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Abstract

The mucosal epithelia of the ocular surface protect against external threats to the eye. Using a 

model of human stratified corneal epithelial cells with mucosal differentiation, we previously 

demonstrated that a small molecule inhibitor of dynamin GTPases, dynasore, prevents damage to 

cells and their transcellular barriers when subjected to oxidative stress. Investigating mechanisms, 

we now report the novel finding that dynasore acts by maintaining Ca+2 homeostasis, thereby 

inhibiting the PERK branch of the unfolded protein response (UPR) that promotes cell death. 

Dynasore was found to protect mitochondria by preventing mitochondrial permeability transition 

pore opening (mPTP), but, unlike reports using other systems, this was not mediated by dynamin 

family member DRP1. Necrostatin-1, an inhibitor of RIPK1 and lytic forms of programmed cell 

death, also inhibited mPTP opening and further protected the plasma membrane barrier. 

Significantly, necrostatin-1 did not the protect the mucosal barrier. Oxidative stress increased 

mRNA for sXBP1, a marker of the IRE1 branch of the UPR, and CHOP, a marker of the PERK 

branch. It also stimulated phosphorylation of eIF2α, the upstream regulator of CHOP, as well as 

an increase in intracellular Ca2+. Dynasore selectively inhibited the increase in PERK branch 

markers, and also prevented the increase intracellular Ca2+ in response to oxidative stress. The 

increase in PERK branch markers were also inhibited when cells were treated with the cell 
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permeable Ca2+ chelator, BAPTA-AM. To our knowledge, this is the first time that dynasore has 

been shown to have an effect on the UPR and suggests therapeutic applications.

Graphical Abstract

One Sentence Summary

Dynasore protects ocular surface mucosal epithelia subjected to oxidative stress by maintaining 

calcium homeostasis, thereby inhibiting the PERK branch of the unfolded protein response (UPR) 

that promotes cell death.

Introduction

The mucosal corneal and conjunctival epithelia of the ocular surface play an essential role as 

a barrier against external threats to the eye (1). The squamous cells at the apical layer of 

these epithelia are linked by tight junctions that seal the paracellular space and prevent the 

passage of toxic substances to the cells and tissues beneath (2). In addition, these cells 

express mucins on their plasma membrane that, along with galectins, form the sugar-rich 

glycocalyx responsible for stabilizing the tear film and repelling pathogens and other 

noxious agents (3–5). Protecting the apical epithelial cells and their glycocalyx against 

damage is crucial to prevent ocular surface disease and infection.

Dynasore is a cell-permeable small molecule that has been shown to selectively inhibit the 

GTPase activity of classic dynamins DNM1 and DNM2. It was developed as a tool for the 

study of classic dynamin-related functions such as receptor-mediated endocytosis and cell 

migration (6). However, “off-target” effects have been demonstrated that are independent of 

classic dynamins (7–10). Some of these effects might be attributed to targeting of other 

members of the dynamin family (11). For example, in a study of ischemia-reperfusion in the 

heart, dynasore protected cardiomyocytes from death due to mitochondrial fragmentation, 

attributed to inhibition of dynamin family member DRP1 (12). Another study showed a 

neuroprotective effect of dynasore after spinal cord injury, also attributed to inhibition of 

DRP1 (13). As a third example, dynasore has been demonstrated to have a variety of growth-

inhibitory effects on cancer cells that are independent of classic dynamins, but the molecular 

targets have not been identified (14, 15).

Damage due to many noxious agents that cause ocular surface damage, such as pathogens, 

toxins, ultraviolet light and chemicals, is exacerbated by oxidative stress (16–20). Oxidative 
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stress has been implicated in dry eye and other ocular surface disorders (17, 21, 22). In a 

recent study, we investigated mechanisms of vital dye uptake stimulated by exposure to an 

oxidant using a cell culture model of human corneal epithelial cells with mucosal 

differentiation, and an organ culture model of ex vivo mouse eyes. We made the surprising 

discovery that dynasore protects cells, as demonstrated by assays of metabolic activity and 

plasma membrane integrity, while also maintaining the transcellular barrier by protection of 

the mucosal glycocalyx (23). These results suggest that dynasore targets signaling pathways 

activated in response to oxidative agent exposure that cause cell and glycocalyx damage.

Oxidative stress leads to endoplasmic reticulum (ER)1 stress, which activates the unfolded 

protein response (UPR) (24). The UPR monitors ER conditions, sensing an insufficiency in 

the protein-folding capacity (and hence the threat of misfolding) and communicates this 

information to gene expression programs. The UPR is protective if stress is not excessive. 

However, persistent accumulation of misfolded proteins and prolonged activation of the 

UPR promotes programmed cell death (25–27).

The UPR is orchestrated by three sensors situated in the ER membrane representing the 

three UPR branches: Activating Transcription Factor 6 or ATF6, Inositol-requiring enzyme 1 

or IRE1 (Hugo nomenclature: ERN1), and PKR like ER kinase or PERK (Hugo 

nomenclature: EIF2AK3). These sensors are kept inactive by the molecular chaperone 

GRP78 (Hugo nomenclature: HSPA5). When the ER is stressed, GRP78 releases the sensors 

in favor of binding to misfolded proteins. Each activated sensor produces a unique 

transcription factor: ATF6 produces a proteolytically-cleaved form of ATF6 called ATF6(N), 

IRE1 produces an unconventionally spliced form of the X Box Binding Protein 1 (XBP1) 

transcription factor called sXBP1, and PERK produces ATF4. Gene expression elicited by 

these transcription factors leads to increased protein-folding capacity. IRE1 and PERK also 

decrease the load of proteins entering the ER in a variety of ways, e.g., phosphorylation of 

translation factor eIF2α (HUGO nomenclature: EIF2S1). Both outcomes work as feedback 

loops that mitigate ER stress (27). Cell death is mainly coordinated by the PERK branch of 

the UPR through downstream transcription factor CHOP (HUGO nomenclature: DDIT3). 

