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The cell death mechanisms of necrosis and apoptosis generate biochemical and morphological
changes in different manners. However, the changes that occur in cell adhesion and nuclear envelope
(NE) topography, during necrosis and apoptosis, are not yet fully understood. Here, we show the
different alterations in cell adhesion function, as well as the topographical changes occurring to

the NE, during the necrotic and apoptotic cell death process, using the xCELLigence system and
atomic force microscopy (AFM). Studies using xCELLigence technology and AFM have shown that
necrotic cell death induced the expansion of the cell adhesion area, but did not affect the speed

of cell adhesion. Necrotic nuclei showed a round shape and presence of nuclear pore complexes
(NPCs). Moreover, we found that the process of necrosis in combination with apoptosis (termed
nepoptosis here) resulted in the reduction of the cell adhesion area and cell adhesion speed through
the activation of caspases. Our findings showed, for the first time, a successful characterization of
NE topography and cell adhesion during necrosis and apoptosis, which may be of importance for the
understanding of cell death and might aid the design of future drug delivery methods for anti-cancer
therapies.

Cell death is commonly categorized into two mechanisms; apoptosis and necrosis, depending on the
diverse manner in which cell death is stimulated and the different biochemical and morphological
characteristics that are presented for each process"?. Alterations in cell death have been shown to be
closely associated with developmental disorders, neurodegenerative diseases, and cancer’. Apoptosis is
programmed cell death, mediated by the mitochondrial or intrinsic signaling pathway and the death
receptor or extrinsic signaling pathway, resulting in cell shrinking and characteristic apoptotic mor-
phological changes*. On the other hand, necrosis, also known as unprogrammed cell death, triggers
morphological changes including cell or nucleus swelling and plasma membrane disruption?. Chan et al.
previously reported that tumor necrosis factor induces receptor-interacting protein-mediated necrosis, in
cysteine-aspartic protease-8 (caspase-8) knockout cells, in which they reported the presence of necrotic
morphological characteristics, such as organelle swelling and plasma membrane disruption®. The pro-
gression of necrosis consists of the formation of a necrosome by receptor-interacting proteins, and the
generation of reactive oxygen species, as well as other factors which have been shown to contribute to
necrosis®. Recently, a new concept suggesting that necrosis also participates in programmed cell death,
termed necroptosis, has been proposed, and studies on this mechanism and its characteristics have been
performed®’. However, the mechanism by which necrosis participates in necroptosis and the character-
istic features of the process are not yet fully understood.
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During apoptotic cell death, two characteristic stages, the first consisting of fragmentation of focal
adhesion, the second involving nuclear envelope (NE) destruction, as well as nuclear DNA and pro-
tein fragmentation, occurring through the activation of the caspase-dependent pathway, are generally
observed?®.

With respect to the first stage, cell adhesion plays an important role in cell migration, growth, differ-
entiation, and morphology. Cell adhesion is generally regulated by cell adhesion molecules, the extra-
cellular matrix, cell junctions, and peripheral membrane proteins®. The cytoskeletal proteins assemble in
order to generate mechanical force (cell stretching or fluid flow) for important cellular processes, such
as establishment of cell adhesion and activation of signaling pathways'®!'’. A recent study in stem cell
research showed that the adhesion molecule, 3-catenin, is required for the formation of the mesendo-
dermal germ layer and the differentiation of neuronal cells from embryonic stem cells (ESCs)'?. Studies
of cell death have shown that the activation of caspase-3 triggers the cleavage of the key factors of focal
adhesion proteins, which are important for the control of cell behavior'?, such as Crk-associated substrate
(CAS) and focal adhesion kinase (FAK). Caspase-3 has also been reported to contribute to apoptotic
morphological changes'*!>. Moreover, multiple drugs such as zoledronic acid, vincristine, cytochalasin
D, and paclitaxel may induce apoptosis by the caspase-induced destruction of cytoskeletal proteins such
as a-tubulin and phalloidin’®.

Secondly, in eukaryotic cells, the NE envelopes the nucleoplasm, which contains the genetic informa-
tion of a cell, separating it from the cytoplasm, and has an important role in the control of nucleocytoplas-
mic transport of shuttle proteins and RNA factors'”'8. The NE consists of a double-membrane, separately
known as the inner nucleus membrane (INM) and outer nucleus membrane (ONM), and nuclear pore
complexes (NPCs) are embedded in both membranes'®?. Intermediate filament proteins (type A, B, and
C lamins) interconnect with the INM and DNA to provide nuclear shape, DNA stabilization, and NE
structures?*2. The NPC is composed of multiple proteins, known as nucleoporins (NUPs), which control
the bi-directional transport of diverse molecules from the nucleus and cytoplasm'7?**. Previous studies
have shown that DNA damage-inducing chemicals generated caspase activation and triggered cleavage
of NPC proteins (e.g., NUP 93, 153, and 214) and INM proteins (e.g., lamina-associated polypeptide 2),
during apoptosis?®®~%’. The disruption of nuclear scaffold (also known as nuclear matrix) proteins, such as
lamins and the NPC, is increased in apoptotic cell death®. A recent study showed that caspase mediated
the induction of NE disruption during apoptosis, and the results were confirmed through fluorescence
intensity, measured by confocal microscopy?. However, the changes that occur in cell adhesion and
the NE, and how these alterations and characteristics correlate to necrotic and apoptotic cell death, are
not clearly understood. Moreover, cell adhesion and NE topography are typically measured by protein
expression levels and morphometric analysis; however, these methods are not ideal because of their
indirect detection of effects and their limitation to partial observation.

Here, we demonstrate that necrosis and apoptosis regulate the characteristics of both cell adhesion
and NE alteration, using a model of doxorubicin (DOX)- and etoposide (ETO)-induced DNA damage,
in normal human kidney (HK-2) cells?>*°. We also introduce a novel and direct application of the xCEL-
Ligence cell analysis system and carbon nanotube-attached AFM (CNT/AFM) probes, for cell adhesion
and NE topography analyses.

Results

DOX completely induced necrosis, while ETO induced necrosis in combination with apop-
tosis. We investigated apoptotic and necrotic cell death, caused by DOX and ETO, by evaluating cell
viability, caspase-3/7 activity, and Annexin V/propidium iodide (PI) staining. For cell viability analysis,
DOX (1pM) and ETO (50.M) treatment were used to induce cytotoxicity in a time-dependent manner
(half maximal inhibitory concentration; IC50 induced at 72h) (Supplementary Fig. S1A). ETO-treated
cells exhibited significantly higher caspase-3/7 activity and percentage of cells positively stained with PI
(indicating necrosis) and Annexin V (indicating apoptosis) simultaneously, than control cells. On the
other hand, DOX-treated cells exhibited a higher percentage of PI-positive cells than the control, and this
increase was almost independent of caspase-3/7 activity and Annexin V-positive cells (Supplementary
Fig. S1B, C). These findings suggest that DOX-treatment definitively induced necrosis, but ETO-treatment
simultaneously induced necrosis and apoptosis (referred to as nepoptosis).

Necrosis and nepoptosis generated cell swelling, but yield different effects on cell adhe-
sion. In our experiments, we observed that DOX- and ETO-treatment of cells commonly resulted
in an expanded cell adhesion area on culture dishes. Moreover, almost all DOX-treated cells attached
to the dish, but a large number of ETO-treated cells remained in the culture supernatant, indicating
a loss of cell adhesion capability (data not shown). Thus, we determined that necrosis and nepoptosis
induced different alterations in the cells” ability to adhere in culture. The measurement of alterations in
cell size, adhesion, and morphology caused by necrosis and nepoptosis were confirmed by the use of
a hemocytometer, fluorescence activated cell sorting (FACS), xCELLigence technology and CNT/AFM
probe methods (Fig. 1A).

