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Abstract

Excessive endoplasmic reticulum (ER) stress leads to cell loss in many diseases, e.g., contributing
to endothelial cell loss after spinal cord injury. Here, we determined whether ER stress-induced
mitochondrial dysfunction could be explained by interruption of the focal adhesion kinase (FAK)-
mitochondrial STAT3 pathway we recently discovered. ER stress was induced in brain-derived
mouse bEnd5 endothelial cells by thapsigargin or tunicamycin and caused apoptotic cell death
over a 72 h period. In concert, ER stress caused mitochondrial dysfunction as shown by reduced
bioenergetic function, loss of mitochondrial membrane potential and increased mitophagy. ER
stress caused a reduction in mitochondrial phosphorylated S727-STAT3, known to be important
for maintaining mitochondrial function. Normal activation or phosphorylation of the upstream
cytoplasmic FAK was also reduced, through mechanisms that involve tyrosine phosphatases and
calcium signaling, as shown by pharmacological inhibitors, bisperoxovanadium (bpV) and 2-
aminoethoxydiphenylborane (APB), respectively. APB mitigated the reduction in FAK and STAT3
phosphorylation, and improved endothelial cell survival caused by ER stress. Transfection of cells
rendered null for STAT3 using CRISPR technology with STAT3 mutants confirmed the specific
involvement of S727-STAT3 inhibition in ER stress-mediated cell loss. These data suggest that
loss of FAK signaling during ER stress causes mitochondrial dysfunction by reducing the
protective effects of mitochondrial STAT3, leading to endothelial cell death. We propose that
stimulation of the FAK-STAT3 pathway is a novel therapeutic approach against pathological ER
stress.

Graphical abstract

Proposed FAK-STAT pathway involvement in ER stress. Under physiological conditions, the
integrin signaling effector FAK promotes phosphorylation of S727-STAT3 which leads to its
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mitochondrial translocation to promote mitochondrial bioenergetics and integrity, and cell
survival. ER stress induced by TM or TG decreases pFAK through protein tyrosine phosphatase
(PTP) activity (blocked by bpV) or high calcium levels (blocked by APB), leading to decreased
mitochondrial pS727-STAT3 and subsequent dysfunction.
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1. Introduction

The ER is responsible for synthesis and proper folding of cellular proteins. A variety of
insults, such as inflammation, trauma and hypoxia disrupt ER function and cause
accumulation of unfolded proteins. This can induce the unfolded protein or ER stress
response, which can be beneficial, but when excessive or prolonged causes apoptosis. The
CCAAT-enhancer-binding protein homologous protein (CHOP) transcription factor is up-
regulated after ER stress [1] and can initiate apoptotic cell death [2, 3]. ER stress can be
induced by thapsigargin (TG), which blocks the sarcoplasmic/ER calcium ATPase resulting
in increased cytoplasmic calcium [4] and tunicamycin (TM), which interferes with protein
glycosylation, causing an unfolded protein response [5, 6]. Endothelial cells undergo
apoptosis in response to TG and TM which involves caspase-3 activation [7, 8]. Excessive
ER stress and CHOP induction cause CNS microvascular endothelial cell death /n vitro and
in vivo after spinal cord injury [9, 10], which is responsible for ensuing secondary tissue loss
[11, 12]. Unchecked ER stress also causes mitochondrial dysfunction and damage in a
number of cell types through mitochondrial membrane pore formation, which is associated
with ER-stress induced apoptosis [13]. ER stress-induced damage is mediated in part
through excessive calcium influx [14] through the mitochondria-associated ER membrane
contact sites [15, 16]. Both the mitochondria and the ER can take up calcium from the
cytosol to maintain low cytosolic calcium levels. ER stress leads to a calcium imbalance by
altering uptake/release of calcium from the ER [15].