CHOP can down-regulate pro-survival proteins (like Bcl-2) while increasing the expression 

of pro-death factors (28).

Ca2+ acts as a second messenger regulating vital cellular processes. Physiological 

stimulation of G-protein coupled receptors associated with the inositol-1,4,5-triphosphate 

(IP3) and phospholipase C cascade activates ER-localized IP3 receptors leading to Ca2+ 

release (29). After the initial receptor-initiated Ca2+ transient, a sustained Ca2+ influx from 

the extracellular milieu occurs that provides prolonged Ca2+ signals and allows ER store 

refilling. ER stress disrupts this Ca2+ homeostatic mechanism, resulting in the release of 

Ca2+ from the ER to the cytosol and to the mitochondria (30, 31), along with UPR activation 

(29).

1The non-standard abbreviations are: ANOVA: Analysis of Variance: DMEM/F12: Dulbecco’s Modified Eagle Medium: Nutrient 
Mixture F-12; ER: endoplasmic reticulum; HCLE: Human Corneal Limbal Epithelial; IP3: inositol-1,4,5-triphosphate; KSFM: 
keratinocyte serum free medium; mPTP: mitochondrial permeability transition pore; qRT-PCR: quantitative real-time polymerase 
chain reaction; tBHP: tert-butyl hydroperoxide; UPR: unfolded protein response
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The goal of this study was to uncover the mechanism behind the protective effect of 

dynasore on mucosal ocular surface epithelia. We applied our cell culture model to 

determine whether the UPR was activated by exposure to an oxidant, and whether this might 

be modulated by dynasore. We report the very novel finding that Dynasore protects ocular 

surface mucosal epithelia subjected to oxidative stress by maintaining Ca+2 homeostasis, 

thereby inhibiting the PERK branch of the UPR that promotes cell death via CHOP.

Results

Dynasore, but not the DRP1 inhibitor mdivi-1, protects mitochondria in HCLE cells 
subjected to oxidative stress; DRP1 inhibition also fails to protect transcellular barriers.

The protective effect of dynasore on cells subjected to oxidative stress has been traced in 

some models to its capacity to prevent mitochondrial fragmentation by inhibition of the 

dynamin family GTPase DRP1 (12, 13). We attempted to determine whether this was also 

the mechanism for protection of corneal epithelial cells. To create an environment of 

oxidative stress, we exposed relatively undifferentiated monolayer cultures of the 

immortalized human corneal epithelial cell line, HCLE, to the oxidant tert-butyl 

hydroperoxide (tBHP) for a period of two hours. Some cultures were then left untreated, 

while others were treated with either dynasore or a selective inhibitor of DRP1, mdivi-1 

(32). At the end of the experiment, mitochondrial damage was quantified using the calcein-

AM/CoCl2 assay.

Representative results of the experiment are shown in Fig 1A. In the calcein-AM/CoCl2 

assay, healthy cells exhibit brightly fluorescent mitochondria, while cells in which 

mitochondria are damaged leading to opening of the mitochondrial permeability transition 

pore (mPTP) exhibit a loss of fluorescence. Control cells showed normal mitochondrial 

staining with calcein, while exposure to tBHP caused loss of calcein fluorescence. Mdivi-1 

failed to counter the effects of tBHP at any concentration, while dynasore maintained 

mitochondrial staining similar to control cells.

Not having observed an effect of mdivi-1 on mitochondria in monolayer cultures subjected 

to oxidative stress, we moved on to focus on mdivi-1 effects using stratified cultures of 

Human Corneal Limbal Epithelial (HCLE) cells with mucosal differentiation. These cultures 

model additional features of the ocular surface in vivo. Cells of the apical stratified layer 

exhibit squamous morphology/physiology; these flattened cells are connected by tight 

junctions to form the paracellular barrier and they also elaborate a mucosal transcellular 

barrier. Significantly, they are in the final stages of life and may be differentially vulnerable 

to damaging stress. In addition to the calcein-AM/CoCl2 assay to quantify mitochondrial 

damage, we also used two assays for transcellular barrier function for this experiment: 1) the 

trypan blue exclusion assay to quantify integrity of the plasma membrane barrier and 2) the 

rose bengal exclusion assay to quantify integrity of the mucosal barrier. In these assays, dye 

exclusion is evidence of barrier integrity.

Representative results of this experiment are shown in Fig 1B–D. As in the monolayer 

cultures, treatment with mdivi-1 at 50 μM and 100 μM could not rescue cells from the 

effects of tBHP exposure. All cells exposed to tBHP exhibited lower calcein fluorescence, 
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indicating mPTP opening (Fig 1B). All cells exposed to tBHP also exhibited higher trypan 

blue (Fig 1C) and rose bengal (Fig 1D) staining, indicating damage to the transcellular 

barriers.

We conclude that dynasore protects mitochondrial function in corneal epithelial cells 

subjected to oxidative stress; this is independent of DRP1. Inhibition of DRP1 also failed to 

protect transcellular barriers.