We demonstrated that cell size of DOX- and ETO-treated cells was visually increased, via analysis on
a hemocytometer, when compared to the control cells (Fig. 1B). Using forward scatter light (FSC, indic-
ative of cell size) analysis in FACS, we determined the induced FSC levels from 1 x 10* cells (Fig. 1C).
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Figure 1. Doxorubicin (DOX) and etoposide (ETO) induced cell swelling, while differently regulating
cell adhesion. (A) Schematic of necrosis and nepoptosis regulation of cell swelling, cell adhesion, and
morphological changes measured using a hemocytometer, FACS, the xCELLigence system, and CNT/AFM
probes. (B) DOX- and ETO-induced cell swelling were visually measured using hemocytometer analysis and
detected by phase contrast microscopy (scale bar represents 250 pm) at 72h. (C) DOX- and ETO-induced
numerical cell size measured using FSC units of analysis for increasing times. (D) DOX- (red color) and
ETO (green color)-treated cells were harvested after 72h and cell adhesion was measured, including cell
index (CI) and saturation times (ST) detected using xCELLigence for 10 s intervals and monitored for 3 h.
Black closed diagram indicate saturation (+£1.0%) times. (E,F) Table shows the cell size (FSC), adhesion
area (CI), and saturation times (ST; h) at which cell adhesion was examined using computational analysis
(described in results) compared to the control. The histogram shows cell adhesion levels calculated using
the derived formula (described in results) for DOX- and ETO-treated cells for 72h. (G) DOX-and ETO-
treated cells were seeded in culture dishes for 3h. Expression level of F-actin (red) was measured using
immunofluorescence staining and detected by confocal microscopy. Hoechst 33258 (blue) was used for
nuclear staining and scale bar represents 50 um. All histograms represent statistical analysis (P-value of

*P < 0.05, *P < 0.01).
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Subsequently, we investigated alterations in cell adhesion ability caused by DOX and ETO, using the
xCELLigence system. The xCELLigence system is used for cell-based measurements for analysis, includ-
ing cell viability, invasion, and migration, by electrical impedance (cell index [CI]) in real-time using a
gold microelectrode pattern device"*?, but alterations in cell adhesion are not usually determined during
cell death. Here, we suggested a new application of this method to measure changes in cell adhesion,
and established a formula to calculate cell adhesion alteration caused by necrosis and nepoptosis. We
harvested DOX- and ETO-treated cells at 72h (only attached cells on culture dish; supernatant cells were
removed), seeded them (1 x 10°/well) into devices, and used the xCELLigence system to measure CI and
saturation time (ST) at 10s intervals, for 3h. Results from the xCELLigence system showed that the CI
level was significantly higher (3.2-fold increase) in DOX-treated cells than in control cells, but the ST
was not affected. The CI for ETO-treated cells was also higher (2.1-fold increase) than the control cells,
and the ST was delayed (90 min to 150min) (Fig. 1D). The CI value is indicative of the cell adhesion
area, and the CI ratio represents the increase from the cell size (FSC) ratio. Accordingly, when the CI
ratio value is divided by the FSC ratio value, a value greater than 1.0 indicates the extension of the cell
adhesion area, and generation of cell swelling, but values less than 1.0 indicate a loss of cell adhesion.
Acceleration or deceleration of ST indicates the increase or decrease in cell adhesion speed, respectively.
Based on these assumptions, we established the following formula to calculate cell adhesion (with each
value described as shown in Fig. 1E):

Cell adhesion area (CI) of control
Cell size of control (FSC) x Saturation time (ST;h)

Cell adhesion of control =

Once calculated, our results showed that DOX-treatment induced cell adhesion (1.4-fold change from
control), with increased CI, while the ST point was not affected, indicating cell swelling. ETO-treated cells
exhibited reduced cell adhesion (0.6-fold change from control), with decreased CI and a delayed ST point,
indicating a loss of cell adhesion capacity (Fig. 1F). Similarly, DOX- and ETO-treated cell size was ini-
tially increased from the size of the control cells, at Omin, and progressive cell swelling was observed,
using real-time live-cell imaging analysis (Supplementary Fig. S2A and Movie S1). DOX-treated cells were
almost fully attached to the culture dish, but attachment of ETO-treated cells was less than DOX-treated
cells (Supplementary Fig. S2B and Movie S1). Analysis of diameter to adhesion cells using phase contrast
microscopy showed that control and DMSO-treated cells appeared approximately 20 ~30nm in diameter,
but DOX- and ETO-treated cells appeared approximately 60 ~100nm in diameter at 3h (Supplementary
Fig. S2B). When measured using confocal microscopy, control and DMSO-treated cells indicated lower
cell spreading area (averagely control: 243.7pm?* and DMSO: 230.9pm?), and DOX- and ETO-treated cells
indicated higher cell spreading area (averagely DOX: 8188.7 pm? and ETO: 7269.6 um?). The expression of
cytoskeleton protein such as F-actin in the cytoplasm was observed in control, DMSO and DOX groups.
However, ETO-treated cells showed significantly decreased expression levels when compared with DOX
group (Fig. 1G). Thus, necrotic cell death induced the expansion of the cell adhesion area, but did not affect
the speed of cell adhesion, while apoptotic cell death reduced the cell adhesion area and cell adhesion speed.

Preservation of necrotic morphological changes during necrosis and nepoptosis.  Cell swelling
is an important indicator of necrosis; another characteristic of necrosis induction is the rupturing of the
plasma membrane. In our study, DOX- and ETO-treated cells also illustrated cell swelling and expansion
of cell adhesion area compared with control and DMSO groups (Fig. 2A). Therefore, we examined plasma
membrane topography of adherent DOX- and ETO-treated cells, using CNT/AFM probes. AFM has
been identified as a reliable, convenient technique for high-resolution investigation of nanostructures and
biological materials at a nanometer scale, and AFM image resolution is dependent on the tip sharpness.
In a previous report, we demonstrated that the CNT/AFM probes fabricated by the Langmuir-Blodgett
technique had high-resolution imaging capability, for visualizing nanostructures and biological materials,
such as nanoporous alumina membranes and plasmid DNA, respectively, to accurately identify their
morphological traits*. In our study, AFM images showed that HK-2 and DMSO-treated cells appeared to
have a low number of ruptures in their plasma membrane, when collected with trypsin-EDTA, showing
a only small amount of damage was caused by the collection technique. On the other hand, DOX- and
ETO-treated cells were shown to definitively induce necrotic morphological changes as evidenced by
cell swelling and the significant plasma membrane rupturing observed at the nanometer scale (Fig. 2
and Supplementary Fig. S3). In the roughness analysis on the plasma membrane at 2pm scale, control
and DMSO-treated cells appeared 37.5nm and 31.2nm roughness, respectively. However, DOX- and
ETO-treated cells significantly increased roughness to 53.2nm and 57.0 nm, respectively. Furthermore,
DOX- and ETO-treated cells decreased cell height (DOX: 425.6nm and ETO: 408.0nm) compared with
control (1021.0nm) and DMSO-treated (1058.0nm) cells (Supplementary Fig. S3). Thus, in necrosis,
a reduction of cell height and induction of cell adhesion area as well as increased plasma membrane
roughness were observed.

Necrosis and nepoptosis generated nucleus swelling and altered nucleus morphology. In
our experiments, DOX- and ETO-treated cells exhibited an increase in nucleus size, which is a typical
morphological characteristic observed during necrotic cell death. Therefore, we used nucleus targeting
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Figure 2. Doxorubicin (DOX) and etoposide (ETO) induced cell swelling and necrotic plasma
membrane ruptures. (A) DOX- and ETO-treated cells were seeded in culture dishes for 3h, and cell
swelling was measured by phase contrast microscopy (scale bar represents 100 um). (B) DOX- and ETO-
treated cells were harvested and seeded on culture dishes for 3 h, after which topography changes in the
plasma membrane were measured using CNT/AFM probes. Images represent the 3D topography (45- and
10-pm scale) and enhanced color topography (45-pm scale) using the XEI software, which is described in
Supplementary Fig. S3.

dyes, Hoechst 33258 and PI, to assess nucleus area, and quantitatively measured the sizes of the nuclei
using a Cellomics ArrayScan HCS reader system and analyzing at least 200 cells per well. This comput-
erized system automatically provides various analyses, including cell viability, protein expression, and
morphological changes, based on the acquired nucleus area and fluorescence intensity parameters. When
compared to the control cells, the area of the nuclei of DOX- and ETO-treated cells, as well as the
amount of blue staining from the Hoechst 33258 dye (visual representation of nucleus swelling by con-
focal microscopy analysis) was dramatically increased (Supplementary Fig. S4A,D). In addition, Hoechst
33258 and PI fluorescence intensities were higher in the nuclei of DOX- and ETO-treated cells than
control cells, but relatively, the intensity was lower in the nuclei of ETO-treated cells when compared to
that of the DOX-treated cells (Supplementary Fig. S4B,C).

