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Abstract

Caspases are known for their roles in cell death and inflammation. However, emerging
evidence suggests they also mediate non-lethal processes, governed by a finely tuned
balance of localization, activity, kinetics, and substrate availability. Given that many cas-
pase substrates are implicated in mechanoadaptive processes, we investigated if caspases
contribute to morphological adaptation of human pulmonary artery endothelial cells to
fluid shear stress and other morphology-altering stimuli in vitro. Using selective inhibitors,
we screened all major caspases for a role in endothelial cell adaptation to unidirectional
laminar shear stress (15 dyn/ cm?, 72 h). Selective inhibition of caspase-6, but not other
caspases, impaired morphological shear adaptation. Only 5.5% of caspase-6-inhibited
cells shear-adapted vs. 75.2% of vector controls. Live-cell FRET imaging revealed pro-
gressive caspase-6 activation starting at 18 h of shear stress, coinciding with the onset of
morphological remodeling. The active caspase-6 localized predominantly perinuclearly,
while caspase-3 remained inactive throughout shear exposure. Caspase-6 inhibition did not
affect elongation in response to alternative biomechanical or biochemical stimuli, including
uniaxial cyclic stretch (5%, 1 Hz), spatial confinement on narrow micropatterned RGD-lines,
or TNF-« stimulation, nor did it impair cell adhesion, directed migration, wound healing,
or barrier recovery after wounding. Our study uncovers a previously unidentified role
of caspase-6 as a non-apoptotic, mechanosensitive effector specifically required for shear-
induced morphological adaptation of pulmonary artery endothelial cells, highlighting a
novel regulatory axis in vascular mechanoadaptation.
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1. Introduction

Fluid shear stress is a fundamental biomechanical force generated by flowing blood,
maintaining vascular homeostasis and governing endothelial functions [1]. In healthy
vessels, unidirectional laminar flow promotes an anti-inflammatory, anti-thrombotic, and
quiescent endothelial phenotype, whereas disturbed, non-linear, or oscillatory flow in-
duces endothelial dysfunction, pro-inflammatory signaling, and maladaptive remodeling,
processes implicated in atherosclerosis, pulmonary hypertension, and other vascular dis-
eases [2,3]. Morphological adaptation of endothelial cells, particularly their elongation and
axial alignment in the direction of flow-induced shear stress, is one of the most reliable
indicators of functional shear responsiveness and serves as a structural hallmark of vascular
health [4].

Shear forces are detected by specialized mechanosensors distributed across the cell
surface [5]. At cell-cell junctions, PECAM-1, VE-cadherin, and VEGFR2 form a core
mechanosensory complex that transduces shear into PI3K/Akt, Src, SMAD, and MAPK
signaling [6]. At the basal surface, integrins and focal adhesion proteins transmit strain
from the extracellular matrix to stress fibers and newly formed shear fibers [7]. At the
apical surface, the glycocalyx and mechanosensitive ion channels such as Piezol regulate
ion influx and cytoskeletal remodeling in response to flow [6]. These mechanosensory
systems converge on common downstream effectors including Rho-family GTPases, flow-
regulated transcription factors (e.g., KLF2, NRF2, NF-kB) and endothelial nitric oxide
synthase (eNOS), which collectively orchestrate the structural and functional adaptation to
shear stress [1].

Endothelial adaptation to shear stress occurs in distinct phases. Early responses, within
seconds to minutes, involve rapid signaling through phosphorylation cascades, ion fluxes
(e.g., Ca®*), and transient cytoskeletal changes [8]. Sustained adaptation over hours to days
requires long-term structural adjustments including alignment and stabilization of actin
filaments, formation of shear fibers, reinforcement of cell-cell junctions, reorganization of
focal adhesions, and repositioning of the nucleus [7]. These late-phase changes not only
establish the elongated and aligned morphology of endothelial cells, but also consolidate
junctional and nuclear integrity. While the molecular basis of early signaling has been well
characterized [7], mechanisms driving these late structural remodeling processes remain
incompletely understood.

Caspases are a family of cysteine-aspartic proteases primarily recognized as initiators
and executioners of apoptosis, as well as mediators of inflammation [9]. Based on function
and sequence similarities, they are classified into initiator caspases (caspase-2, -8, -9, -10),
executioner/ effector caspases (caspase-3, -6, -7), and inflammatory caspases (caspase-1, -4,
-5,-11) [10]. Caspases are synthesized as inactive pro-enzymes (zymogens) containing an
N-terminal pro-domain, and large and small subunits [11]. Activation typically requires
proteolytic cleavage, either via recruitment into activation complexes (e.g., the apoptosome
or inflammasome) or by sequential cleavage cascades that release the active enzyme [12].
Once activated, caspases recognize short tetrapeptide motifs and cleave substrates after
specific aspartate residues, thereby irreversibly modifying their targets [12]. Such substrate
proteolysis can either inactivate the target protein or confer a gain-of-function by producing
active fragments [13].
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Beyond apoptosis and inflammation, increasing evidence indicates that caspases
can function in non-lethal processes when their activation is spatially and temporally
restricted [10]. Examples include neuronal pruning, myoblast differentiation, and stem
cell regulation, where limited proteolysis of selected cytoskeletal or nuclear substrates
enables remodeling without inducing cell death [14]. This kind of sublethal activity pro-
vides a mechanism for fine-tuning cellular architecture in response to developmental or
environmental cues.

Caspase-6, encoded by CASP, is classified as an effector mediating nuclear shrinkage
and fragmentation during apoptosis, and possesses unique activation and regulation
mechanisms distinct from other caspases [15]. Notably, caspase-6 is a relatively weak
inducer of apoptosis compared to caspase-3 and caspase-7, often gets activated downstream
of caspase-3 rather than being directly activated by initiator caspases, and can also undergo
auto-activation under certain conditions [11,15]. Caspase-6 further differs from other
caspases in its substrate specificity, preferentially cleaving proteins central to nuclear
mechanics and cytoskeletal organization [16,17]. These caspase-6 substrates are particularly
relevant to the late-phase structural remodeling required for sustained shear adaptation,
such as nuclear repositioning and cytoskeletal realignment. Finally, caspase-6 has been
uniquely implicated in neurodegenerative diseases such as Alzheimer’s and Huntington’s,
where excessive caspase-6 activity and elevated levels correlate with axonal degeneration
and neuropathological lesions [13,15]. Altogether, these properties make caspase-6 an
intriguing candidate for regulating endothelial structural adaptation to mechanical stress.

Despite the recognition of non-apoptotic caspase functions, little is known about
whether caspases contribute to endothelial mechanoadaptation. Prior studies of flow-
induced endothelial remodeling have focused mostly on early sensing by kinases, ion
channels, small GTPases, and transcriptional regulators [18-20], while potential roles for
proteolytic remodeling in long-term shear adaptation have been largely overlooked. Hence,
it remains unknown whether caspases participate in the structural remodeling phase that
underlies endothelial elongation and alignment under sustained flow.

We hypothesized that caspases, through non-apoptotic proteolytic activity, contribute
to shear-induced morphological adaptation of endothelial cells. To test this, we systemati-
cally inhibited individual caspases during exposure to laminar shear stress and monitored
pulmonary artery endothelial cell (hPAEC) alignment and elongation. Our findings identify
a novel role for caspase-6 in hPAEC shear adaptation, distinct from its traditional function
in apoptosis.