Dynasore and the RIPK1 inhibitor necrostatin-1 protect mitochondria and the plasma 
membrane barrier in HCLE cells subjected to oxidative stress, but only dynasore protects 
the mucosal barrier

In order to unravel the mechanism-of-action for dynasore, we found it necessary to better 

understand the mechanisms of corneal epithelial cell damage in our oxidative stress model. 

In our previous work (23), we showed that cells exposed to tBHP for two hours expressed 

ANXA5, an early marker for various forms of programmed cell death (33). Exposure of 

cultured endothelial cells to tBHP has been reported by others to induce programmed cell 

death by either apoptosis or necroptosis, depending on the concentration of tBHP used (34). 

Following up on this observation, we treated monolayer cultures of HCLE cells subjected to 

oxidative stress with Z-VAD-FMK (a pan-caspase inhibitor), targeting apoptosis, or 

necrostatin-1 (a RIPK1 inhibitor), targeting lytic pathways of cell death such as necroptosis 

or pyroptosis.

Representative results of this experiment are shown in Fig 2. Once again applying the 

calcein-AM/CoCl2 assay, we found significantly lower mitochondrial fluorescence with all 

concentrations of Z-VAD-FMK in cells subjected to oxidative stress, as compared to control 

cells, and similar to cells subjected to oxidative stress, but otherwise untreated (Fig 2A and 

C). Low concentrations of necrostatin-1 did not prevent the loss of fluorescence. However, at 

300 μM, necrostatin-1 completely prevented the loss of fluorescence (Fig 2A and B).

Having identified the capacity of necrostatin-1 to protect mitochondria in monolayer 

cultures subjected to oxidative stress, we compared its activity to dynasore in stratified 

HCLE cells with mucosal differentiation. Representative results of this experiment are 

shown in Fig 3. Both necrostatin-1 and dynasore blocked the loss of calcein fluorescence. 

Interestingly however, necrostatin-1 had only selective effects on transcellular barrier 

function. Like dynasore, necrostatin-1 maintained trypan blue exclusion, indicating 

maintenance of plasma membrane integrity (Fig 3A and B). However, only dynasore 

maintained rose bengal exclusion indicative of mucosal barrier integrity (Fig 3C).

We conclude that corneal epithelial cells subjected to oxidative stress enter a lytic pathway 

for programmed cell death controlled by RIPK1, and this is blocked by both the specific 

RIPK1 inhibitor, necrostatin-1, as well as dynasore. Both necrostatin-1 and dynasore also 

maintain the plasma membrane transcellular barrier. However, only dynasore maintains the 

mucosal transcellular barrier.
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The UPR is activated in HCLE cells subjected to oxidative stress; dynasore inhibits the 
UPR PERK branch

Oxidative stress can lead to ER stress, which activates the UPR (24). We hypothesized that 

the UPR is activated in corneal epithelial cells subjected to oxidative stress and that dynasore 

could inhibit this process.

To detect UPR activation in stratified HCLE cells with mucosal differentiation, we exposed 

these cultures to tBHP, then performed assays to detect UPR branch markers. Representative 

results are shown in Fig 4. An increase in the mRNA for the spliced form of XBP1 (sXBP1) 

is specific for IRE1 branch activation (Fig 4A), and a reliable indirect method of 

determining IRE1 activation (35, 36). We observed a significant increase in sXBP1 mRNA 

in tBHP-stressed cells as compared to controls, as determined by quantitative real-time 

Polymerase Chain Reaction (qRT-PCR) (Fig 4B). Dynasore had no effect on activation of 

this pathway in tBHP-stressed cells.

As a marker for the PERK branch, we used CHOP mRNA (Fig 4A). CHOP mRNA was also 

elevated in the tBHP-stressed group (Fig 4B). However, in contrast to sXBP1 mRNA, CHOP 
mRNA was decreased in the tBHP-stressed group when dynasore was added.

Western blot analysis demonstrated increased phosphorylation of eIF2α in the tBHP-

stressed group, another marker of the PERK branch, while tBHP-stressed cells treated with 

dynasore had similar levels of P-eIF2α than control cells (Fig 4C).

We conclude that the UPR is activated in corneal epithelial cells subjected to oxidative 

stress, and that dynasore selectively inhibits the PERK branch of the response.

Dynasore inhibits the intracellular [Ca2+] increase responsible, at least in part, for UPR 
PERK branch activation in HCLE cells subjected to oxidative stress

An increase in cytosolic Ca2+ also activates the UPR, inducing autophosphorylation of 

PERK (37, 38). An increase in cytosolic Ca2+ can occur either as a direct consequence of 

oxidative stress or after UPR activation (39, 40). We hypothesized that dynasore could be 

acting on Ca2+ homeostasis to inhibit the PERK pathway.

First, we investigated effects of dynasore on Ca2+ dynamics in HCLE cells subjected to 

oxidative stress. We used monolayer cultures of HCLE cells for these experiments, as 

calcium fluctuations may differ in cells of different layers, masking single cell responses. 

We monitored Ca2+ concentration ([Ca2+]) after exposure to tBHP, using the probe Fluoro-4 

and live cell imaging. Representative results are shown in Fig 5. Exposure of cells to tBHP 

induced a dramatic increase in [Ca2+], which was not observed in control cells (Fig 5A and 

Movies S1 and S2). When treated with dynasore, tBHP-stressed cells did not exhibit the 

[Ca2+] increase (Movie S3). Significantly, treatment with necrostatin-1 at a concentration 

that we have already shown protects mitochondria (see Fig 2A), failed to prevent the [Ca2+] 

increase in tBHP-stressed cells (Movie S4).