SCIENTIFIC REPORTS | 5:15623 | DOI: 10.1038/srep15623 5



www.nature.com/scientificreports/

A HK-2 cells Nucleus (1) Nucleus swelling (2) Nucleus swelling (3) Nucleus envelope
extraction topography
Hemocytometer Confocal microscopy CNT/AFM probes
Detection Detection Detection
' =
Control DMSO - L o
@ @ Nucleus swelling Area
DOX ETO Nucleus swelling Volume
6cm dish Fluorescence intensity Topography

Control Control

Hoechst

Pl

Merge

Figure 3. Doxorubicin (DOX) and etoposide (ETO) induced nucleus swelling, while differently affecting
nucleus morphology. (A) Schematic of nucleus swelling and nuclear envelope topography measured using a
hemocytometer, confocal microscopy, and CNT/AFM probes systems. (B) DOX- and ETO-treated cells were
harvested and the nuclei were extracted. Nuclear extracts were seeded on a hemocytometer and visually
measured using phase contrast microscopy (scale bar represents 50 pm). (C) Nuclear extracts were seeded on
coverslips for 15min and stained with nucleus targeting dies such as Hoechst 33258 and PI dyes that were
detected using confocal microscopy. Representative images shown are the merged images for staining with
Hoechst 33258 (blue color) and PI (red color; scale bar represents 10um).

Based on these observations, we hypothesized that necrosis and nepoptosis regulate nucleus morphol-
ogy and NE topography in different manners, and we used three measurement methods; hemocytometer
analysis, confocal microscopy and CNT/AFM probes, to directly evaluate this (Fig. 3A). Preferentially,
we used NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit for accurate and secure nucleus
extraction. The extraction kit contained Cytoplasmic Extraction Reagent I and II, and Nuclear Extraction
Reagent. Cytoplasmic Extraction Reagent I causes cell membrane disruption but not disruption of the
NE, while Cytoplasmic Extraction Reagent II inhibits the activity of Cytoplasmic Extraction Reagent I.
The nuclear extracts were seeded onto a hemocytometer to visualize nucleus swelling that was definitively
shown to result in increased nucleus size, when compared to the control on an equal scale (Fig. 3B).
Interestingly, we observed that when extracting the nuclei of ETO-treated cells a lot of debris and leaked
DNA were present in the supernatant from the nuclear extraction, when compared to the superna-
tant from DOX-treated cell nuclear extraction, in which neither debris nor leaked DNA were observed.
Moreover, we observed that extracted nuclei attached easily to the coverslip and cell culture dish. For
that reason, the extracted nuclei were seeded on coverslips and cell culture dishes for a short time
(15minutes), in order to remove the debris, then washed with PBS for at least 3 times, for a complete
removal of debris. Nuclear extracts were put into culture dishes and stained with nucleus targeting dyes
(Hoechst 33258 and PI) for confirmation of the nucleus. The extracts exhibited nuclear swelling and
co-localization (pink color) of the Hoechst 33258 (blue color) and PI (red color) dyes (Fig. 3C). The
nuclei of DOX-treated cells were round in shape with a distinct nuclear boundary, while the nuclei of
ETO-treated cells were an irregular shape, and DNA leakage from the nuclei was observed.
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Nepoptosis induced NE rupturing and DNA leakage from the nuclei. From our morphological
analyses during necrosis and nepoptosis, we identified changes in nucleus morphology and NE topogra-
phy, using CNT/AFM probes at a nanometer scale, in DOX- and ETO-treated cells, at 72h post-treatment.
Based on the analysis of AFM images, we determined that the nucleus area of HK-2 and DMSO-treated
cells was 140.0+20.3pm?, and the volume was 18.7 +2.9um? for 10 evaluated nuclei. DOX-treatment
induced nucleus swelling, with a mean nucleus area of 492.1 & 54.5pm? and volume of 87.6 & 18.0 pm?,
and the cells typically exhibited nuclei with a round shape and a distinct nuclear boundary. The nuclei of
ETO-treated cells were also shown to undergo nuclear swelling, with a nucleus area of 436.1 £+ 67.0 pm?
and a volume of 88.8+20.7 pm? and nuclei has a visibly irregular shape with indistinct nuclear bound-
aries (Fig. 4A,C,D and Supplementary Fig. S5). ETO-treatment caused significant NE rupturing, with the
size of ruptures showing a mean height of 94.2 4+ 28.1 nm and width of 644.3 & 189.0 nm, for 20 evaluated
ruptures. A large number of linked-fiber chromatin was released from nuclei, and each single chromatin
exhibited a diameter of 70-100nm (Fig. 4B). Additionally, the NE changes in the ETO-treated HK-2
cells were analyzed after 24 h, using CNT/AFM probes. Interestingly, the results showed characteristic
features of early apoptotic cell death, including NE ruptures and DNA release (Supplementary Fig. S6).
However, the changes observed for 24h ETO-treated cells were less significant than those reported in
cells treated for 72h. Therefore, in the early apoptotic cell death stage, small NE ruptures and release of
small amounts of DNA were reported, while in late apoptotic cell death stages, severe NE ruptures as
well as an excessive release of DNAs were observed.

Cell adhesion disruption and NE rupturing are induced by caspase during nepoptosis.
Nepoptotic cell death generated cell adhesion disruption and NE rupturing, while necrotic cell death
did not have any effect on cell adhesion or NE topography. Based on these results, we predicted, from
a number of previous studies, that these outcomes were likely attributable to caspase activation dur-
ing apoptosis'>*. Moreover, we demonstrated that caspases regulate changes in cell adhesion and NE
topography using the pharmacological pan-caspase inhibitor, z-VAD, which almost completely inhibited
ETO-induced caspase-3/7 activity (83.3% inhibition) at 72h post-treatment (Fig. 5A). In these condi-
tions, we demonstrated an alteration in cell adhesion using the xCELLigence system, and showed that
inhibition of pan-caspase increased the CI from 2.2+ 0.1-fold to 3.2+ 0.3-fold and accelerated the ST
from 175min to 160 min when compared to ETO-treatment (Fig. 5B,C). In addition, we determined
that cell nuclei of HK-2 and z-VAD-treated cells were round in shape with a distinct boundary, and
also exhibited a large number of NPCs which were observed by using CNT/AFM probes (Fig. 6A and
Supplementary Fig. S7B). Other studies showed similar results to ours****. The nuclei of ETO-treated
cells clearly exhibited NE ruptures and DNA leakages, which were significantly suppressed by the inhi-
bition of pan-caspase (Fig. 6A and Supplementary Fig. S7A). However, the inhibition of pan-caspase
did not significantly alter nucleus area or volume of ETO-treated cells, based on 10 evaluated nuclei
(Supplementary Fig. S7C).

ENDOG is translocated in the nucleus through caspase-induced NE rupturing during nep-
optosis. Translocation of endonuclease G (ENDOG) to the nucleus has been shown to trigger DNA
fragmentation in the caspase-independent apoptosis pathway*%; however, the mechanism for translo-
cation is still unknown. Based on our results, we hypothesized that ENDOG translocation is mediated
by caspase-induced NE rupturing, during ETO-induced nepoptosis. Thus, we measured translocation
of ENDOG levels in pan-caspase inhibited cells. We confirmed the translocation of ENDOG (green
color) to the nucleus of ETO-treated cells (indicated by the arrow) through disruption of NE using a
nucleus-targeting dye (Hoechst 33258, blue color) and confocal microscopy (Fig. 6B, Supplementary
Fig. S8A,B). In the pan-caspase-inhibited nuclei, ENDOG translocation and NE disruption were not
apparent, as there were no significant changes in nucleus size from that of the uninhibited cells (Fig. 6B
and Supplementary Fig. S8C). Similarly, results from the Cellomics ArrayScan HCS reader analysis
showed that ETO-treatment increased ENDOG translocation in nuclei, by 3.1-fold from the control
levels. Inhibition of pan-caspase resulted in a decrease in ENDOG translocation (33.7%), from levels of
translocation for the ETO control cells, but did not significantly change the nucleus area- measured for at
least 200 cells per well (Fig. 6C and Supplementary Fig. S7C). Furthermore, ETO treatment induced the
expression of cleaved-caspase-3 and cleaved-lamin A/C (NE protein). However, the expression of these
proteins and the translocation of ENDOG from cytosol to nucleus were significantly suppressed by the
inhibition of pan-caspase (Fig. 6D,E).