2. Materials and Methods
2.1. Cell Culture

hPAEC were selected for experimentation due to their well-characterized temporal
morphological shear responses [3], as well as their established shear-dependent roles in
vascular homeostasis and disease [4,21]. Cells were obtained from PromoCell (#C-12241,
Heidelberg, Germany) or Lonza (#CC-2530, Basel, Switzerland) and cultured on 0.1%
gelatin-coated flasks in Endothelial Cell Medium supplemented with 5% FCS, 1% penicillin-
streptomycin, and 1% Endothelial Growth Supplement (ScienCell, #1001, Carlsbad, CA,
USA). Cells were maintained at 37 °C and 5% CO,, and culture medium was refreshed
every other day. For all experiments, hPAEC were seeded at 40,000 cells/cm? on fibronectin-
coated surfaces (as RGD repeat peptides or 5 ug/mL human plasma fibronectin (Sigma-
Aldrich, #F1056, Darmstadt, Germany), depending on assay), and used between passages
four and six. At least three biological replicates were used per experiment.
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2.2. Pharmacologic Inhibition of Caspases

Prior to any chemical or mechanical stimulation, hPAEC were pre-treated for one
hour with 2 uM fluoromethyl ketone (FMK)-derivatized peptide inhibitors to allow cellular
uptake, which act as irreversible and specific caspase inhibitors mimicking the effects of
caspase deficiency without inducing cytotoxic effects [16]. Inhibitors were then maintained
in culture medium throughout subsequent stimulation. Each inhibitor contains a tetrapep-
tide recognition sequence specific to its target caspases: Z-WEHD-FMK (caspase-1/4/5),
Z-VDVAD-FMK (caspase-2), Z-DEVD-FMK (caspase-3/7), Z-VEID-FMK (caspase-6), Z-
IETD-FMK (caspase-8/10), Z-LEHD-FMK (caspase-9), and Z-FA-FMK (negative FMK
control) (Enzo Life Sciences, #ALX-850-239, Farmingdale, NY, USA). The full inhibitor
panel was used in the initial shear stress screen to broadly assess caspase involvement. For
subsequent experiments, only the caspase-6 inhibitor (Z-VEID-FMK) was used following
the findings from the initial screen. To validate Z-VEID-FMK efficacy, caspase-6 activity
was measured in hPAEC using FAM FLICA caspase-6 probes (Bio-Rad, #ICT095, Hercules,
CA, USA), according to manufacturer’s instructions, following stimulation in triplicate
with 200 nM staurosporine (Sigma-Aldrich, #569397, Darmstadt, Germany) for 4 h at 37 °C.

2.3. Unidirectional Fluid Shear Stress

Single-channel ibidi p-Slides I Luer 0.4 (ibidi, #80176, Gréfelfing, Germany) were
seeded with hPAEC and cells were allowed to adhere overnight. After pre-treatment with
caspase inhibitors for one hour, hPAEC were subjected to 24 h of unidirectional, continuous
laminar low shear stress (LSS, 2.5 dyn/ cm?), followed by 72 h of unidirectional, continuous
laminar high shear stress (HSS, 15 dyn/ cmz) with the ibidi Pump System (ibidi, #10902,
Gréfelfing, Germany). Five fields of view per channel were imaged every 24 h at 10x mag-
nification (EVOS M5000, Invitrogen, Waltham, MA, USA), and cell orientation/elongation
was quantified using a custom MATLAB R2022a (MathWorks, Natick, MA, USA) script,
with at least 900 cells analyzed per condition. Cells were considered shear-adapted when
aligned within 45° of the direction of flow and elongated (>2x median static aspect ratio
per donor).

2.4. Uniaxial Cyclic Stretch

UniFlex flexible-bottom membrane culture plates were seeded with hPAEC and cells
were allowed to adhere overnight (Flexcell, #UF-4001P, Burlington, NC, USA). hPAEC
were then either left untreated or pre-treated with caspase-6 inhibitors for one hour before
uniaxial cyclic stretch was applied using the FX-6000 Tension System (Flexcell, #FX-6000T,
Burlington, NC, USA) with the Arctangle Loading Station (Flexcell, #TT-4000-A, Burlington,
NC, USA), delivering 5% strain at 1 Hz for 24 h. Six fields of view per well were subse-
quently imaged at 10x magnification (EVOS M5000, Invitrogen, Waltham, MA, USA), and
cell orientation was assessed using Fourier components analysis of directionality with the
Directionality 2.3.0 Image] plugin.

2.5. Micropatterned Spatial Confinement

hPAEC were suspended in culture medium with or without caspase-6 inhibitors, then
seeded directly into ibidi p-Slide VI 0.4 p-Pattern RGD-coated slides patterned with narrow
(20 pm) RGD-motif lines on a bioinert surface (ibidi, #83653, Gréfelfing, Germany). Cells
were left to adhere and spread for 24 h. At least two fields of view per channel were
subsequently imaged at 20 x magnification (EVOS M5000, Invitrogen, Waltham, MA, USA).
The aspect ratios of individual cells were manually measured in Image] 1.54p (National
Institutes of Health, Bethesda, MD, USA), with at least 35 cells analyzed per condition.
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2.6. TNF-«x Stimulation

Twelve-well culture plates were seeded with hPAEC and cells were allowed to adhere
overnight. The medium was then replaced with reduced-serum culture medium (1% FCS)
for one hour, after which hPAEC were either left untreated or pre-treated with caspase-
6 inhibitors for one hour. hPAEC were then stimulated with 10 ng/mL recombinant
human TNF-« (PeproTech, #300-01A, Cranbury, NJ, USA) for 24 h. At least three fields of
view per well were subsequently imaged at 10 x magnification (EVOS M5000, Invitrogen,
Waltham, MA, USA). The aspect ratios of individual cells were manually measured in
Image] 1.54p (National Institutes of Health, Bethesda, MD, USA), with at least 30 cells
analyzed per condition.

2.7. Electric Cell-Substrate Impedance Sensing (ECIS) Wounding

Impedance-based wound healing assays were conducted using the ECIS 1600R system
(Applied BioPhysics, Troy, NY, USA) with 8W10E+ electrode arrays (Applied BioPhysics,
Troy, NY, USA). hPAEC were seeded in duplicate wells, impedance readings were acquired
every 18 s at 4000 Hz, and signal was allowed to stabilize (indicating adhesion, confluency,
junctional maturation, and barrier stability). After stabilization, hPAEC were either left
untreated or pre-treated with caspase-6 inhibitors. One hour later, electrical wounding was
applied by delivering a high-frequency electrical pulse (60,000 Hz, 5V, 20 s) to the cells
through the electrodes to create 40 circular 250 pm diameter wounds per well. Electrode
re-coverage with cells was monitored continuously through impedance readings to assess
the dynamics of wound closure by cell migration and barrier recovery without the impact
of proliferation.

2.8. Mechanical Scratch Wounding

Six-well cell culture plates were seeded with hPAEC and cells were allowed to adhere
overnight. hPAEC were then either left untreated or pre-treated with caspase-6 inhibitors
for one hour before scratch wounds were introduced manually using a 200 uL pipette tip.
Wound closure was assessed at 0, 3, 6, 9, and 12 h post-wounding by imaging four separate
fields of view along the wound at each timepoint. Wound width was measured at five
randomly selected positions per image, and the rate of migration (ROM) was calculated at
each timepoint in terms of wound width change per hour.