To determine whether elevated [Ca2+] was a cause of PERK pathway activation, cultures of 

stratified HCLE cells with mucosal differentiation were exposed to tBHP while also being 
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treated with BAPTA-AM, a cell-permeable Ca2+ chelator. The use of BAPTA-AM inhibited 

the increase in CHOP expression caused by cell culture exposure to tBHP (Fig 5B), as well 

as the increase in eIF2α phosphorylation (Fig 5C).

We conclude that dynasore inhibits the intracellular [Ca2+] increase responsible, at least in 

part, for UPR PERK branch activation in corneal epithelial cells subjected to oxidative 

stress.

Discussion

The ocular surface is a unique mucosal compartment in which anatomical, physiological and 

immunological features act to foster a protective microenvironment (41). Nevertheless, 

epithelial cells and their mucosal glycocalyx remain vulnerable to the external environment 

(1). Response to damaging stimuli is exacerbated by induction of oxidative stress, which has 

been implicated in ocular surface disorders (16–22). Recently, we made the surprising 

discovery that dynasore prevents damage to the cells and their mucosal glycocalyx subjected 

to oxidative stress in a cell culture model of stratified human corneal epithelial cells with 

mucosal differentiation, and in an organ culture model of ex vivo mouse eyes (23). Here we 

report that exposure to the oxidant tBHP activates the UPR in our cell culture model, and 

that dynasore acts selectively to inhibit the PERK branch, which coordinates cell death. 

Furthermore, we provide evidence for a regulatory role of dynasore in Ca2+ dynamics as the 

mechanism to achieve this effect, thus shifting the UPR towards homeostasis. To our 

knowledge, this is the first time that dynasore has been shown to have an effect on the UPR.

Developed by Macia et al (2006) to inhibit the GTPase activity of classic dynamins, 

dynasore has provided a valuable tool in the study of endocytosis. In the original report (6), 

dynasore was found to inhibit the GTPase activity of DNM1 and DNM2 with an IC50 of 

15uM, but also inhibited activity of DRP1, another dynamin family member, with an IC50 of 

80uM. Targeting of DRP1, a member of the mitochondrial-localized dynamin-like 

subfamily, appears to be responsible for the cytoprotective effects of dynasore in several 

different models (12, 13, 42, 43). In the current study, we explored the effects of inhibiting 

DRP1 using the small molecule mdivi-1, which inhibits DRP1 selectively, and also blocks 

mitochondrial division (32). Mdivi-1 is cytoprotective and exhibits therapeutic potential in 

preclinical models (12, 42, 44). However, our results showed that mdivi-1 did not protect 

HCLE cells from oxidative stress damage, leading us to conclude that dynasore must be 

acting on some other target.

Previously, we showed that corneal epithelial cells exposed to tBHP were positive for 

ANXA5 (23), an early marker for programmed cell death. Thus, a reasonable point for 

starting the search for a dynasore target were the various programmed cell death pathways. 

Here, in a comparison of the pan-caspase inhibitor Z-VAD-FMK or the RIPK1 inhibitor 

necrostatin-1, we show that only necrostatin-1 protects mitochondria. Caspases are apoptotic 

effectors that usually ensure immunological silence. In contrast, RIPK1 is an effector of lytic 

pathways such as necroptosis and pyroptosis (45, 46), that can induce potent inflammatory 

responses in vivo (47). Studies have shown both the activation of necroptosis (48–50) and 

the inflammasome (51–53) in ocular surface disease. Significantly, inhibition of RIPK1 
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failed to preserve mucosal barrier function in our cell culture model, unlike dynasore. Given 

these results, dynasore is either acting on two different processes, or at an upstream event 

that can lead to both necroptosis and mucosal barrier dysfunction.

Typically elicited by accumulation of unfolded proteins in the ER, the UPR has received 

much recent attention for its role in numerous disease processes (54). Mucosal epithelia 

seem to be especially sensitive, when the exigencies for producing high amounts of mucins 

overwhelm the capacity of the ER (24, 55–58). Oxidative stress products like 4-

hydroxynonenal (4-HNE), can induce modifications in molecular chaperones, making them 

inactive, thus also causing ER stress (59).

In the present study, we show that exposure to tBHP activates the UPR in stratified cultures 

of HCLE cells with mucosal differentiation, as demonstrated by the increase in markers for 

the IRE1 and PERK pathways: sXBP1 and CHOP mRNA, as well as eIF2α 
phosphorylation. Significantly, treatment with dynasore did not affect activation of the IRE1 

branch of the UPR, but did inhibit activation of the PERK branch, which coordinates cell 

death (25–27, 40, 60, 61).

Besides direct ER stress, the PERK pathway can be activated by disturbances in Ca2+ 

dynamics; either a decrease in ER Ca2+ or an increase in cytosolic Ca2+ are related to 

increased phosphorylation of PERK (37, 38). Our results demonstrate that exposure to tBHP 

causes a persistent increase in intracellular Ca2+. This increase was absent when cells were 

treated with dynasore. Moreover, the use of the Ca2+ chelator BAPTA-AM prevented the 

increase in CHOP mRNA and eIF2α phosphorylation, showing that targeting the increase in 

Ca2+ can reduce activity of this UPR branch.