Discussion
The main purpose of the present study was to characterize cell adhesion, using xCELLigence analysis and
NE topography obtained by AFM analysis, in necrotic and apoptotic cell death (Fig. 6F).

Cell adhesion plays an important role in cell migration, growth, differentiation, and morphol-
ogy’, thus, it is associated with various human diseases, such as ischemia, asthma, diabetes, bacterial
infections, and others®”%. In particular, the alteration of cell adhesion molecules has been shown to
modulate invasion, metastasis and morphology in multistage carcinogenesis®. Currently, various cell
adhesion-targeting drugs are being tested in clinical trials, in order to prevent the occurrence of car-
cinogenesis***2. Amongst them, VS-6063 (formerly PF-04554878), has been reported to increase the
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Figure 4. Doxorubicin (DOX) and etoposide (ETO) induced nucleus swelling and changes in area and
volume, while ETO triggered nuclear envelope rupturing and DNA leakage. (A) Nuclear extracts were
seeded on culture dishes for 15min, and the nuclear envelope topography of fixed nuclei was measured
using a CNT/AFM probe system. Images shown represent the 3D topography (30- and 15-pm scale),
enhanced color topography (10-pm scale), and line profiles (10-pm scale). See also Supplementary Fig. S5.
(B) Images show the DNA released in nuclei with 3D topography (2- to 10-pm scales), 2D topography
(1-pm scale), and line profiles. (C,D) Table and histograms show the average nucleus area (um?) and nucleus
volume (pm?) analyzed using XEI software in 10 nuclei (statistical analysis P-value of *P < 0.05, **P < 0.01).

apoptosis induced by paclitaxel, in ovarian cancer cells resistant to taxane, through the inhibition of the
FAK-mediated chemoresistance signaling pathway*®. This favored the application of these drugs in mul-
tiple clinical trials, such as trials for solid cancers, mesothelioma cancer, and ovarian cancer. In studies
addressing cell death, it has been reported that apoptosis involved the disruption of key proteins for
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Figure 5. Inhibition of pan-caspase regained etoposide (ETO)-induced loss of cell adhesion. (A) Caspase
3/7 activity was measured using the Caspase-Glo 3/7 Assay and detected with a luminescence reader in
ETO-treated cells co-treated with z-VAD, and the intensity is shown in the image. (B) Cells treated with
ETO (green color) and co-treated with z-VAD (caspase inhibitor, blue color) were harvested at 72h and

cell adhesion, including cell index (CI) and saturation times (ST), were measured after detection by the
xCELLigence system for 10 s intervals and monitored for 205 min. Black closed diagram indicate saturation
(£1%) times. (C,D) The table shows cell size (FSC), adhesion area (CI), and saturation times (ST; h)

at which cell adhesion was examined using computational analysis when compared to the control. The
histogram shows cell adhesion levels using the derived formula for calculations (statistical analysis P-value of
*P < 0.05, **P < 0.01) compared to the control or ETO.

focal adhesion, including FAK and CAS, and of cytoskeletal proteins, including a-tubulin and phalloidin
important for cell behavior and morphology, by the activation of caspases'>!®. Generally, cell adhesion
ability is measured by fibronectin and extracellular matrix protein-coated fluorometric or colorimetric
detection assay kits, or by the enzyme-linked immunosorbent assay (ELISA), in studies of cancer and
cell death**-*%, However, these methods are limited by the indirect detection of cell adhesion ability and
their detection only of the end-points. Here, we suggested the use of the xCELLigence system to directly
measure and characterize the changes in cell adhesion during apoptosis and necrosis, in real-time. The
xCELLigence system is used for cell-based measurements of cell viability, invasion, and migration, in
real-time, which could not be detected by fluorometric or colorimetric methods®*%. Recently, some
researchers used the xCELLigence system to study the migration of venous endothelial cells in chronic
venous disease patients, or to study human neuronal cell networks*#. In this study, we demonstrated,
using xCELLigence system, that necrotic cell death generated cell swelling, while apoptotic cell death rap-
idly triggered loss of cell adhesion, and a decrease in cell-adhesion speed. The inhibition of pan-caspases
limited destruction of the cell adhesion area during apoptosis to a level similar to that usually observed
in necrosis. Overall, we determined that cell adhesion could be characterized in apoptosis and necrosis,
based on the following properties: apoptosis induces loss of cell adhesion, through caspase involvement,
but necrosis does not have any significant effect on cell adhesion. The calculation of a cell adhesion score
presents a key indicator for both necrosis and apoptosis. During necrosis, an increase in the cell adhesion
score is observed, while this score decreases during apoptosis. The xCELLigence method presented here,
might represent a powerful tool for the measurement of cell adhesion, as it provides information regard-
ing cell adhesion ability during necrosis and apoptosis, which serves to better characterize cell death. This
method might also be a valuable aid to studies that address cell behavior in a variety of human diseases.
In addition, the novel measurement ability realized by this method, and its concepts, will help in the
design and production of new biosensors.

The NE separates the genetic information within a cell, from the cytoplasm, and controls the
bi-directional transport of diverse molecules between the nucleus and cytoplasm. Moreover, changes
in the NE have been reported to be associated with the development of multistage disease and car-
cinogenesis*»*’. For example, both basal and squamous carcinoma cells present increased lamin A/C
protein expression levels®!. The NPC, composed of NUP88, has been found to be strongly expressed in
multiple tumor cells, including adenocarcinoma cells, cervical carcinoma cells, and breast cancer cells®
In a study of stem cells, mouse and human ESCs both expressed B-type lamin proteins, but did not
express A/C-type lamin proteins. However, lamin A/C proteins have been found to be expressed dur-
ing the differentiation of both mouse and human ESCs**. Moreover, lamin B proteins are required for
proper organogenesis, but do not have any effect on mouse ESCs*. Structural analysis of ESCs showed
the presence of irregular and wide-shaped NEs in the intermembrane space of ESCs, in comparison to
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Figure 6. Inhibition of pan-caspase suppressed nuclear envelope rupturing and destruction of the
nuclear pore complex, and regained endonuclease G translocation in the nuclei by etoposide (ETO).
(A) Cells treated with ETO and cells co-treated with z-VAD were harvested. Nuclear extracts were seeded
on culture dishes for 15min and the nuclei were fixed. We measured nuclear envelope topography using

a CNT/AFM probes system. Images shown are representative of 3D topography at 30-, 10-, and 2-pm
scales. See also Supplementary Fig. S7. (B) Cells treated with ETO and co-treated with z-VAD regulated
endonuclease G (green color) translocation levels, indicated by immunofluorescence staining and Hoechst
33258 (blue color) that was used for nuclear staining and were measured using confocal microscopy

(scale bar represents 10pm) at 72h. Arrow indicates nuclear envelope ruptures (collapse Hoechst 33258
intensity) and/or endonuclease G translocation which also is also shown in Supplementary Fig. S8.

(C) Translocation endonuclease G levels stained by immunofluorescence and Hoechst 33258 for nuclei that
were measured using the Cellomics ArrayScan HCS Reader for at least 200 cells. Endonuclease G intensity
was dependent on Hoechst 33258-positive area that is shown in the histogram compared to the control
(statistical analysis P-value of *P < 0.05, **P < 0.01). (D) Cells treated with ETO and co-treated with z-VAD
regulated expression of cleaved-caspase 3 and cleaved-lamin A/C protein in whole-extracted proteins
evaluated using western blot analysis with 3-actin as the loading control. (E) Cells treated with ETO and co-
treated with z-VAD regulated expression of endonuclease G in the cytoplasm and nuclei as determined by
western blot analysis with 3-actin and HDACI as cytoplasm and nucleus loading controls, respectively.