2.9. Confocal FRET Ratiometric Timelapse Imaging Under Shear Stress

To monitor caspase activity under fluid shear stress, hPAEC were transfected with a
Forster resonance energy transfer (FRET)-based dual caspase-3 and caspase-6 biosensor
(CFP-DEVD-YFP-VEID-RFP) linked in a single fusion protein, kindly provided and previ-
ously validated by Dr. Liusheng He [22]. The DEVD and VEID peptide sequences serve as
specific cleavage sites for caspase-3 and caspase-6, respectively, where cleavage disrupts
FRET (reduction in signal indicates active caspase). Transfections were performed using
the HUVEC Avalanche Transfection Reagent (EZ Biosystems, #EZT-HUVE-1, College Park,
MD, USA) following the manufacturer’s protocol. Following transfection, hPAEC were
seeded into single-channel ibidi p-Slides I Luer 0.4 (ibidi, #80176, Grafelfing, Germany) and
allowed to adhere overnight.

Imaging was performed using an LSM 980 confocal microscope (Zeiss, Oberkochen,
Germany) with a Plan-Apochromat 20x /0.8 NA objective (Zeiss, #420650-9901-000,
Oberkochen, Germany) in a 37 °C temperature-controlled chamber under atmospheric
conditions. During acquisition, transfected hPAEC were subjected to a stepwise unidi-
rectional, continuous laminar shear stress regimen: shear ramping of 5 dyn/cm? and
10 dyn/cm? for 30 min each, followed by 15 dyn/cm? for 36 h using the ibidi Pump
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System (ibidi, #10902, Grafelfing, Germany). hPAEC were maintained throughout in a
custom CO,-independent endothelial basal medium (PromoCell, #C-22215, Heidelberg,
Germany), modified to exclude phenol red and sodium bicarbonate, and supplemented
with 1:1000 7.5% w/v sodium bicarbonate (Gibco, #25080094, Waltham, MA, USA) to main-
tain appropriate pH at atmospheric conditions, 1:1000 0.432% w/v 3-glycerophosphate
(Sigma-Aldrich, #G9422, Darmstadt, Germany), and EGM-2 BulletKit (Lonza, #CC-3162,
Basel, Switzerland).

Donor, transfer, and acceptor fluorescence images were acquired every 7.5 min for
a total of 36 h. Normalized FRET efficiency (NFRET) was calculated from flat-field- and
background-corrected images as previously described [23].

2.10. Statistics

Statistical analyses and data visualization were performed in GraphPad Prism 10
(GraphPad Software, Boston, MA, USA), unless otherwise stated. Depending on the
experimental design, either paired two-tailed Student’s t-tests or two-way ANOVA were
used to assess significance, and Shapiro—Wilk tests were used to assess normality. When
appropriate, Holm-Sidak multiple comparisons tests were applied following ANOVA. For
repeated-measures ANOVA, the Geisser-Greenhouse correction was used to account for
potential violations of sphericity.

Quantitative data is presented as mean 4+ SEM, unless otherwise specified. Statistical
significance was defined as p < 0.05, with p-values reported as follows: *p < 0.05,** p <0.01,
**p <0.001.

3. Results

3.1. Selective Inhibition of Caspase-6, but Not Other Caspases, Impairs Morphological Shear
Adaptation of hPAEC

To investigate whether caspases contribute to the morphological adaptation of hRPAEC
to fluid flow, we performed a functional screen using specific caspase inhibitors during
in vitro exposure of hPAEC to unidirectional, continuous laminar shear stress. The applied
caspase inhibitors are cell-permeable, synthetic peptides that mimic the substrate of specific
caspases and act by irreversibly binding to their catalytic site. Pharmacological inhibition
was chosen over genetic suppression approaches because it enables direct assessment
of caspase catalytic activity while excluding potential scaffolding functions of inactive
caspases [24]. In addition, it avoids compensatory activation of other caspases known to
occur with prolonged genetic knockdown of individual caspases [25]. hPAEC (n = 3 pooled
donors) were shear-conditioned by applying a two-step regimen, 24 h of low shear stress
(LSS, 2.5 dyn/cm?), followed by 72 h of high shear stress (HSS, 15 dyn/cm?). Caspase
inhibitors were added one hour before shear initiation and maintained throughout the
entire exposure period.

Under static and 24 h LSS conditions, hPAEC retained a typical unadapted morphology.
In control cells, exposure to HSS induced progressive morphological adaptation, with
cells becoming elongated and aligned along the direction of flow within 48 h. Similar
morphological adaptation was observed in hPAEC treated with inhibitors of caspase-
1/4/5 (WEHD cleavage site motif), caspase-2 (VDVAD), caspase-3/7 (DEVD), caspase-8/10
(IETD), and caspase-9 (LEHD). Strikingly, caspase-6-specific inhibition (VEID cleavage
site motif) completely prevented the adaptive shear response, as hPAEC remained non-
elongated and lacked directional alignment even after 72 h of HSS (Figure 1A). Z-VEID-
FMK efficacy was validated in hPAEC using a FAM FLICA caspase-6 assay following
staurosporine stimulation as an activator, confirming complete inhibition of caspase-6
activity (Figure S1).



Cells 2025, 14, 1669

7 of 18

Caspase Inhibitors

VEIDCASPS DEVDCASP3.7  VDVADCASP2  WEHDCASP1.4.5 Control

|[ETDCASPS, 10

LEHDCASPQ

Orientation

24h LSS at 72h HSS

72h HSS

Fluid flow

B

Shear Adaptation - Caspase Screen

100

9
» 801
S
< 60
2
Q.
%’ 40-
§ 20+
%]

0- o A )
3 FSSS
3OS S

< &L & RN

LSS [ 48hHSS [ 72h HSS

C
Shear Adaptation - Caspase 6
= * sksk
& 100+ [ R
§ 80
he)
2 60
Q.
(3]
2 401 \
©
5 B
? Lo &" . .
Staic LSS  24h  48h  72h
[ Control 1 Z-VEID-FMK

Figure 1. Caspase-6 is specifically required for morphological adaptation to fluid shear stress in
hPAEC. (A) Representative images of hPAEC exposed to 24 h LSS (2.5 dyn/cm?) followed by 72 h
HSS (15 dyn/cm?), with specific caspase inhibitors (cleavage site motifi"hibited caspase o o VEID®) or
negative FMK control. Solely caspase-6 inhibition impaired the typical morphological elongation

and alignment response of hPAEC to HSS. Orientation histograms generated using the polarhistogram
MATLAB R2022a function (MathWorks). Scale bar = 200 um. (B) Quantification of the inhibitor screen
(n = 3 pooled donors). (C) Individual biological replicates (n = 4) confirmed significantly impaired
morphological shear adaptation by caspase-6 inhibition (Z-VEID-FMK) after both 48 h (p = 0.02) and

72 h (p = 0.005) of HSS compared to uninhibited controls. P-values: * p < 0.05, ** p < 0.01.

Quantitative analysis confirmed the morphological differences. Shear adaptation

was defined as dual fulfillment of cell alignment within 45° of flow plus an aspect ratio
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>2x the static median. While all groups appeared largely unadapted at early timepoints,
morphological shear adaptation became increasingly prominent at 48 h and 72 h in all
conditions except caspase-6 inhibition (Z-VEID-FMK) (Figure 1B). Specifically, vehicle
control hPAEC increased from 15.8% at 24 h LSS to 75.2% shear-adapted cells following
72 h HSS, while caspase-6-inhibited hPAEC showed only minimal adaptation, changing
from 1.2% at 24 h LSS to 5.5% after 72 h HSS. While potential off-target effects are a known
limitation of FMK-based inhibitors, these were controlled for with the negative control, an
identical FMK-derivatized peptide without the “VEID” caspase-6-specific sequence. In this
control condition, shear adaptation proceeded normally compared to untreated cells.