Vascular endothelial cells are dependent on specific transmembrane integrin receptors
binding to extracellular matrix molecules in the basement membrane, and their detachment
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leads to apoptosis, possibly through reduced FAK signaling [17, 18]. Integrins prevent
apoptosis through FAK-AKT signaling [19] and inhibiting mitochondria-associated bitl
[20]. We discovered a selective integrin signaling pathway that inhibits CNTF expression,
involving FAK and the S727 residue of the downstream STATS3 transcription factor [21].
STAT3, when phosphorylated on S727, translocates to the mitochondria instead of the
nucleus and plays a major, non-transcriptional role in preserving mitochondrial function
[22]. Mitochondrial localized STAT3 is known to reduce mitochondrial damage markers
such as calcium overload, ROS production and mitochondrial permeability transition pore
(mPTP) formation [23-25]. We have found that antagonists of integrins, FAK, and STAT3
rapidly and substantially reduce mitochondrial bioenergetics leading to endothelial cell loss
[26].

FAK is a cytoplasmic non-receptor protein tyrosine kinase which depends on Y397
phosphorylation for its activation and subsequent downstream signaling [27]. It is
dephosphorylated by tyrosine phosphatases such as SHP2 [28, 29], PTP-PEST/PTPN12
[30-32], and PTP 1B [29], which can be inhibited by tyrosine phosphatase inhibitors [33].
High calcium transients can also dephosphorylate FAK in cultured neurons [34].

In this study, we determined whether excessive ER stress caused by TG and TM can induce
mitochondrial dysfunction, leading to endothelial cell loss /n vitro and whether interrupted
FAK-STATS3 signaling might contribute to this. We also tested the capability of calcium
channel and tyrosine phosphatase inhibitors to maintain FAK signaling and endothelial cell
survival under ER stress conditions.

2. Experimental Procedures

2.1. bEnd5 endothelial cell culture

The establishment of the bEnd5 endothelial cell line and its characterization was described
previously [35-37]. bEnd5 cells were maintained at 37°C in a humidified incubator in an
environment of 5% CO, and 95% air in Dulbecco modified Eagle's medium (DMEM).
Media was supplemented with 3 mM glutamine, 1% non-essential amino acids, 1 mM Na-
pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin and 10% fetal bovine serum (FBS).
All reagents were from Gibco. For cell culture experiments, bEnd5 cells were counted in a
hemocytometer and seeded at a density of 0.5 x 10° cells per 100 mm plate. After 3 days (at
~60% confluence), the cells were treated with 10 pg/ml tunicamycin (TM, cat# T7765,
Sigma) or 300 nM thapsigargin (TG, cat# 9033, Sigma) for 24, 48 and 72 h to induce ER
stress. For co-treatments, 2 UM stattic (cat# 2798, Tocris), 10 uM APB (cat# D9754, Sigma),
or 3 UM bpV (potassium bisperoxo (1,10-phenanthroline) oxovanadate V) [bpV(phen)]; a
gift from Dr. Alan Shaver [38], were added to the media for the same period of time as
TMI/TG. Afterwards, the cells were processed for mitochondrial fractionation, whole cell
lysate preparation, or incubated with mitophagy or membrane potential markers (see below).
The cell numbers were quantified using Image J software and images were captured with a
10X and 40X objective (Olympus Q Color 3, CKX41 microscope). Averages were
calculated from five fields per well. To confirm cell death, cells were stained with propidium
iodide (P, 2 ug/ml; Cat#: P3566, Life Technologies) and counterstained with Hoechst
33342 (50 uM, Cat#: H1399, Molecular Probes) according to the manufacturer's protocol.
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2.2. Western blotting

