org/10.1371/journal.pone.0046609
http://doi.org/10.1039/D1MH00244A
http://doi.org/10.1038/nature08908
http://www.ncbi.nlm.nih.gov/pubmed/20110992
http://doi.org/10.1016/j.bpj.2010.06.001
http://www.ncbi.nlm.nih.gov/pubmed/20712987
http://doi.org/10.1152/physrev.00018.2013
http://doi.org/10.1016/j.bpj.2016.05.011
http://doi.org/10.1016/j.bpj.2013.06.021

	Introduction 
	Materials and Methods 
	Cell Culture 
	Development of Drug Resistant Cell Lines 
	MTS Assay 
	Inducing Cell EMT 
	Membrane Puncturing 
	Measuring Membrane Tension 
	Immunofluorescent Staining 
	Real Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

	Results 
	Fast Membrane Resealing Response Observed in NSCLC Cancer Cell Lines 
	Membrane Resealing Speed Correlates with Cancer Cells’ Drug Resistivity 
	Epithelial-Mesenchymal-Transition Leads to Faster Membrane Resealing of Cancer Cells 

	Discussion and Conclusions 
	References