Repeat experiments with four independent biological replicates confirmed the repro-
ducibility of our findings. Compared to controls, caspase-6 inhibition significantly reduced
shear adaptation at both 48 h (49.8% vs. 24.8%, p = 0.02) and 72 h (63.1% vs. 32.4%, p = 0.005)
of HSS exposure (Figure 1C). This effect was not seen in a screen using endothelial cells
from other vascular beds (Figure S2).

These results demonstrate that caspase-6 plays a non-redundant mechanoadaptive
role in fluid flow-induced hPAEC remodeling, since inhibition of other caspases had no
comparable effect.

3.2. Caspase-6 Is Not Required for Cell Elongation Induced by Non-Shear Stimuli in hPAEC

Having identified caspase-6 as specifically required for shear-induced morphological
adaptation, we next investigated whether its role extends to other forms of hPAEC elon-
gation not driven by flow. Hence, we evaluated the effects of caspase-6 inhibition under
three well-characterized elongation stimuli in vitro: uniaxial cyclic stretch, micropatterned
substrate confinement, and TNF-« stimulation.

First, hPAEC (n = 4) were cultured on flexible RGD-coated membranes and subjected
to cyclic stretch (5% uniaxial strain at 1 Hz) for 24 h. Both control and caspase-6-inhibited
cells displayed pronounced elongation perpendicular (90°) to the axis of strain, consistent
with the known mechanobiological behavior of hPAEC (Figure 2A). Fourier components
analysis of orientation distributions showed no significant difference between groups
(p = 0.96; Figure 2B), suggesting that mechanosensitive elongation under stretch is unaf-
fected by caspase-6.

Next, we assessed morphological responses to physical confinement using micropat-
terned substrates consisting of 20 um wide RGD-muotif lines. Both control and caspase-
6-inhibited hPAEC (n = 3) adhered normally to the patterns and adapted their morphol-
ogy to the underlying geometry, exhibiting elongation and alignment along the patterns
(Figure 2C). Aspect ratio quantification confirmed no significant differences between groups
(p = 0.82; Figure 2D), indicating that caspase-6 is not required for hPAEC elongation by
spatial confinement.

Finally, we stimulated hPAEC (n = 3) for 24 h with 10 ng/mL TNF-«, a pro-
inflammatory cytokine known to induce cytoskeletal remodeling and elongation in en-
dothelial cells. Both control and caspase-6-inhibited cells responded to TNF-o« with marked
elongation (Figure 2E), with no significant differences in aspect ratio due to caspase-6
inhibition (p = 0.59; Figure 2F).

These findings demonstrate that caspase-6 is not broadly required for morphological
adaptation of hPAEC in response to mechanical, environmental, or vasoactivating cues, but
is specifically engaged during sustained flow-mediated mechanoadaptation.
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Figure 2. Caspase-6 is dispensable for non-shear morphological adaptation responses. (A) Repre-
sentative images of hPAEC exposed to uniaxial cyclic stretch (5% strain, 1 Hz, 24 h) with or without
caspase-6 inhibition (Z-VEID-FMK). Both groups elongated perpendicular to the axis of strain. Scale
bar = 200 pm. (B) Fourier components analysis of directionality showed no significant difference
in the directionality response to cyclic stretch with or without caspase-6 inhibition (p = 0.96, n = 4).
(C) Micropatterned substrates (20 um-wide RGD lines) induced hPAEC elongation along the pattern
geometry irrespective of caspase-6 inhibition, with (D) no significant difference in aspect ratios
(p = 0.82, n = 3). Scale bar = 50 um. (E) TNF-« stimulation (10 ng/mL, 24 h) of hPAEC induced
elongation irrespective of caspase-6 inhibition, with (F) no significant difference in aspect ratios
between groups (p = 0.59, n = 3). Scale bar = 200 pm. “n.s.” = not significant.
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3.3. Caspase-6 Inhibition Does Not Affect Directed Migration, Wound Healing, or Barrier
Recovery After Wounding of hPAEC

Having established that caspase-6 is specifically required for morphological adaptation
to shear stress, but not for elongation under other stimuli, we next examined whether
caspase-6 activity contributes to hPAEC functional responses, particularly cell motility.
Since both morphological adaptation and migration rely on actin cytoskeletal remodeling,
we investigated whether caspase-6 influences directed migration and wound healing
capacity in hPAEC.

To this end, we employed two complementary assays: electrical wounding with real-
time impedance spectroscopy (ECIS) and mechanical scratch wounding. In ECIS-based
migration assays, circular wounds (40 per well, 250 pm diameter each) were introduced by
applying a high-frequency electrical pulse, and wound closure was monitored in real-time
via impedance measurements as a proxy for hPAEC migration and monolayer reformation
(n = 4). Post-wounding recovery dynamics were comparable between control and caspase-
6-inhibited cells (p > 0.99; Figure 3A). Both groups restored baseline barrier resistance to
similar levels (p = 0.83; Figure 3B), with a comparable total time to full recovery (~5 h,
p = 0.44; Figure 3C).

Likewise, mechanical scratch assays in hPAEC (n = 3) revealed no significant differ-
ences in wound closure rate. At nine hours post-wounding, both groups showed similar
levels of closure (Figure 3D), and quantitative analysis confirmed equivalent migration
rates (p = 0.24; Figure 3E). In both conditions, complete closure was achieved in ~12 h.

These findings indicate that caspase-6 inhibition does not impair hPAEC motility,
directed migration, or barrier recovery after wounding, further reinforcing that caspase-6
specifically regulates flow-induced remodeling.

3.4. Caspase-6, but Not Caspase-3, Is Specifically Activated After 18 H of High Shear Stress and
Localizes Perinuclearly

To pinpoint the timing and subcellular localization of caspase activation during shear-
induced adaptation, we performed live-cell confocal FRET imaging using a dual cleavage-
sensitive fusion biosensor for caspase-6 (YFP-VEID-RFP) and caspase-3 (CFP-DEVD-YFP).
hPAEC were subjected to HSS for 36 h, with ratiometric FRET imaging captured at 7.5 min
intervals to monitor caspase activity in real-time.

Normalized FRET (NFRET) quantification revealed that caspase-3 activity remained
largely unchanged across the time course, showing minimal deviation from baseline in all
tracked cells (Figure 4A). In contrast, caspase-6 activity began to rise after approximately
18 h of HSS and increased progressively across all tracked cells. Caspase-6 activity sig-
nificantly diverged from caspase-3 at 32.75 h (+10.3% from baseline, p = 0.05), reached
maximal activation at 33 h (+11.9%, p < 0.001), and remained elevated through 36 h (+11.3%,
p = 0.005).

Pseudocolored FRET ratio maps provide spatial insights into this dynamic. Caspase-3
remained inactive, while caspase-6 exhibited distinct perinuclear-localized activation from
~20 through 36 h (Figure 4B). This subcellular pattern was consistent across all tracked cells.

These findings establish that caspase-6, but not caspase-3, is specifically and tem-
porally activated during sustained HSS. Activation coincided with the onset of visible
morphological adaptation, and its perinuclear localization suggests that caspase-6 may
function as a non-apoptotic effector linking mechanical force to perinuclear cytoskeletal
and/or nuclear remodeling.
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Figure 3. Caspase-6 inhibition does not affect hPAEC directed migration, wound closure, or barrier

recovery after wounding. (A) Real-time ECIS migration assay following electrical wounding of hPAEC

(n = 4) showed no difference in migration dynamics between caspase-6-inhibited cells (Z-VEID-FMK)

and controls (p > 0.99). (B) Maximum barrier resistance recovered post-wounding and (C) total

time to wound closure was unchanged by caspase-6 inhibition (p = 0.83 and p = 0.44, respectively).