Proteins were extracted from whole cells using a freeze-thaw cycle with 1% RIPA lysis
buffer (cat# R0278, Sigma) supplemented with protease and phosphatase inhibitors. The
samples were mixed 5:1 (v:v) with Laemmli loading buffer plus 5% pB-mercaptoethanol and
heated for 5 min at 95°C. Then, 15-30 ug mitochondrial or 30 g of whole cell protein lysate
samples were loaded in 4-20% Criterion Tris-HCI precast gels (cat#3450033, Bio-rad Lab,
Hercules, CA, USA) and run for 2-3 h (25mA, 100V). This was followed by overnight wet
transfer to PVDF membranes using 30 volts. After blocking with 5% milk in TBST (TBS,
0.1% Tween-20) for 4 h, the membranes were incubated overnight at 4° C with primary
antibodies diluted in TBST with 0.5% milk. The antibodies (Cell Signaling Technology)
were against Parkin (1:1,000, cat#32282), PDH (1:5,000, cat#3205), pS727-STAT3 (1:400,
cat#9134), total STAT3 (1:1,000, cat#12640), pFAKY397 (1:500, cat#3283), total FAK
(1:1,000, cat#3285), cleaved caspase 3 (1:1000, cat#9661) and a-tubulin (1:10,000,
cat#2125). LC3 antibody was from MBL (1:3,000, cat# M186-3). The next day, the
membranes were washed 2X with TBST buffer and then incubated with species-appropriate
HRP-conjugated secondary antibodies (1:2,000, cat#7074 and 7076) for 1.5 h. After the
secondary antibody incubation, three washes with TBST were done, all at room temperature.
Chemiluminescence substrate (ECL, cat#34080, ThermoFisher) was added and the bands
were visualized and analyzed by the Li-Cor Odyssey FC (Lincoln, NE) quantitative western
blotting system and Image Studio application software. Integrated optical densities of pFAK
in each sample was normalized to the value of total FAK protein. Then the values in all
groups were normalized to the average of controls at 24 hrs. Each time point included 4 or 5
independent experiments.

2.3. LDH release assay

LDH release is a marker of cell death [39] and was measured using a Promega kit according
to the manufacturer's protocol (Cat# G1780). Briefly, 50 pl of cell culture medium was taken
from each treatment condition, mixed with 50 pl substrate and maintained at room
temperature for 30 min. Afterwards, stop solution (50 ul) was added and absorbance
measured at 492 nm in a 96 well plate. Calculations were performed by subtracting the
background (medium only) and then normalizing treatments to untreated controls and
expressing the result as a percentage. Lysed cells were used as a positive control.

2.4. Mitochondrial membrane potential

Changes in mitochondrial membrane potential were determined by changes in mitochondrial
permeability to the cationic red-orange dye tetramethylrhodamine methyl ester (TMRM,
cat# T668, Invitrogen). TMRM accumulation within mitochondria is dependent on the
mitochondrial transmembrane potential. Freshly prepared TMRM was added at 20 nM to the
treated cells in a 96 well plate and incubated in a CO, tissue culture incubator for 30 min.
DAPI (4’ ,6-diamidino-2-phenylindole, cat# D3571, Invitrogen) was added at 0.2 pg/ml for
the last 15 min of TMRM incubation. DAPI stains the nucleus and was used to normalize
TMRM fluorescence to the cell number in each well. The intact cells were washed once with
200 ul HBSS followed by immediate measurement of fluorescence intensities (Aex 540 nm,
Aem 575 nm for TMRM and Aex 340 nm, Aem 460 nm for DAPI) in a spectrofluorometer.
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2.5. Mitochondrial bioenergetics

Mitochondrial bioenergetic function in bEnd5 cells was determined by measuring the
oxygen consumption rate (OCR) with a Seahorse XF24 Extracellular Flux Analyzer
(Seahorse Bioscience, North Billerica, MA).The cells were seeded at 20,000 cells per XF24
culture plate well and next day were treated with 300 nM TG or 10 pg/ml TM for 24 h, all in
regular culture medium (see above). Afterwards, the cells were washed once with XF serum-
free base media supplemented with 2.5 mM glucose and 1 mM sodium pyruvate. This was
followed by a 1 h incubation without CO». The sensor cartridges were prepared according to
the manufacturer's instructions. Baseline measurements of OCR were taken before
sequential injection of 5 M oligomycin (495455, Millipore), 1 uM FCCP (0453, Tocris),
and 10 pM antimycin A (A8654, Sigma). The mitochondrial basal OCR, ATP production,
maximum reserve capacity and maximum respiratory capacity were calculated as described
[40].