Accumulating evidence suggests that the UPR plays a role in ocular surface disease, 

providing support for the in vivo validity of our results. UPR activation in salivary glands 

plays an essential role in dry mouth associated with Sjögren syndrome, an autoimmune 

disease that also affects the lacrimal gland (62). In the Sjögren syndrome lacrimal gland, 

activation of HIF1A, which is known to stimulate UPR activity, prevents acinar cell death 

(63). The UPR is also activated in conjunctival goblet cells by IFNG in Sjögren syndrome, 

and this has been causally linked to mucin deficiency and tear dysfunction (64). Systemic 

ER stress in mice results in reduced tear secretion and damage to the ocular surface epithelia 

(65). Very recently, one of our labs reported positive reactivity of GRP78 in conjunctival 

epithelium of patients with ocular cicatricial pemphigoid, and increased levels of GRP78 

and sXBP1 in human corneal epithelial cells treated with TNFα (66).

Calcium and mitochondrial homeostasis integrate into multiple mechanistic pathways for 

disease. Ca2+ dynamics in corneal epithelium have been investigated in corneal wound 

healing studies (67–70). An increase in cytosolic Ca2+ can be a direct effect of oxidative 

stress, as it can provoke the aberrant activation of store operated Ca2+ channels (SOC) when 

the accumulation of the oxidized form of glutathione causes S-glutathionylation of Stromal 

Interaction Molecule 1 (STIM1) (39). On the other hand, ER stress can induce the release of 

Ca2+ from the ER to the cytosol, as well as a Ca2+ flux from the ER to the mitochondria (30, 

31), which, if sustained, can have disastrous consequences for the latter.
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Having identified key pathways whereby dynasore protects the ocular surface epithelia 

subjected to oxidative stress, the next step in our work will be to determine the direct 

molecular target(s) of dynasore inhibition of which lead to protection of mucosal ocular 

surface epithelial cells and their glycocalyx. We believe it is likely that targets will be found 

among the dynamin family. Classic dynamins have been connected with opening of L-type 

Ca2+ channels gonadotropin-releasing hormone (GNRH1) via association with cortactin and 

the actin cytoskeleton (71). Dynasore has previously been shown to block Ca2+ release from 

internal sources induced by VEGFR2. This effect was independent of the classic dynamins, 

but might involve other dynamin family members (8). The atlastins, distant members of the 

dynamin family, were found to have a role in the activation of SOC (72). Importantly, 

dynasore inhibits atlastin-1 (ATL1)-induced vesicle formation in vitro, although this requires 

a much higher dynasore concentration than needed to inhibit the GTPase activity of classic 

dynamins (73). Mitofusin-2 (MFN2), another dynamin-like GTPase, is required for 

mitochondrial Ca2+ uptake through its role in ER-mitochondria tethering (29, 74–76). 

Mobilization of Ca2+ from the ER to the mitochondria via IP3Rs is common in ER stress, 

when GPR78 dissociates from Sig-1Rs and can result in cytosolic Ca2+ increase (77).

In summary, we have uncovered some key processes involved in cellular damage due to 

oxidant exposure, the inhibition of which leads to a better outcome for the mucosal 

epithelium of the ocular surface. Given the present results, new strategies can be developed 

to alleviate ER stress and protect the ocular surface. Addressing Ca2+ might be a good 

strategy to maintain the homeostatic face of the UPR while preventing cell death. Our 

findings that dynasore has the potential to prevent cell death and alleviate ER stress by 

restoring Ca2+ homeostasis tightens the net around specific targets that are central to these 

processes. These results might lead to a new scenario where dynasore or related chemical 

analogs emerge as new therapeutic agents.

Material and Methods

Cell culture model

A telomerase-immortalized human corneal limbal epithelial (HCLE) cell line was used as 

previously described (78). The cell line was derived from normal tissue and expresses the 

same mucin gene and keratin repertoire as native epithelia when stimulated to differentiate 

(78). The cell line was authenticated by marker expression analysis (79) and characterization 

of polymorphic short tandem repeat (STR) loci (78, 80).

Monolayer cultures were used for first approaches to determine any cytoprotective effect of 

the treatment agents. Here, cells were grown in keratinocyte serum free medium (KSFM; 

Thermo Fisher Scientific, Waltham, MA) containing 25 μg/mL bovine pituitary extract, 0.2 

ng/mL epithelial growth factor (EGF) and 0.4 mM CaCl2. Experiments were performed with 

sub-confluent cultures.

Stratified HCLE cells with mucosal differentiation were used to model additional features of 

the ocular surface in vivo, as cells of the apical stratified layer exhibit squamous 

morphology/physiology and also elaborate a mucosal transcellular barrier. HCLE cells were 

induced to stratify and differentiate as previously described (78). Briefly, HCLE cells were 
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grown in KSFM (supplemented as described above) until the monolayer was confluent. 

Then, cells were switched to Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 

(DMEM/F12) medium supplemented with 15 mM HEPES, 2 mM L-glutamine, 10% calf 

serum and 10 ng/mL EGF (Thermo Fisher Scientific) for 7 days before performing the 

experiments. Stratification was routinely evaluated using phase contrast microscopy; 

differentiation leading to mucosal transcellular barrier function was evaluated using the rose 

bengal penetration assay. Use of these assays has been previously described by one of our 

labs (81).