(D) Mechanical scratch assays showed similar wound closure dynamics irrespective of caspase-6

inhibition, with (E) no significant difference in migration rates (p = 0.24, n = 3). Scale bar = 200 pum.

“n.s.” = not significant.
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Figure 4. Caspase-6 activation coincides with morphological shear adaptation and targets the
perinuclear region. (A) Live-cell FRET imaging of hPAEC expressing a dual caspase-6 and caspase-
3 fusion biosensor revealed specific and sustained caspase-6 activation after 18 h HSS. Inverse
normalized FRET (1/NFRET) values are shown, where increased inverse NFRET corresponds to
increased biosensor cleavage/caspase activity. Caspase-3 remained non-activated throughout shear
exposure, while caspase-6 activity began to increase after 18 h, diverged significantly from caspase-3
by 32.75 h (+10.3%, p = 0.05), peaked at 33 h (+11.9%, p < 0.001), and remained elevated at 36 h
(+11.3%, p = 0.005). This was consistent across all tracked cells. The signal was smoothed using
an exponential moving average with « = 0.2, while the error bars reflect raw, unsmoothed SEM.
(B) Pseudocolored FRET ratio images show minimal caspase-3 activity, while caspase-6 activation
localized predominantly to the perinuclear region. Scale bar = 30 um.
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4. Discussion

Fluid shear stress is a fundamental biomechanical regulator of endothelial struc-
ture and function, promoting alignment, quiescence, and anti-inflammatory phenotypes
in vascular homeostasis [1]. In this study, we identified caspase-6 as a non-apoptotic,
shear-specific effector required for morphological adaptation of human pulmonary artery
endothelial cells to sustained laminar fluid flow. Pharmacological inhibition of caspase-6,
but not other caspases, markedly reduced elongation and alignment under shear stress.
Interestingly, caspase-6 inhibition did not impair responses under cyclic stretch, spatial
confinement, or TNF-« stimulation, nor did it affect adhesion, spreading, migration, wound
healing, or barrier recovery. These findings indicate that caspase-6 has a specific role in
mechanoadaptation of hPAEC to sustained laminar flow.

Live-cell FRET imaging revealed that caspase-6 activation begins only after ~18 h of
high shear stress, coinciding roughly with the onset of visible morphological adaptation.
Activity localizes predominantly to the perinuclear region. In contrast, caspase-3 remained
inactive throughout, consistent with the specificity of caspase-6 in shear-adaptation. This
delayed, spatially restricted activation pattern suggests that caspase-6 operates downstream
of initial mechanosensing, potentially contributing to a late-stage remodeling phase that
establishes and stabilizes the shear-aligned endothelial phenotype.

Caspases are best known for their role in cell apoptosis and as mediators of inflam-
mation [9]. However, accumulating evidence now demonstrates spatially and temporally
restricted non-lethal functions in diverse cell types [10,14], including barrier stabilization
and regulation of membrane proteins [26,27]. Caspase-6 in particular has been shown to
cleave cytoskeletal, cytoskeleton-associated /organizing/modulating, and nuclear struc-
tural proteins in human neurons in ways that allow remodeling without triggering cell
death [17,28]. These findings support a model in which sub-lethal, substrate-specific prote-
olysis enables precise reorganization of structural components. Our findings extend this
concept to vascular endothelial cells, revealing that caspase-6 activity is required for the
morphological changes that underlie adaptation to shear stress. This is supported by the
fact that shear mediated vascular remodeling is not driven by apoptosis [29].

A striking aspect of our data is the apparent specificity of caspase-6 for shear-induced
morphological adaptation, but not other morphology-changing stimuli. While the precise
upstream mechanism underlying the selective activation of caspase-6 by shear stress
remains to be elucidated, this reflects key differences in how various mechanical and
biochemical stimuli are sensed and transduced.

Uniaxial cyclic stretch and laminar shear both induce cell elongation but activate
distinct pathways. Stretch applies bidirectional strain at the basal surface, sensed by
focal adhesions and stretch-activated channels leading to Rho GTPase family-dependent
reorientation of the cells and their actin stress fibers perpendicular to the stretch axis [30,31].
In contrast, laminar shear is sensed primarily at the luminal cell surface and requires
cell—cell junctions [32]. This junctional signaling network comprises a mechanosensory
complex encompassing PECAM-1, VE-cadherin, and VEGFR2, as well as flow-responsive
receptors such as BMP, Notch, and Piezol [6,33]. This network activates SMAD, PI3K, and
MEK/ERK aligning both the actin cytoskeleton and junctions along the flow axis.

Other elongation cues rely on different mechanisms. TNF-o induces elongation
through TNF-receptor signaling activating NF-«kB and MAPKSs, with RhoA /ROCK orches-
trating actin cytoskeletal remodeling and redistribution of adhesion molecules through
phosphorylation cascades rather than proteolysis [34]. Collective cell migration and wound
healing depend on cooperative cell polarization, transient and localized formation of
actin-rich protrusions, focal adhesion turnover, and actomyosin based contraction, in-
volving a spatiotemporally coordinated activation of the Rho GTPases RhoA, Racl, and
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Cdc42 [35]. These membrane structures are rapidly turned over and do not appear to
require caspase-mediated protein cleavage. Physical confinement on micropatterns, in
turn, induces elongation through passive geometric guidance, aligning actin bundles along
adhesive tracks without force-dependent remodeling [36]. The absence of caspase-6 in-
volvement in any of these contexts underscores its selective requirement for the unique
remodeling demands of laminar fluid flow.

Although our study does not identify substrates of caspase-6, several candidates
emerge from prior work: (i) Caspase-6 is the only caspase known to cleave the core nu-
cleoskeleton protein lamin A/C [37], a critical determinant of nuclear mechanics and
mechanotransduction [38]. Controlled lamin cleavage could increase nuclear plasticity,
facilitate reorganization of the perinuclear cytoskeleton, and enable nuclear reorientation
under shear. (ii) Caspase-6 cleaves different isoforms of the cytoskeletal microfilaments
(actins), microtubules, and intermediate filament proteins such as vimentin and desmin, as
well as actin regulators like cofilin or drebrin [17,28]. Proteolysis of these components could
permit targeted remodeling to accommodate long-term stress fiber alignment without
compromising global cytoskeletal integrity. (iii) Junctional adhesion, adaptor, and scaffold
proteins such as the known caspase-6 targets vinculin and FAK may require partial cleav-
age [28] to permit turnover, redistribution, or reinforcement of adhesion complexes, thereby
fine-tuning junctional stability and signaling during the transition to a shear-adapted state.
Given that the LINC (Linker of Nucleoskeleton and Cytoskeleton) complex transmits me-
chanical forces from adhesion proteins via the cytoskeleton into the nucleus, we speculate
this might represent another potential target [39].

We previously showed that caspase-dependent cytosolic cleavage of the adherens
junction protein PECAM-1 disrupts endothelial shear sensing and adaptation in pulmonary
arterial hypertension [3]. Whether caspase-6 contributes to vascular disease, as it does to
neurodegenerative disorders such as Alzheimer’s, Parkinson’s, and Huntington’s disease,
where cleavage of cytoskeletal proteins contributes to axonal degeneration, remains to
be determined [13]. In contrast to these neurodegenerative disorders, caspase-6 activity
may actually be beneficial in endothelial cells, facilitating alignment and stability under
physiological laminar flow. A critical question is whether dysregulated caspase-6 activity,
either excessive, insufficient, mislocalized, or directed at pathologically altered substrates,
contributes to vascular pathology. Disturbed flow profiles could alter the timing, magnitude,
or spatial distribution of caspase-6 activation, thereby disrupting the fine balance between
functional proteolysis and structural stability. Such imbalance may impair endothelial
alignment, weaken barrier integrity, promote maladaptive remodeling, and apoptosis.
These mechanisms could be relevant to a large range of cardiovascular disease where
abnormal shear patterns and endothelial dysfunction coincide [1].