(F) The summarized cell adhesion, nuclear envelope shape, and nuclear envelope topography observed
during necrosis and apoptosis.
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differentiated cells, through use of fluorescence staining and electron microscopy®. Further, apoptotic
cell death showed disassembling of NE proteins, and structural changes in nucleus, such as shrinkage, NE
rupture, irregular nucleus shape, and DNA leakage, which were measured by fluorescence staining and
electron microscopy*>%>". However, the study of structural and topographical changes of the NE using
morphometric analysis is not ideal, due to the indirect detection of change by current methods, and the
detection of only partial changes. Furthermore, necrosis-regulated NE alteration is not fully understood,
and the methods for measuring these changes are limited. Here, we used a direct method of measure-
ment, and determined that the nuclei of cells undergoing necrotic cell death exhibited a distinct rounded
shape and clear nuclear boundary; NPCs were present in the NE, with a NE topography similar to that
usually observed in normal nuclei. On the other hand, the activation of caspase triggered the formation
of irregular-shaped nuclei and the disappearance of NPCs, in addition to the formation of significant
ruptures and swelling in the NE, during apoptotic cell death. Therefore, this measurement method using
CNT/AFM probes is a powerful tool, as it provides information regarding topographical alterations of
the plasma membrane and the NE during necrosis and apoptosis, leading to better characterization of
cell death features. Moreover, this method can be used for structural and functional analyses of the NE
in studies of stem cells, and other cells in human multistage diseases.

In the mitochondrial or intrinsic signaling pathways, during apoptosis, the expression of BCL-
2-associated X protein (BAX) or the BCL-2 antagonist/killer protein (BAK) cause the permeabilization
of the mitochondrial outer membrane, and then production of apoptosis-inducing proteins, including
cytochrome ¢ (CYTC), caspase-activated DNase (CAD), apoptosis inducing factor (AIF), and ENDOG,
which are released from the mitochondria to the cytoplasm**®. CYTC forms an apoptosome by com-
plex formation with apoptotic protease activating factor 1 (APAF1), and brings about DNA fragmen-
tation and diverse protein destruction, through the activation of caspases®%. DNA fragmentation is
induced by nucleases, according to one of two mechanisms: caspase-dependent activation of CAD or
caspase-independent release of AIF and ENDOG proteins from the mitochondria*®!. CAD released
from the mitochondria is translocated into the nucleus, leading to DNA fragmentation, through the acti-
vation of caspase-3 in nucleus®’. On the other hand, AIF and ENDOG are caspases that independently
induce DNA fragmentation by translocating from the nucleus to the cytoplasm during apoptosis*®.
However, the mechanism for caspase and nuclease translocation in the nucleus is fully understood. In
our study, we showed that apoptotic cell death was induced by ENDOG translocation and the leakage
of DNA in the nucleus, through caspase-triggered NE ruptures. We also showed that caspases induced
NE ruptures, and ultimately caused fragmentation of DNA and nuclear proteins, and leakage of DNA,
in early-stage apoptosis. Translocation of caspases induced intermediate filament protein disassembly,
triggering collapse of the NPCs and other proteins, by causing membrane infirmness in the NE. The
progression of serious intermediate filament damage was triggered by pyknosis and/or karyorrhexis,
through the collapse of structures due to external pressures during late-stage apoptosis.

The swelling of ETO-treated cells gradually caused apoptotic morphological changes, including cell
shrinkage and apoptotic bodies (Supplementary Fig. S1 and Movie S1). On the other hand, necrotic cells
stopped proliferating and maintained cell swelling when they were re-seeded in fresh media, but apop-
tosis continued to induce cell death and cell shrinkage. Hence, in DNA damage-induced cell death pro-
gressing from apoptosis to necrosis, as well as apoptosis alone, cells could not recover from the damage
caused by destruction of the nucleus with DNA fragmentation. Taken together, our studies provide the
structural and functional analyses of cell adhesion and nuclear envelope nano-topography in cell death.

Methods

Cell culture and treatment. HK-2 cells were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA) and grown in RPMI 1640 media containing 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (Thermo Fisher Scientific Inc., Waltham, MA, USA) in an incubator
system (humidified atmosphere of 5% CO, at 37°C; Thermo Fisher Scientific Inc.). Cells were treated
with doxorubicin (DOX; 1uM; Sigma-Aldrich Co. LLC, St. Louis, MO, USA), etoposide (ETO; 50 uM;
Sigma-Aldrich Co. LLC) and z-VAD (25p.M; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Treated
and untreated HK-2 cells were harvested using trypsin-EDTA (Thermo Fisher Scientific Inc.) for 3 min
in a humidified atmosphere with 5% CO, at 37°C.

Analysis of cell swelling measured using hemocytometer and FACS systems. HK-2 cells
(4 x 10° cells/6-cm culture dish) were grown overnight and treated with DOX and ETO for the specified
times. After treatment, cells were collected and washed with 3 mL of phosphate buffered saline (PBS) and
centrifuged at 200 x g for 5min. For measurement, the harvested cells were first seeded in a hemocytom-
eter (Paul Marienfeld GmbH & Co., KG, Bad Mergentheim, Germany); cell swelling was measured by
phase contrast microscopy (E-scope 1304, Macrotech Corporation, Goyang, South Korea) and analyzed
using Scopephoto software. Next, forward scattered light (FSC) units indicating cell size were measured
using FACS Aria IIT with Diva software (BD Biosciences., San Diego, CA, USA) for at least 1 x 10° cells.

Analysis of cell adhesion alteration using an xCELLigence system for real-time measure-
ments. HK-2 cells (4 x 10° cells/6-cm culture dish) were grown overnight and treated at the specified
conditions for 72 h. Cells were then collected, washed with PBS (3 mL), and centrifuged at 200 x g for 5min.
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The xCELLigence system (RTCA DP Analyzer, Roche Applied Science, Penzberg, Germany) was used for
cell analysis. The system consisted of RTCA Resistor Plate 16 devices (ACEA Biosciences Inc., San Diego,
CA, USA) placed in an incubator system (humidified atmosphere 5% CO, at 37 °C; Thermo Fisher Scientific
Inc.) and RTCA DP software (version 1.2) that was used to verify system conditions and for sample moni-
toring. Wells of the E-Plate 16 devices (ACEA Biosciences Inc.) were filled with 100 L of RPMI 1640 media
(containing 10% FBS and 1% penicillin/streptomycin), and the background value was measured using the
RTCA DP software. Subsequently, harvested cells were counted using a hemocytometer (Paul Marienfeld
GmbH & Co.), and cells (1 x 10° cells/well in 100 L RPMI 1640 media) were seeded on E-Plate 16 devices
connected to the xCELLigence system. Real-time cell swelling and adhesion were measured using the
RTCA DP software at 10 s intervals and monitored for 3h. The real-time cell index was determined using
the RTCA DP software, and a histogram representative of the cell index for 3h was generated.

Analysis of F-actin expression using confocal microscopy. Cells (4 x 10° cells/6-cm culture
dish) were grown overnight and treated at the specified conditions. Samples were then collected, washed
with PBS (3mlL), and centrifuged at 200 x g for 5min. Harvested cells were counted using a hemocy-
tometer (Paul Marienfeld GmbH & Co.), seeded (1 x 10* cells in RPMI 1640 media) in 6-cm culture
dishes (SPL Life Sciences), and incubated under 5% CO, at 37°C (Thermo Fisher Scientific Inc.) for 3h.
After treatment, cells were fixed with 3.7% formaldehyde for 15min and permeabilized by 0.2% Triton
X-100 for 15min. Subsequently, cells were blocked with 5.0% FBS for 1h and incubated for 1h with
rhodamine-conjugated F-actin antibody (1:500; Invitrogen, Carlsbad, CA, USA). Hoechst 33258 reagent
(5pM; Sigma-Aldrich Co. LLC) for nuclear staining was added to the samples for 30 min at room tem-
perature, and samples were washed with PBS for 3 times. F-actin fluorescence intensity and cell adhesion
area were measured using confocal microscopy to capture images of stained cells (LSM-700; Carl Zeiss
Microlmaging GmbH, Jena, Germany), and the images were analyzed with Zen 2009 software.