Oxidative stress and cell treatment

To create an environment of oxidative stress, cells were exposed to tert-butyl hydroperoxide 

(tBHP), as we have previously described (23). To investigate mechanisms of cell damage, 

groups of tBHP-stressed cultures were left untreated, or treated with dynasore or chemical 

inhibitors of different processes: mdivi-1 (mitochondrial division), necrostatin-1 

(necroptosis), Z-VAD-FMK (pan-caspases inhibitor) or BAPTA-AM (Ca2+ chelator) (all 

from Sigma-Aldrich, St. Louis, MO). Inhibitors were diluted into culture medium from 

concentrated stock solutions dissolved in DMSO.

For experiments with monolayer HCLE cell cultures, cells were grown to 90% confluence. 

Then, cells were pre-incubated for 1 hour in DMEM/F12 with different concentrations of the 

specified inhibitor (as indicated in text below), 40 μM dynasore hydrate (Sigma-Aldrich, St. 

Louis, MO), or the same amount of their solvent, DMSO. Then, cells were switched to the 

same medium with 1 mM tBHP and incubated for 2 hours. At the end of the experiment, one 

or more bioassays were performed as described below.

For experiments with stratified HCLE cell cultures with mucosal differentiation, cells were 

cultured as described and treated at the 7th day of stratification. Cells were serum-starved for 

1 hour in DMEM/F12. Then cells were pre-incubated for 1 hour with the inhibitors and 

tBHP-stressed for 2 hours as described for monolayer cultures. Concentrations of 80 μM 

dynasore and 10 mM tBHP were used in this case. After this, one or more bioassays were 

performed as described below.

Mitochondrial permeability transition pore (mPTP) assay

The calcein-AM/CoCl2 assay was used to evaluate mPTP opening, performed with the 

Image-iT ™ LIVE Mitochondrial Permeability Transition Pore Assay Kit (Cat. No. I35103; 

Thermo Fisher Scientific). In this assay, cells are loaded with calcein-AM, which 

accumulates in cytosolic compartments. Endogenous esterases liberate the very polar 

fluorescent dye calcein, however, CoCl2 quenches its fluorescence throughout the cell. The 

exception is the mitochondria, where the electrochemical gradient prevents CoCl2 entry. 

However, opening of the mPTP alters mitochondrial permeability and permits fluorescence 

quenching (82).

Cells were washed twice with modified HBSS (Hank’s Balanced Salt Solution 

supplemented with 10 mM HEPES, 2 mM L-glutamine and 100 μM succinate) and 

incubated with 1 μM calcein-AM and 1 mM CoCl2 at 37 °C for 30 min (for monolayer 

cultures) or 45 min (for stratified cultures with mucosal differentiation). After 3 washes with 
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modified HBSS, images were obtained with a microscope equipped with epifluorescence 

(Lionheart FX automated microscope, BioTek Instruments, Winooski, VT) and then 

analyzed to get a measurement of fluorescence intensity (Gen5 3.0, BioTek).

Trypan blue exclusion assay

The trypan blue exclusion assay measures plasma membrane transcellular barrier integrity, 

as trypan blue can enter cells only through breeches in the plasma membrane (83). The assay 

was performed as described (83). Cells were washed twice in PBS (without Ca2+). Then, 

cells were incubated in 0.4% Trypan Blue (Thermo Fisher Scientific) for 4 minutes at room 

temperature and washed 3 times in PBS. After imaging, the cells were incubated in DMSO 

for 1 hour at room temperature and the absorbance was read at 590 nm using Synergy H1 

microplate reader (BioTek Instruments).

Rose bengal exclusion assay

The rose bengal exclusion assay measures mucosal transcellular barrier integrity. Corneal 

epithelial cells in culture exclude rose bengal if induced to differentiate and elaborate a 

mucosal glycocalyx, and rose bengal staining is indicative of breeches in the mucosal barrier 

(1). To perform the assay, cells were washed twice in PBS (without Ca2+), incubated in 0.1% 

rose bengal (Sigma-Aldrich) for 5 minutes at room temperature, then washed 3 times in 

PBS. Cells were then photographed. After imaging, the cells were incubated in DMSO for 1 

hour at room temperature and the absorbance was read at 562 nm using a Synergy H1 

microplate reader (BioTek).

RNA isolation and quantitative real-time Polymerase Chain Reaction (qRT-PCR)

mRNA for two UPR branch markers employed in this study, sXBP1 and CHOP, were 

detected and quantified by qRT-PCR. For sXBP1 mRNA, primers were designed to span the 

26-base pair intron that is removed by IRE1, thus making them specific for the spliced 

mRNA species derived from the XBP1 gene, as previously described by one of our labs (66). 

Primers are listed in Table 1.

RNA was isolated from stratified HCLE cells using GeneJET RNA Purification Kit (Thermo 

Fisher Scientific) following the manufacturer’s instructions and using PureLink® DNase Set 

(Invitrogen, Carlsbad, CA) to remove DNA contamination from columns. First-strand cDNA 

was synthesized from 1 μg of total RNA using a reverse transcription kit (High Capacity 

Reverse Transcription Kit; Applied Biosystems, Foster City, CA), in accordance with the 

manufacturer’s instructions.

The qRT-PCR reaction was performed using SYBR® Green reagents (iTaq Universal SYBR 

Green Supermix, Bio-Rad, Hercules, CA) with specific primers (Table 1). The following 

parameters were used: 30 s at 95 °C, followed by 40 cycles of 5 s at 95 °C and 30 s at 60 °C. 