A key unresolved question is how caspase-6 becomes activated under shear stress,
given that it can be triggered through multiple mechanisms, including auto-activation
in a non-apoptotic context [40]. Our study focuses specifically on pulmonary artery en-
dothelial cells and lacks direct substrate identification or in vivo validation. Preliminary
screening suggested that caspase-6-dependent shear adaptation may be restricted to PAECs
under our experimental conditions. As shear adaptation kinetics differ across endothe-
lial subtypes [41], this observation highlights potential vascular bed-specific regulation
of mechanoadaptive signaling that merits further investigation. To identify caspase-6
substrates during shear adaptation, proteomic profiling under flow (including quanti-
tative proteomics, N-terminal labeling, or substrate-trapping mutants [12,42]), could be
applied. Activity-based probes might provide orthogonal extension of our FRET spatiotem-
poral signals by directly labeling active caspase-6 and its associated protein complexes,
enabling further investigation of activation dynamics relative to junctional, nuclear, or
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cytoskeletal remodeling. Given that our fluid flow model applied exclusively continuous,
unidirectional laminar fluid flow, detailed studies of how shear-magnitude, duration, and
disturbed /turbulent/oscillatory flow patterns modulate caspase-6 activity would clarify
its place in the mechanotransduction hierarchy. Finally, in vivo knockout models would
determine whether caspase-6 contributes to vascular homeostasis or pathology.

5. Conclusions

In conclusion, we identify caspase-6 as a non-apoptotic, shear-specific effector required
for hPAEC morphological adaptation to laminar fluid flow. Its activation is temporally
delayed relative to early mechanosensing, spatially restricted to the perinuclear region,
and distinct from other caspases. Caspase-6 is dispensable for other morphological and
functional adaptations, highlighting its context-specific role. These findings broaden the
functional repertoire of caspases and introduce protease-mediated structural remodeling as
a critical component of vascular mechanobiology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ cells14211669 /s1, Figure S1: Validation of caspase-6 inhibition
using Z-VEID-FMK in hPAEC. Human pulmonary artery endothelial cells (hPAEC) were treated in
triplicate with 200 nM staurosporine for 4 h at 37 °C to induce caspase activation, with or without 2
uM Z-VEID-FMK caspase-6 inhibitors maintained during treatment. Caspase-6 activity was measured
using FAM FLICA fluorescent caspase-6 probes, and endpoint fluorescence was measured using a
fluorescence plate reader. Relative fluorescence units (RFU) were normalized to cell-free medium
controls. The relative fluorescence units (RFU) of the staurosporine-stimulated hPAEC without
Z-VEID-FMK caspase-6 inhibitors was 4.4-fold higher than with Z-VEID-FMK caspase-6 inhibitors
(5.50 vs. 1.26 RFU, respectively), which produced RFU values comparable to unstimulated hPAEC
(1.26 vs. 1.33 RFU, respectively), indicating the Z-VEID-FMK caspase-6 inhibitor fully inhibited
caspase-6 activity; Figure 52: Shear adaptation in caspase-6-inhibited endothelial cells from different
vascular beds. (A) Human pulmonary artery endothelial cells (h(PAEC, n = 3 pooled), (B) human aortic
endothelial cells (hAoEC, n = 1), (C) human pulmonary microvascular endothelial cells (hPMEC,
n = 1), and (D) human umbilical vein endothelial cells (HUVEC, n = 1) were subjected to 15 dyn/ cm?
unidirectional, laminar fluid flow for 72 h with or without constant caspase-6 inhibition using 2 uM
Z-VEID-FMK caspase-6 inhibitors in vitro. Adaptation parallel to the direction of fluid flow (0°)
was quantified using the Directionality 2.3.0 Image]J plugin. Only hPAEC showed an effect due to
Z-VEID-FMK administration, with a complete suppression of shear adaptation. Five images at 10x
magnification were used per condition.
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The following abbreviations are used in this manuscript:

hPAEC  Human pulmonary artery endothelial cells
LSS Low shear stress, 2.5 dyn/ cm?

HSS High shear stress, 15 dyn/cm?

TNF-«  Tumor necrosis factor alpha

FMK Fluoromethyl ketone

ECIS Electric cell-substrate impedance sensing
ROM Rate of migration
FRET Forster resonance energy transfer

NFRET Normalized FRET

References

1.  Cheng, CK,; Wang, N.; Wang, L.; Huang, Y. Biophysical and Biochemical Roles of Shear Stress on Endothelium: A Revisit and
New Insights. Circ. Res. 2025, 136, 752-772. [CrossRef]

2. Baeyens, N.; Bandyopadhyay, C.; Coon, B.G.; Yun, S.; Schwartz, M.A. Endothelial Fluid Shear Stress Sensing in Vascular Health
and Disease. . Clin. Investig. 2016, 126, 821-828. [CrossRef] [PubMed]

3. Szulcek, R.; Happé, C.M.; Rol, N.; Fontijn, R.D.; Dickhoff, C.; Hartemink, K.J.; Griinberg, K.; Tu, L.; Timens, W.; Nossent, G.D.;
et al. Delayed Microvascular Shear Adaptation in Pulmonary Arterial Hypertension. Role of Platelet Endothelial Cell Adhesion
Molecule-1 Cleavage. Am. |. Respir. Crit. Care Med. 2016, 193, 1410-1420. [CrossRef] [PubMed]

4. Chiu, J.-J.; Chien, S. Effects of Disturbed Flow on Vascular Endothelium: Pathophysiological Basis and Clinical Perspectives.
Physiol. Rev. 2011, 91, 327-387. [CrossRef] [PubMed]

5. Resnick, N.; Yahav, H.; Shay-Salit, A.; Shushy, M.; Schubert, S.; Zilberman, L.C.M.; Wofovitz, E. Fluid Shear Stress and the
Vascular Endothelium: For Better and for Worse. Prog. Biophys. Mol. Biol. 2003, 81, 177-199. [CrossRef]

6. Deng, H,; Eichmann, A.; Schwartz, M.A. Fluid Shear Stress-Regulated Vascular Remodeling: Past, Present, and Future. Arter.
Thromb. Vasc. Biol. 2025, 45, 882-900. [CrossRef]

7. Boon, R.A.; Leyen, T.A.; Fontijn, R.D.; Fledderus, ].O.; Baggen, ] M.C.; Volger, O.L.; van Nieuw Amerongen, G.P.; Horrevoets,
AJ.G. KLF2-Induced Actin Shear Fibers Control Both Alignment to Flow and JNK Signaling in Vascular Endothelium. Blood 2010,
115, 2533-2542. [CrossRef]

8.  Barakat, A.I. Responsiveness of Vascular Endothelium to Shear Stress: Potential Role of Ion Channels and Cellular Cytoskeleton
(Review). Int. . Mol. Med. 1999, 4, 323-355. [CrossRef]

9.  Mcllwain, D.R.; Berger, T.; Mak, T.W. Caspase Functions in Cell Death and Disease. Cold Spring Harb. Perspect. Biol. 2013, 5,
a008656. [CrossRef]