Analysis of cell adhesion and cell swelling using phase contrast microscopy. HK-2 cells (4 x 10°
cells/6-cm culture dish) were grown overnight and then treated with DOX and ETO for 72 h, after which
cells were collected, washed with PBS (3mL), and centrifuged at 200 x g for 5min. Harvested cells were
seeded in culture dishes in an incubator system (humidified atmosphere of 5% CO, at 37°C) for 3h, and
cell swelling was measured by phase contrast microscopy (E-scope i304, Macrotech Corporation), and
then analyzed using the Scopephoto software.

Analysis of plasma membrane topography measured using a CNT/AFM probes system. Cells
(4 x 10° cells/6-cm culture dish) were grown overnight and treated at the specified conditions. Samples
were then collected, washed with PBS (3mL), and centrifuged at 200 x g for 5min. Harvested cells
were counted using a hemocytometer (Paul Marienfeld GmbH & Co.) and then seeded (1 x 10* cells in
RPMI 1640 media) in 6-cm culture dishes (SPL Life Sciences) that were incubated in 5% CO, at 37°C
(Thermo Fisher Scientific Inc.) for 3h. Subsequently, samples were fixed with 3.7% formaldehyde for
15min and then washed with PBS and deionized water 3 times. Atomic force microscopy (AFM) images
were obtained in a non-contact mode with an XE-100 AFM system (Park Systems Corp., Suwon, Korea).
Carbon nanotubes (CNTs) attached to the AFM cantilevers with spring constants of 42 N/m were used
with a resonance frequency of 310 kHz. AFM image analyses, consisting of 3D topography and enhanced
color topography, were performed using XEI software (Park Systems Corp.).

Nuclear extraction. Cells (4 x 10° cells/6-cm culture dish) were grown overnight and then treated at
the specified conditions for 72h. Cells were then collected, washed with PBS (3 mL), and centrifuged at
200 x g for 5min. Nuclear extraction was performed using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Fisher Scientific Inc.). Cytoplasmic Extraction Reagent I (100pL) containing protease
and phosphatase inhibitor cocktails (1:100, Thermo Fisher Scientific Inc.) was added to harvested cells
for 10min on ice (4°C) while tapping the samples. Cytoplasmic Extraction Reagent II (5.5pL) was then
added to the samples for 1 min while tapping the samples. Samples were centrifuged at 16,000 x g for
5min at 4°C and then kept on ice (4°C).

Analysis of nucleus swelling using a hemocytometer and staining with Hoechst 33258 and
Pl. Extracted nuclei were seeded on a hemocytometer (Paul Marienfeld GmbH & Co.) and measured
using phase contrast microscopy (E-scope 1304, Macrotech Corporation). Analysis was performed using
Scopephoto software. Extracted nuclei were also seeded on 24-well plates with a coverslip insert (SPL
Life Sciences., Pochun, Korea) for 15min at room temperature and then washed at least 3 times with
PBS. After the nuclei were fixed with 3.7% formaldehyde for 15min, they were stained with Hoechst
33258 (5uM, 1:1000, Sigma-Aldrich Co. LLC) and propidium iodide (PI; 5pM, 1:1000, Sigma-Aldrich
Co. LLC) dyes for 15min. The nuclei were measured using confocal microscopy (LSM-700, Carl Zeiss
Microlmaging GmbH) and analyzed using the Zen 2009 software.

Analysis of nuclear envelope topography measured using a CNT/AFM probes system. A vol-
ume of 1 mL of PBS was added to the nuclear extracts, and samples were seeded on 6-cm culture dishes
for 15min and then washed at least 3 times with PBS. Subsequently, all samples were fixed with 3.7%
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formaldehyde for 15min and then washed with PBS and deionized water 3 times. Atomic force micros-
copy (AFM) images were obtained in non-contact mode with an XE-100 AFM system (Park Systems
Corp.). Carbon nanotubes (CNTs) attached to the AFM cantilevers with spring constants of 42 N/m were
used with a resonance frequency of 310kHz. AFM image analyses, consisting of 3D topography and
measurements of area and volume, were performed using XEI software (Park Systems Corp.).

Analysis of caspase 3/7 activity. Cells (4 x 10° cells/6-cm culture dish) were grown overnight and
then treated with ETO and/or z-VAD for 72h. Samples were collected, washed with PBS (3mL), and
centrifuged at 200 x g for 5min. Harvested cells were counted using a hemocytometer (Paul Marienfeld
GmbH & Co.) and seeded (1 x 10* cells/well) in 96-well plates (Greiner Bio-One., Frickenhausen,
Germany). Caspase 3/7 activity was determined using a Caspase-Glo 3/7 Assay (Promega Corporation,
Madison, W1, USA), according to the manufacturer’s instructions, and detected using a SPECTRAmax
GEMINI fluorescence microplate reader (Molecular Devices Inc., Sunnyvale, CA, USA), with lumines-
cence intensity detected using a Fuji LAS-3000 system (Fujifilm, Tokyo, Japan).

Analysis of endonuclease G translocation in the nucleus using confocal microscopy and a
Cellomics ArrayScan HCS Reader system. Cells (1 x 10* cells/well) were seeded in a black
96-well tCLEAR-plate (Greiner Bio-One), grown overnight, and then treated with ETO and/or z-VAD
for 72h. After treatment, cells were fixed with 3.7% formaldehyde for 15min and permeabilized by 0.2%
Triton X-100 for 15min. Subsequently, cells were blocked with 5.0% FBS for 1h and incubated for 1h with
primary endonuclease G (ENDOG) antibody (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
followed by treatment with a secondary specific antibody conjugated to AlexaFluor 488 (Invitrogen) for
1 h. Hoechst 33258 reagent (5p.M; Sigma-Aldrich Co. LLC) for nuclear staining was added to the samples
for 30min at room temperature, and samples were washed with PBS 3 times. Stained cells were meas-
ured using a Cellomics ArrayScan HCS Reader (20x objective lens, Thermo Fisher Scientific Inc.) for at
least 200 cells in each well. ENDOG fluorescence intensity in the nuclei was analyzed using ArrayScan
VTI (600 series) version 6.6.1.3 software. The plate was measured using confocal microscopy to capture
images of stained cells (LSM-700, Carl Zeiss Microlmaging GmbH), and the images were analyzed with
Zen 2009 software.

Analysis of protein expression levels using western blotting. Cells (4 x 10° cells/6-cm cul-
ture dish) were grown overnight and then treated with ETO and/or z-VAD for 72h. Samples were
collected, washed with PBS (3mL), and centrifuged at 200 x g for 5min. Whole-protein extracts were
obtained using M-PER solution (Thermo Fisher Scientific Inc.), and nuclear and cytoplasm proteins
were extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific
Inc.) according to the manufacturer’s instructions. Protein concentrations were measured using a BCA
assay (Sigma-Aldrich Co. LLC) according to the manufacturer’s instructions. Protein samples (20-
50pg) were separated by molecular weight using 10-12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE, Mini-PROTEAN Tetra Cell, Bio-Rad Laboratories, Hercules, CA, USA)
system. Samples were subsequently transferred to nitrocellulose membranes (Hybond ECL; Amersham
Pharmacia Biotech, Inc., Piscataway, NJ, USA) using a Mini Trans-Blot Electrophoretic Transfer Cell
system (Bio-Rad Laboratories) containing transfer buffer at 70V for 4h at 4°C. The membranes were
blocked with 5% non-fat dried milk for 1h on a shaker (Fine PCR, Seoul, Korea). The membranes were
immuno-blotted using specific primary antibodies (1:500-1000): HDAC1, (3-actin, cleaved-caspase 3,
lamin A/C, and ENDOG (Santa Cruz Biotechnology) at 4°C overnight. After incubation, the membranes
were washed 5 times with PBST (containing 0.05% Tween-20 in PBS), and they were incubated with
anti-mouse or anti-rabbit peroxidase-conjugated antibodies (1:1000, Thermo Fisher Scientific Inc.) for
2h. Protein levels were measured using SuperSignal West Pico ECL solution (Thermo Fisher Scientific
Inc.) and detected using a Fuji LAS-3000 system (Fujifilm).

Statistical analysis. All data represents values from at least 3 independent experiments. Statistical sig-
nificance was defined by P-values of *P < 0.05 or **P < 0.01 using one-way analysis of variance (ANOVA)
statistical analyses from the SigmaPlot software version 12.0 (Systat Software Inc., San Jose, CA, USA).