All samples were normalized to RNA levels of the housekeeping gene ACTB (Table 1). The 

comparative CT method was used for relative quantitation, selecting the relative amount in 

control cells as the calibrator.
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Protein isolation and western blot

Western blotting was used to determine relative phosphorylation of eIF2α, which serves as a 

marker for activation of the UPR PERK branch of the UPR. The protein eIF2α is one 

subunit of the multimer eIF2, which is a heterotrimer of 126 kDa. The complex dissociates 

when dissolved in SDS sample buffer. The molecular weight of eIF2α is 36 kDa.

Stratified HCLE cells were lysed in RIPA buffer (VWR Scientific) containing protease and 

phosphatase inhibitor cocktail (Thermo Fisher Scientific) and harvested using a cell scraper. 

The lysates were centrifuged at 14000 X g for 15 min at 4°C. Supernatant were collected 

and protein concentration was assessed (Synergy H1 microplate reader, BioTek).

Protein extracts (60 μg per sample) were loaded on SDS-PAGE gels (Bio-Rad) under 

reducing conditions. Membranes were blocked in TBS buffer containing 0.1% Tween and 

5% BSA for 1 h at room temperature and then incubated with anti-eIF2α, anti-P-eIF2α 
(both at 1:1000; Cat. No. 5324S and Cat. No. 3398S, respectively; Cell Signaling 

Technologies, Danvers, MA) or anti-β-actin (ACTB) (1:4000; Cat. No. 12262; Cell 

Signaling) overnight at 4°C.

Incubation with secondary antibodies bound to IR dyes (Li-Cor Biosciences, Lincoln, NE) 

were performed for 1 h at room temperature. The membranes were visualized using a Li-Cor 

Odyssey Imaging System (Li-Cor Biosciences). The density of different bands was assessed 

using Image J software (National Institutes of Health, Bethesda, MD).

Calcium assay

Subconfluent monolayer cultures of HCLE cells were loaded with Fluo-4 Direct™, with a 

final probenecid concentration of 2.5 mM (Cat. No. F10471; Thermo Fischer Scientific), for 

60 min at 37°C. Then, tBHP with either DMSO, dynasore (40 μM) or necrostatin-1 (300 

μM) were added. Time-lapse images were obtained with a fluorescent microscope 

(Lionheart FX automated microscope, BioTek) attached to a source of CO2 (controlled to 

keep 5% of CO2) and the temperature was kept at 37°C. Images were then analyzed to get a 

measurement of fluorescence intensity (Gen5 3.0, BioTek). Images were taken every 10 min 

during the 2 h of exposure to tBHP.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software). The 

Kolmogorov-Smirnov test was used to assess the normality of data distribution and Bartlett’s 

test for the homogeneity of the variances. Based on normality of the data distribution and the 

homogeneity of the variances, Analysis of Variance (ANOVA) with Bonferroni’s post-hoc 

test or the Kruskal-Wallis test with Dunn’s post-hoc test was applied for comparison, as 

indicated in the figure legends. P value < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The wet mucosal epithelia of the ocular surface protect against threats to the 

eye

• Dynasore is a cell-permeable, small molecule inhibitor of dynamin GTPases

• Dynasore was shown to protect the mucosal epithelia against oxidative stress

• In a novel mechanism, dynasore is now shown to act by maintaining Ca+2 

homeostasis

• Dynasore thereby inhibits the PERK branch of the unfolded protein response
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Figure 1. Dynasore, but not DRP1 inhibitor mdivi-1, protects mitochondria and transcellular 
barriers in HCLE cells subjected to oxidative stress.
(A) Representative images and fluorescence quantification for the analysis of mPTP opening 

with the calcein-AM/CoCl2 assay in monolayer cultures of HCLE cells exposed to tBHP (1 

mM) for 2 hrs while being treated with mdivi-1 (5, 50 and 100 μM), dynasore (40 μM), or 

DMSO vehicle (–). Unstressed cells kept in growth medium with the same DMSO 

concentration served as control. n = 3

(B-D) Stratified cultures of HCLE cells with mucosal differentiation were exposed to tBHP 

(10 mM) while being treated with mdivi-1 (50 and 100 μM) or DMSO vehicle (–). 

Unstressed cells kept in growth medium with the same DMSO concentration served as 

control.
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(B) Representative images and quantification of mPTP opening, with the calcein-AM/CoCl2 

assay (n = 2)

(C) plasma membrane transcellular barrier integrity with trypan blue exclusion (n = 2)

(D) and mucosal transcellular barrier integrity with rose bengal exclusion (n = 2)

The data are presented as mean ± standard deviation. Significant differences were 

determined using the Kruskal-Wallis test with Dunn’s post-hoc test (A and C) or ANOVA 

with Bonferroni’s post-hoc test (B and D), after determining the homogeneity of the 

variances with the Bartlett’s test. * P<0.05; *** P<0.001. Scale bar: 100 μm (A); 1 mm (B); 

200 μm (C, D).
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Figure 2. RIPK1 inhibitor necrostatin-1 and pan-caspase inhibitor Z-VAD-FMK protect 
mitochondria in HCLE cells subjected to oxidative stress.
Monolayer cultures of HCLE cells were exposed to tBHP (1 mM) for 2 hrs while being 

treated with different concentrations of necrostatin-1(1 μM to 300 μM), Z-VAD-FM (1 μM 

to 300 μM), or DMSO vehicle (–). Unstressed cells kept in growth medium with the same 

DMSO concentration served as control. The calcein-AM/CoCl2 assay was then performed to 

assess mPTP opening.

(A) Representative images for each treatment.