10.  Shalini, S.; Dorstyn, L.; Dawar, S.; Kumar, S. Old, New and Emerging Functions of Caspases. Cell Death Differ. 2015, 22, 526-539.
[CrossRef]

11. Dagbay, K.B.; Hardy, J.A. Multiple Proteolytic Events in Caspase-6 Self-Activation Impact Conformations of Discrete Structural
Regions. Proc. Natl. Acad. Sci. USA 2017, 114, E7977-E7986. [CrossRef]

12.  Julien, O.; Wells, J.A. Caspases and Their Substrates. Cell Death Differ. 2017, 24, 1380-1389. [CrossRef] [PubMed]

13.  Graham, R.K.; Ehrnhoefer, D.E.; Hayden, M.R. Caspase-6 and Neurodegeneration. Trends Neurosci. 2011, 34, 646-656. [CrossRef]
[PubMed]

14. Nakajima, Y.-I.; Kuranaga, E. Caspase-Dependent Non-Apoptotic Processes in Development. Cell Death Differ. 2017, 24, 1422-1430.
[CrossRef] [PubMed]

15. Wang, X.-J.; Cao, Q.; Zhang, Y,; Su, X.-D. Activation and Regulation of Caspase-6 and Its Role in Neurodegenerative Diseases.

Annu. Rev. Pharmacol. Toxicol. 2015, 55, 553-572. [CrossRef]


https://doi.org/10.1161/CIRCRESAHA.124.325685
https://doi.org/10.1172/JCI83083
https://www.ncbi.nlm.nih.gov/pubmed/26928035
https://doi.org/10.1164/rccm.201506-1231OC
https://www.ncbi.nlm.nih.gov/pubmed/26760925
https://doi.org/10.1152/physrev.00047.2009
https://www.ncbi.nlm.nih.gov/pubmed/21248169
https://doi.org/10.1016/S0079-6107(02)00052-4
https://doi.org/10.1161/ATVBAHA.125.322557
https://doi.org/10.1182/blood-2009-06-228726
https://doi.org/10.3892/ijmm.4.4.323
https://doi.org/10.1101/cshperspect.a008656
https://doi.org/10.1038/cdd.2014.216
https://doi.org/10.1073/pnas.1704640114
https://doi.org/10.1038/cdd.2017.44
https://www.ncbi.nlm.nih.gov/pubmed/28498362
https://doi.org/10.1016/j.tins.2011.09.001
https://www.ncbi.nlm.nih.gov/pubmed/22018804
https://doi.org/10.1038/cdd.2017.36
https://www.ncbi.nlm.nih.gov/pubmed/28524858
https://doi.org/10.1146/annurev-pharmtox-010814-124414

Cells 2025, 14, 1669 17 of 18

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

Ruchaud, S.; Korfali, N.; Villa, P.; Kottke, T.].; Dingwall, C.; Kaufmann, S.H.; Earnshaw, W.C. Caspase-6 Gene Disruption Reveals
a Requirement for Lamin A Cleavage in Apoptotic Chromatin Condensation. EMBO ]. 2002, 21, 1967-1977. [CrossRef]

Cho, J].H.; Lee, PY.; Son, W.-C.; Chi, S.-W.; Park, B.C.; Kim, J.-H.; Park, S.G. Identification of the Novel Substrates for Caspase-6 in
Apoptosis Using Proteomic Approaches. BMB Rep. 2013, 46, 588-593. [CrossRef]

Jin, Y.-J.; Chennupati, R.; Li, R;; Liang, G.; Wang, S.; Iring, A.; Graumann, J.; Wettschureck, N.; Offermanns, S. Protein Kinase N2
Mediates Flow-Induced Endothelial NOS Activation and Vascular Tone Regulation. J. Clin. Investig. 2021, 131, €145734. [CrossRef]
Alghanem, A F,; Abello, J.; Maurer, ] M.; Kumar, A.; Ta, C.M.; Gunasekar, S.K.; Fatima, U.; Kang, C.; Xie, L.; Adeola, O.; et al. The
SWELL1-LRRC8 Complex Regulates Endothelial AKT-ENOS Signaling and Vascular Function. Elife 2021, 10, e61313. [CrossRef]
Tzima, E. Role of Small GTPases in Endothelial Cytoskeletal Dynamics and the Shear Stress Response. Circ. Res. 2006, 98, 176-185.
[CrossRef]

Wittig, C.; Kénig, ].M.; Pan, X.; Aman, J.; Bogaard, H.-].; Yu, P.B.; Kuebler, WM.; Baum, K_; Szulcek, R. Shear Stress Unveils
Patient-Specific Transcriptional Signatures in PAH: Towards Personalized Molecular Diagnostics. Theranostics 2025, 15, 1589-1605.
[CrossRef]

Wu, X.; Simone, J.; Hewgill, D.; Siegel, R.; Lipsky, PE.; He, L. Measurement of Two Caspase Activities Simultaneously in Living
Cells by a Novel Dual FRET Fluorescent Indicator Probe. Cytom. A 2006, 69, 477-486. [CrossRef]

Xia, Z.; Liu, Y. Reliable and Global Measurement of Fluorescence Resonance Energy Transfer Using Fluorescence Microscopes.
Biophys. |. 2001, 81, 2395-2402. [CrossRef]

Zheng, M.; Karki, R.; Vogel, P.; Kanneganti, T.-D. Caspase-6 Is a Key Regulator of Innate Inmunity, Inflammasome Activation,
and Host Defense. Cell 2020, 181, 674-687.e13. [CrossRef]

Zheng, T.S.; Hunot, S.; Kuida, K.; Momoi, T.; Srinivasan, A.; Nicholson, D.W.; Lazebnik, Y.; Flavell, R.A. Deficiency in Caspase-9
or Caspase-3 Induces Compensatory Caspase Activation. Nat. Med. 2000, 6, 1241-1247. [CrossRef]

Suresh, K.; Carino, K.; Johnston, L.; Servinsky, L.; Machamer, C.E.; Kolb, TM.; Lam, H.; Dudek, S.M.; An, S.S.; Rane, M.].; et al. A
Nonapoptotic Endothelial Barrier-Protective Role for Caspase-3. Am. J. Physiol. Lung Cell Mol. Physiol. 2019, 316, L1118-L1126.
[CrossRef]

Niedermeyer, S.; Yun, X.; Trujillo, M.; Jiang, H.; Andrade, M.R.; Kolb, T.M.; Suresh, K.; Damarla, M.; Shimoda, L.A. A Novel
Interaction between Aquaporin 1 and Caspase-3 in Pulmonary Arterial Smooth Muscle Cells. Am. J. Physiol. Lung Cell Mol.
Physiol. 2024, 326, L638-L645. [CrossRef]

Klaiman, G.; Petzke, T.L.; Hammond, J.; Leblanc, A.C. Targets of Caspase-6 Activity in Human Neurons and Alzheimer Disease.
Mol. Cell Proteom. 2008, 7, 1541-1555. [CrossRef] [PubMed]

Franco, C.A ; Jones, M.L.; Bernabeu, M.O.; Geudens, I.; Mathivet, T.; Rosa, A.; Lopes, EM.; Lima, A.P,; Ragab, A.; Collins, R.T.; et al.
Dynamic Endothelial Cell Rearrangements Drive Developmental Vessel Regression. PLoS Biol. 2015, 13, €1002125. [CrossRef]
[PubMed]