References
1. Galluzzi, L. et al. Molecular definitions of cell death subroutines: recommendations of the Nomenclature Committee on Cell
Death 2012. Cell Death Differ 19, 107-120 (2012).
. Zong, W. X. & Thompson, C. B. Necrotic death as a cell fate. Genes Dev 20, 1-15 (2006).
. Fuchs, Y. & Steller, H. Programmed cell death in animal development and disease. Cell 147, 742-758 (2011).
. Elmore, S. Apoptosis: a review of programmed cell death. Toxicol Pathol 35, 495-516 (2007).
. Chan, E K. et al. A role for tumor necrosis factor receptor-2 and receptor-interacting protein in programmed necrosis and
antiviral responses. J Biol Chem 278, 51613-51621 (2003).
6. Vanden Berghe, T., Linkermann, A., Jouan-Lanhouet, S., Walczak, H. & Vandenabeele, P. Regulated necrosis: the expanding
network of non-apoptotic cell death pathways. Nat Rev Mol Cell Biol 15, 135-147 (2014).
7. Kaczmarek, A., Vandenabeele, P. & Krysko, D. V. Necroptosis: the release of damage-associated molecular patterns and its
physiological relevance. Immunity 38, 209-223 (2013).

U W N

SCIENTIFIC REPORTS | 5:15623 | DOI: 10.1038/srep15623 13



www.nature.com/scientificreports/

12.
13.
14.

15.
16.

17.

18.
19.

20.
21.

22.
23.

24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

. Winograd-Katz, S. E., Fassler, R., Geiger, B. & Legate, K. R. The integrin adhesome: from genes and proteins to human disease.

39.
40.

41.
42.
43.
44,
45.
46.
47.
48.

49.
50.

51.

. Taylor, R. C., Cullen, S. P. & Martin, S. J. Apoptosis: controlled demolition at the cellular level. Nat Rev Mol Cell Biol 9, 231-241

(2008).

. Gumbiner, B. M. Cell adhesion: the molecular basis of tissue architecture and morphogenesis. Cell 84, 345-357 (1996).
10.
11.

Turner, C. E. Paxillin and focal adhesion signalling. Nat Cell Biol 2, E231-236 (2000).

Parsons, J. T., Horwitz, A. R. & Schwartz, M. A. Cell adhesion: integrating cytoskeletal dynamics and cellular tension. Nat Rev
Mol Cell Biol 11, 633643 (2010).

Lyashenko, N. et al. Differential requirement for the dual functions of beta-catenin in embryonic stem cell self-renewal and germ
layer formation. Nat Cell Biol 13, 753-761 (2011).

Wozniak, M. A., Modzelewska, K., Kwong, L. & Keely, P. J. Focal adhesion regulation of cell behavior. Biochim Biophys Acta 1692,
103-119 (2004).

Kook, S. et al. Caspase-mediated cleavage of p130cas in etoposide-induced apoptotic Rat-1 cells. Mol Biol Cell 11, 929-939
(2000).

Wen, L. P. et al. Cleavage of focal adhesion kinase by caspases during apoptosis. ] Biol Chem 272, 26056-26061 (1997).

Ho, L. H,, Read, S. H., Dorstyn, L., Lambrusco, L. & Kumar, S. Caspase-2 is required for cell death induced by cytoskeletal
disruption. Oncogene 27, 3393-3404 (2008).

Fahrenkrog, B. & Aebi, U. The nuclear pore complex: nucleocytoplasmic transport and beyond. Nat Rev Mol Cell Biol 4, 757-766
(2003).

Gorlich, D. Transport into and out of the cell nucleus. EMBO ] 17, 2721-2727 (1998).

Strambio-De-Castillia, C., Niepel, M. & Rout, M. P. The nuclear pore complex: bridging nuclear transport and gene regulation.
Nat Rev Mol Cell Biol 11, 490-501 (2010).

Park, E. J., Kwon, H. K., Choi, Y. M., Shin, H. J. & Choi, S. Doxorubicin induces cytotoxicity through upregulation of pERK-
dependent ATF3. PLoS One 7, €44990 (2012).

Mekhail, K. & Moazed, D. The nuclear envelope in genome organization, expression and stability. Nat Rev Mol Cell Biol 11,
317-328 (2010).

Hetzer, M. W. The nuclear envelope. Cold Spring Harbor perspectives in biology 2, a000539 (2010).

Raices, M. & D’Angelo, M. A. Nuclear pore complex composition: a new regulator of tissue-specific and developmental functions.
Nat Rev Mol Cell Biol 13, 687-699 (2012).

Pante, N. & Aebi, U. Molecular dissection of the nuclear pore complex. Crit Rev Biochem Mol Biol 31, 153-199 (1996).
Buendia, B., Santa-Maria, A. & Courvalin, J. C. Caspase-dependent proteolysis of integral and peripheral proteins of nuclear
membranes and nuclear pore complex proteins during apoptosis. J Cell Sci 112, 1743-1753 (1999).

Patre, M. et al. Caspases target only two architectural components within the core structure of the nuclear pore complex. ] Biol
Chem 281, 1296-1304 (2006).

Ferrando-May, E. et al. Caspases mediate nucleoporin cleavage, but not early redistribution of nuclear transport factors and
modulation of nuclear permeability in apoptosis. Cell Death Differ 8, 495-505 (2001).

Gerner, C. et al. Proteome analysis of nuclear matrix proteins during apoptotic chromatin condensation. Cell Death Differ 9,
671-681 (2002).

Wu, J. et al. Caspase-mediated cleavage of C53/LZAP protein causes abnormal microtubule bundling and rupture of the nuclear
envelope. Cell Res 23, 691-704 (2013).

Kwon, H. K. et al. Etoposide Induces Necrosis through p53-mediated Antiapoptosis in Human Kidney Proximal Tubule Cells.
Toxicol Sci (in press), doi: 10.1093/toxsci/kfv182.

Urcan, E. et al. Real-time xCELLigence impedance analysis of the cytotoxicity of dental composite components on human
gingival fibroblasts. Dent Mater 26, 51-58 (2010).

Limame, R. et al. Comparative analysis of dynamic cell viability, migration and invasion assessments by novel real-time
technology and classic endpoint assays. PLoS One 7, e46536 (2012).

Lee, J. H., Kang, W. S., Choi, B. S., Choi, S. W. & Kim, J. H. Fabrication of carbon nanotube AFM probes using the Langmuir-
Blodgett technique. Ultramicroscopy 108, 1163-1167 (2008).

Kramer, A., Ludwig, Y., Shahin, V. & Oberleithner, H. A pathway separate from the central channel through the nuclear pore
complex for inorganic ions and small macromolecules. J Biol Chem 282, 31437-31443 (2007).

Liashkovich, I, Meyring, A., Kramer, A. & Shahin, V. Exceptional structural and mechanical flexibility of the nuclear pore
complex. J Cell Physiol 226, 675-682 (2011).

Li, L. Y,, Luo, X. & Wang, X. Endonuclease G is an apoptotic DNase when released from mitochondria. Nature 412, 95-99 (2001).
Etzioni, A. Adhesion molecules-their role in health and disease. Pediatr Res 39, 191-198 (1996).

Nat Rev Mol Cell Biol 15, 273-288 (2014).

Hirohashi, S. & Kanai, Y. Cell adhesion system and human cancer morphogenesis. Cancer Sci 94, 575-581 (2003).
Desgrosellier, J. S. & Cheresh, D. A. Integrins in cancer: biological implications and therapeutic opportunities. Nat Rev Cancer
10, 9-22 (2010).

Sulzmaier, E. ], Jean, C. & Schlaepfer, D. D. FAK in cancer: mechanistic findings and clinical applications. Nat Rev Cancer 14,
598-610 (2014).

Lee, B. Y, Timpson, P, Horvath, L. G. & Daly, R. J. FAK signaling in human cancer as a target for therapeutics. Pharmacol Ther
146, 132-149 (2015).

Kang, Y. et al. Role of focal adhesion kinase in regulating YB-1-mediated paclitaxel resistance in ovarian cancer. ] Natl Cancer
Inst 105, 1485-1495 (2013).