(B) Quantification of fluorescence intensity for the different necrostatin-1 concentrations 

(results from 3 independent experiments).

(C) Quantification of fluorescence intensity for the different concentrations of Z-VAD-FMK 

(results from 2 independent experiments).

The data are presented as mean ± standard deviation. Significant differences were 

determined using ANOVA with Bonferroni’s post-hoc test. * P<0.05; *** P<0.001. Scale 

bar: 100 μm

Martinez-Carrasco et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2021 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Dynasore and RIPK1 inhibitor necrostatin-1 protect mitochondria and the plasma 
membrane barrier in HCLE cells subjected to oxidative stress, but only dynasore protects the 
mucosal barrier
Stratified cultures of HCLE cells with mucosal differentiation were exposed to tBHP (10 

mM) for 2 hrs while being treated with either 300 μM necrostatin-1, 80 μM dynasore, or the 

same amount of DMSO vehicle (–). Unstressed cells kept in growth medium with the same 

DMSO concentration served as control.

(A) Representative images and quantification of mPTP opening, with the calcein-AM/CoCl2 

assay (n = 3)

(B) Plasma membrane transcellular barrier integrity with trypan blue exclusion (n = 3)

(C) Mucosal transcellular barrier integrity with rose bengal exclusion (n = 3)

The data are presented as mean ± standard deviation. Significant differences were 

determined using the Kruskal-Wallis test with Dunn’s post-hoc test (A and B) or ANOVA 

with Bonferroni’s post-hoc test (C), after determining the homogeneity of the variances with 

the Bartlett’s test. * P<0.05; *** P<0.001. Scale bar: 1 mm (A); 200 μm (B, C).
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Figure 4. The UPR is activated in HCLE cells subjected to oxidative stress; dynasore inhibits the 
PERK branch
(A) Schematic of the UPR. Dissociation of GRP78 from ATF6, IRE1 and PERK to bind to 

accumulated unfolded proteins is usually the start point that activates the UPR. The 

activation of each one of the sensors (ATF6, IRE1 and PERK) produces a second messenger. 

They main effects of cATF6 and sXBP1 are to increase chaperones production and the 

activation of ERAD for protein degradation, which can help to recover the homeostasis. 

While the phosphorylation of eIF2α can reduce protein translation to maintain homeostasis, 

it can also increase the expression of CHOP when ER stress is prolonged, leading to cell 

death.
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(B and C) Stratified cultures of HCLE cells with mucosal differentiation were exposed to 

tBHP (10 mM) for 2 hrs while also being treated with 80 μM dynasore or DMSO vehicle. 

Unstressed cells kept in growth medium with the same DMSO concentration served as 

control. At the end of the experiment, RNA or protein was isolated.

(B) Relative gene expression of sXBP1 (n = 3) and CHOP (n = 4) was calculated with the 

2−ΔΔCt method, using the levels of ACTB expression as housekeeping and the expression in 

control cells as the calibrator.

(C) Representative images of western blot for P-eIF2α, eIF2α and ACTB and densitometry 

analysis of P-eIF2α normalized to β-actin levels as a loading control. n = 3.

The data are presented as mean ± standard deviation. Significant differences were 

determined using the Kruskal-Wallis test with Dunn’s post-hoc test. ** P<0.01; *** 

P<0.001.
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Figure 5. Dynasore inhibits the Ca2+ increase induced by oxidative stress, which is enough to 
reduce the activation of P-eIF2a/CHOP pathway.
(A) Monolayer cultures of HCLE cells were incubated with Fluo-4 Direct™ containing 

probenecid (2.5 mM). Then cells were exposed to tBHP (1 mM) for 2 hrs while being 

treated with either dynasore (40 μM), necrostatin-1 (300 μM), or DMSO vehicle (–). 

Unstressed cells kept in growth medium with the same DMSO concentration served as 

control. Changes in fluorescence over the times course were monitored under a fluorescence 

microscope. (n = 3)

(B and C) Stratified cultures of HCLE cells with mucosal differentiation were exposed to 

tBHP (10 mM) for 2 hrs after 1 h of preincubation with either BAPTA-AM (200 μM) or 

DMSO vehicle (–). Unstressed cells kept in growth medium with the same DMSO 

concentration served as control. At the end of the experiment, RNA or protein was isolated.

(B) Relative gene expression of CHOP was calculated with the 2−ΔΔCt method, using the 

levels of β-actin expression as housekeeping and the expression in control cells as the 

calibrator. n = 3.

(C) Representative images of western blot for P-eIF2α, eIF2α and β-actin and densitometry 

analysis of P-eIF2α normalized to β-actin levels as a loading control. n = 2.

The data are presented as mean ± standard deviation. Significant differences were 

determined using the Kruskal-Wallis test with Dunn’s post-hoc test. * P<0.05; ** P<0.01.

Martinez-Carrasco et al. Page 25

Free Radic Biol Med. Author manuscript; available in PMC 2021 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Martinez-Carrasco et al. Page 26

Table 1.

Primer sequences for RT-PCR.

Gene Primer sequence

sXBPl
Fwd: CTGAGTCCGAATCAGGTGCAG

Rev: ATCCATGGGGAGATGTTCTGG

CHOP
Fwd: AGAACCAGGAAACGGAAACAGA

Rev: TCTCCTTCATGCGCTGCTTT

ACTB
Fwd: GTCATTCCAAATATGAGATGCGT

Rev: GCTATCACCTCCCCTGTGTG
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