Abiko, H.; Fujiwara, S.; Ohashi, K.; Hiatari, R.; Mashiko, T.; Sakamoto, N.; Sato, M.; Mizuno, K. Rho Guanine Nucleotide
Exchange Factors Involved in Cyclic-Stretch-Induced Reorientation of Vascular Endothelial Cells. J. Cell Sci. 2015, 128, 1683-1695.
[CrossRef] [PubMed]

Lee, L.-W.; Lee, G.-H.; Su, I.-H.; Lu, C.-H,; Lin, K.-H.; Wen, F.-L.; Tang, M.-J. Mechanobiological Mechanism of Cyclic Stretch-
Induced Cell Columnarization. Cell Rep. 2025, 44, 115662. [CrossRef]

Shaka, X.; Aitken, C.; Mehta, V.; Tardajos-Ayllon, B.; Serbanovic-Canic, J.; Zhu, J.; Miao, B.; Tzima, E.; Evans, P.; Fang, Y.; et al.
Controversy in Mechanotransduction—The Role of Endothelial Cell-Cell Junctions in Fluid Shear Stress Sensing. . Cell Sci. 2024,
137, jcs262348. [CrossRef]

Tzima, E.; Irani-Tehrani, M.; Kiosses, W.B.; Dejana, E.; Schultz, D.A.; Engelhardt, B.; Cao, G.; DeLisser, H.; Schwartz, M.A.
A Mechanosensory Complex That Mediates the Endothelial Cell Response to Fluid Shear Stress. Nature 2005, 437, 426—431.
[CrossRef]

McKenzie, ].A.G.; Ridley, A.J. Roles of Rho/ROCK and MLCK in TNF-Alpha-Induced Changes in Endothelial Morphology and
Permeability. J. Cell Physiol. 2007, 213, 221-228. [CrossRef]

Ilina, O.; Friedl, P. Mechanisms of Collective Cell Migration at a Glance. J. Cell Sci. 2009, 122, 3203-3208. [CrossRef]

van Haaften, E.E.; Bouten, C.V.C.; Kurniawan, N.A. Vascular Mechanobiology: Towards Control of In Situ Regeneration. Cells
2017, 6, 19. [CrossRef] [PubMed]

Takahashi, A.; Alnemri, E.S.; Lazebnik, Y.A.; Fernandes-Alnemri, T.; Litwack, G.; Moir, R.D.; Goldman, R.D.; Poirier, G.G.;
Kaufmann, S.H.; Earnshaw, W.C. Cleavage of Lamin A by Mch2 Alpha but Not CPP32: Multiple Interleukin 1 Beta-Converting
Enzyme-Related Proteases with Distinct Substrate Recognition Properties Are Active in Apoptosis. Proc. Natl. Acad. Sci. USA
1996, 93, 8395-8400. [CrossRef]

Lammerding, J.; Schulze, P.C.; Takahashi, T.; Kozlov, S.; Sullivan, T.; Kamm, R.D.; Stewart, C.L.; Lee, R.T. Lamin A /C Deficiency
Causes Defective Nuclear Mechanics and Mechanotransduction. J. Clin. Investig. 2004, 113, 370-378. [CrossRef]


https://doi.org/10.1093/emboj/21.8.1967
https://doi.org/10.5483/BMBRep.2013.46.12.081
https://doi.org/10.1172/JCI145734
https://doi.org/10.7554/eLife.61313
https://doi.org/10.1161/01.RES.0000200162.94463.d7
https://doi.org/10.7150/thno.105729
https://doi.org/10.1002/cyto.a.20300
https://doi.org/10.1016/S0006-3495(01)75886-9
https://doi.org/10.1016/j.cell.2020.03.040
https://doi.org/10.1038/81343
https://doi.org/10.1152/ajplung.00487.2018
https://doi.org/10.1152/ajplung.00017.2024
https://doi.org/10.1074/mcp.M800007-MCP200
https://www.ncbi.nlm.nih.gov/pubmed/18487604
https://doi.org/10.1371/journal.pbio.1002125
https://www.ncbi.nlm.nih.gov/pubmed/25884288
https://doi.org/10.1242/jcs.157503
https://www.ncbi.nlm.nih.gov/pubmed/25795300
https://doi.org/10.1016/j.celrep.2025.115662
https://doi.org/10.1242/jcs.262348
https://doi.org/10.1038/nature03952
https://doi.org/10.1002/jcp.21114
https://doi.org/10.1242/jcs.036525
https://doi.org/10.3390/cells6030019
https://www.ncbi.nlm.nih.gov/pubmed/28671618
https://doi.org/10.1073/pnas.93.16.8395
https://doi.org/10.1172/JCI200419670

Cells 2025, 14, 1669 18 of 18

39. Bouzid, T.; Kim, E.; Riehl, B.D.; Esfahani, A.M.; Rosenbohm, J.; Yang, R.; Duan, B.; Lim, ].Y. The LINC Complex, Mechanotrans-
duction, and Mesenchymal Stem Cell Function and Fate. J. Biol. Eng. 2019, 13, 68. [CrossRef] [PubMed]

40. Klaiman, G.; Champagne, N.; LeBlanc, A.C. Self-Activation of Caspase-6 in Vitro and in Vivo: Caspase-6 Activation Does Not
Induce Cell Death in HEK293T Cells. Biochim. Biophys. Acta 2009, 1793, 592—-601. [CrossRef] [PubMed]

41. Cox, A.A,; Ng, C.J. Vascular-Type Heterogeneity Is Associated with Differential Gene Expression Profiles of Endothelial Cells
under Shear Stress. Res. Pr. Thromb. Haemost. 2025, 9, 102894. [CrossRef] [PubMed]

42. Biniossek, M.L.; Niemer, M.; Maksimchuk, K.; Mayer, B.; Fuchs, J.; Huesgen, P.E; McCafferty, D.G.; Turk, B.; Fritz, G.; Mayer, ].;
et al. Identification of Protease Specificity by Combining Proteome-Derived Peptide Libraries and Quantitative Proteomics. Mol.
Cell Proteom. 2016, 15, 2515-2524. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s13036-019-0197-9
https://www.ncbi.nlm.nih.gov/pubmed/31406505
https://doi.org/10.1016/j.bbamcr.2008.12.004
https://www.ncbi.nlm.nih.gov/pubmed/19133298
https://doi.org/10.1016/j.rpth.2025.102894
https://www.ncbi.nlm.nih.gov/pubmed/40678357
https://doi.org/10.1074/mcp.O115.056671
https://www.ncbi.nlm.nih.gov/pubmed/27122596

	Introduction 
	Materials and Methods 
	Cell Culture 
	Pharmacologic Inhibition of Caspases 
	Unidirectional Fluid Shear Stress 
	Uniaxial Cyclic Stretch 
	Micropatterned Spatial Confinement 
	TNF- Stimulation 
	Electric Cell–Substrate Impedance Sensing (ECIS) Wounding 
	Mechanical Scratch Wounding 
	Confocal FRET Ratiometric Timelapse Imaging Under Shear Stress 
	Statistics 

	Results 
	Selective Inhibition of Caspase-6, but Not Other Caspases, Impairs Morphological Shear Adaptation of hPAEC 
	Caspase-6 Is Not Required for Cell Elongation Induced by Non-Shear Stimuli in hPAEC 
	Caspase-6 Inhibition Does Not Affect Directed Migration, Wound Healing, or Barrier Recovery After Wounding of hPAEC 
	Caspase-6, but Not Caspase-3, Is Specifically Activated After 18 H of High Shear Stress and Localizes Perinuclearly 

	Discussion 
	Conclusions 
	References