Zang, Z. ]. et al. Exome sequencing of gastric adenocarcinoma identifies recurrent somatic mutations in cell adhesion and
chromatin remodeling genes. Nat Genet 44, 570-574 (2012).

Lee, M. W. et al. The CT20 peptide causes detachment and death of metastatic breast cancer cells by promoting mitochondrial
aggregation and cytoskeletal disruption. Cell Death Dis 5, e1249 (2014).

Whitaker, H. C. et al. N-acetyl-L-aspartyl-L-glutamate peptidase-like 2 is overexpressed in cancer and promotes a pro-migratory
and pro-metastatic phenotype. Oncogene 33, 5274-5287 (2014).

Tisato, V. et al. Endothelial cells obtained from patients affected by chronic venous disease exhibit a pro-inflammatory phenotype.
PLoS One 7, €39543 (2012).

MacDonald, C., Unsworth, C. P. & Graham, E. S. Enrichment of differentiated hNT neurons and subsequent analysis using flow-
cytometry and xCELLigence sensing. ] Neurosci Methods 227, 47-56 (2014).

Zink, D., Fischer, A. H. & Nickerson, J. A. Nuclear structure in cancer cells. Nat Rev Cancer 4, 677-687 (2004).

Chow, K. H., Factor, R. E. & Ullman, K. S. The nuclear envelope environment and its cancer connections. Nat Rev Cancer 12,
196-209 (2012).

Tilli, C. M., Ramaekers, F. C., Broers, J. L., Hutchison, C. ]. & Neumann, H. A. Lamin expression in normal human skin, actinic
Kkeratosis, squamous cell carcinoma and basal cell carcinoma. Br ] Dermatol 148, 102-109 (2003).

SCIENTIFIC REPORTS | 5:15623 | DOI: 10.1038/srep15623 14



www.nature.com/scientificreports/

52. Martinez, N., Alonso, A., Moragues, M. D., Ponton, J. & Schneider, J. The nuclear pore complex protein Nup88 is overexpressed
in tumor cells. Cancer Res 59, 5408-5411 (1999).

53. Constantinescu, D., Gray, H. L., Sammak, P. ], Schatten, G. P. & Csoka, A. B. Lamin A/C expression is a marker of mouse and
human embryonic stem cell differentiation. Stem Cells 24, 177-185 (2006).

54. Kim, Y. et al. Mouse B-type lamins are required for proper organogenesis but not by embryonic stem cells. Science 334, 1706-1710
(2011).

55. Smith, E. R., Zhang, X. Y., Capo-Chichi, C. D., Chen, X. & Xu, X. X. Increased expression of Synel/nesprin-1 facilitates nuclear
envelope structure changes in embryonic stem cell differentiation. Dev Dyn 240, 2245-2255 (2011).

56. Lazebnik, Y. A., Cole, S., Cooke, C. A., Nelson, W. G. & Earnshaw, W. C. Nuclear events of apoptosis in vitro in cell-free mitotic
extracts: a model system for analysis of the active phase of apoptosis. J Cell Biol 123, 7-22 (1993).

57. Joselin, A. P., Schulze-Osthoff, K. & Schwerk, C. Loss of Acinus inhibits oligonucleosomal DNA fragmentation but not chromatin
condensation during apoptosis. J Biol Chem 281, 12475-12484 (2006).

58. Tait, S. W. & Green, D. R. Mitochondria and cell death: outer membrane permeabilization and beyond. Nat Rev Mol Cell Biol
11, 621-632 (2010).

59. Chipuk, J. E., Bouchier-Hayes, L. & Green, D. R. Mitochondrial outer membrane permeabilization during apoptosis: the innocent
bystander scenario. Cell Death Differ 13, 1396-1402 (2006).

60. Gobeil, S., Boucher, C. C., Nadeau, D. & Poirier, G. G. Characterization of the necrotic cleavage of poly(ADP-ribose) polymerase
(PARP-1): implication of lysosomal proteases. Cell Death Differ 8, 588-594 (2001).

61. Samejima, K. & Earnshaw, W. C. Trashing the genome: the role of nucleases during apoptosis. Nat Rev Mol Cell Biol 6, 677-688

(2005).

62. Enari, M. et al. A caspase-activated DNase that degrades DNA during apoptosis, and its inhibitor ICAD. Nature 391, 43-50
(1998).

63. Joza, N. et al. Essential role of the mitochondrial apoptosis-inducing factor in programmed cell death. Nature 410, 549-554
(2001).

Acknowledgements

This work was supported by the Mid-Career Researcher Program through the National Research
Foundation of Korea, funded by the Ministry of Education, Science, and Technology (NRE-
2015R1A2A2A09001059), and by a grant of the Korea Health Technology R&D Project through the
Korea Health Industry Development Institute (HI14C1992). This work was also partially supported by a
grant from the Priority Research Centers Program (NRF 2012-0006687).

Author Contributions

H.K.K. and J.H.L. performed major experiments and wrote the manuscript. J.H.L. and J.H.K. completed
CNT/AFM analyses. HK.K.,, H.J.S. and J.H.L. designed experiments. S.C. coordinated the project and
wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kwon, H.-K. et al. Structural and functional analysis of cell adhesion and
nuclear envelope nano-topography in cell death. Sci. Rep. 5, 15623; doi: 10.1038/srep15623 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM jmages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:15623 | DOI: 10.1038/srep15623 15


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Structural and functional analysis of cell adhesion and nuclear envelope nano-topography in cell death

	Results

	DOX completely induced necrosis, while ETO induced necrosis in combination with apoptosis. 
	Necrosis and nepoptosis generated cell swelling, but yield different effects on cell adhesion. 
	Preservation of necrotic morphological changes during necrosis and nepoptosis. 
	Necrosis and nepoptosis generated nucleus swelling and altered nucleus morphology. 
	Nepoptosis induced NE rupturing and DNA leakage from the nuclei. 
	Cell adhesion disruption and NE rupturing are induced by caspase during nepoptosis. 
	ENDOG is translocated in the nucleus through caspase-induced NE rupturing during nepoptosis. 

	Discussion

	Methods

	Cell culture and treatment. 
	Analysis of cell swelling measured using hemocytometer and FACS systems. 
	Analysis of cell adhesion alteration using an xCELLigence system for real-time measurements. 
	Analysis of F-actin expression using confocal microscopy. 
	Analysis of cell adhesion and cell swelling using phase contrast microscopy. 
	Analysis of plasma membrane topography measured using a CNT/AFM probes system. 
	Nuclear extraction. 
	Analysis of nucleus swelling using a hemocytometer and staining with Hoechst 33258 and PI. 
	Analysis of nuclear envelope topography measured using a CNT/AFM probes system. 
	Analysis of caspase 3/7 activity. 
	Analysis of endonuclease G translocation in the nucleus using confocal microscopy and a Cellomics ArrayScan HCS Reader syst ...
	Analysis of protein expression levels using western blotting. 
	Statistical analysis. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Doxorubicin (DOX) and etoposide (ETO) induced cell swelling, while differently regulating cell adhesion.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Doxorubicin (DOX) and etoposide (ETO) induced cell swelling and necrotic plasma membrane ruptures.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Doxorubicin (DOX) and etoposide (ETO) induced nucleus swelling, while differently affecting nucleus morphology.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Doxorubicin (DOX) and etoposide (ETO) induced nucleus swelling and changes in area and volume, while ETO triggered nuclear envelope rupturing and DNA leakage.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Inhibition of pan-caspase regained etoposide (ETO)-induced loss of cell adhesion.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Inhibition of pan-caspase suppressed nuclear envelope rupturing and destruction of the nuclear pore complex, and regained endonuclease G translocation in the nuclei by etoposide (ETO).



 
    
       
          application/pdf
          
             
                Structural and functional analysis of cell adhesion and nuclear envelope nano-topography in cell death
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15623
            
         
          
             
                Hyuk-Kwon Kwon
                Jae-Hyeok Lee
                Hyeon-Jun Shin
                Jae-Ho Kim
                Sangdun Choi
            
         
          doi:10.1038/srep15623
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep15623
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep15623
            
         
      
       
          
          
          
             
                doi:10.1038/srep15623
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15623
            
         
          
          
      
       
       
          True
      
   