2.6. Mitophagy markers: microscopy

The occurrence of mitophagy within the individual bEnd5 cells was determined by
lysosomes associating with mitochondria, one of the defining steps of mitophagy. Cells were
seeded at 10° cells per 35 mm clear bottom culture dishes (P35G-1.5-14-c, MarTek Corp,
Ashland, MA) and treated with TG or TM for 24, 48 and 72 h, as above. Afterwards, the
cells were washed twice with media and incubated with 200 nM mitotracker green (cat#
M7514, Invitrogen) and 75 nM lysosomal red dye (cat# L7528, Invitrogen) in 500 pl of
media for 20 min at 37° C. After washing 3 times with PBS, the cells were imaged with a
Leica SP8 confocal microscope. Co-localization of green and red pixels was quantified in 3
dimensions in Z-stacks using Leica Application Suite X software.

2.7. Isolation of mitochondrial fraction from bEnd5 cells

Mitochondria were isolated as previously described [41] with minor modifications. All steps
were performed at 4°C. Cells were lysed in mitochondrial isolation buffer (1 mM EGTA, 75
mM sucrose, 5 mM HEPES, 225 mM mannitol, 1 mg/ml, BSA, supplemented with a
cocktail of protease and phosphatase inhibitors) and homogenized in a Dounce glass
homogenizer with 40 strokes. After centrifugation at 1500 g for 10 min to remove the
unbroken cells and nuclei, and decanting of the supernatant, the supernatant was then
centrifuged at 15,000 g for 20 min. The pellet containing the mitochondrial fraction was
collected and resuspended in isolation buffer without BSA.

2.8. CRISPR-Cas9 mediated STAT-3 KO in bEnd5 cells

STAT3 null bEnd5 cells were produced by CRISPR-Cas9 technology as described
previously [26]. Briefly, a STAT3 gRNA-Cas9 plasmid with a puromycin resistance gene
was transfected into bEnd5 cells. After 24 hours, cells were treated with 2 pg/ml puromycin
for 4 days to remove non-transfected cells. Puromycin resistant cells were maintained for
~14 days then screened by PCR and Western blotting to confirm STAT3 deletion [26]. Cells
were passaged normally and used for reintroduction of STAT3 WT or mutant plasmids.
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2.9. Generation of GFP tagged STAT3 wild type (WT) and mutant (S727A, S727D) plasmids

Wild type STAT3 was PCR amplified from bEnd5 cDNA, produced by reverse transcription
using oligo dT primers and 2 ug of template RNA with NEB's ProtoScript Il kit according to
manufacturer’s instructions (Cat # E6560S, NEB). All PCR reactions were performed with a
high fidelity Tagq polymerase, using 2 pl of cDNA as a template according to kit guidelines
(Cat#KK2102, KAPA Biosystems). Primers for amplifying STAT3 were: FWD

5" GGCTCCGGACTCAGATCTAGAAGGATGGCTCAGTGGAACCAG, 3° REV

5 ACGCCGGAATTC TTTTAATTTAAAGAGGAACCTCTGGG 3’. GFP was PCR
amplified with the following primers: FWD 5" CCC AAGCTT
ACCATGGTGAGCAAGGGC, 3" REV 5’ TCTAGATCTGAGTCCGGAGCC
CTTGTACAGCTCGTCCATG 3" using plasmid DNA containing GFP as template.
Reactions were gel purified and products used at a 1:1 molar ratio for subsequent fusion
PCR reactions. Fusion PCR reactions were performed with primers FWD:5" CCC
AAGCTT ACCATGGTGAGCAAGGGC 3" and REV'5" ACGCCGGAATTC
TTTTAATTTAAAGAGGAACCTCTGGG ‘3. The resulting fragment was gel purified,
confirmed by restriction digest, and directionally cloned into pcDNA 3.1 (+) vector before
being transformed into DH5a £.Coli according to standard protocol [26]. The
constitutionally active, phosphomimetic, STAT3 S727D mutant was generated using the Q5
mutagenesis kit (Cat# E0554S, NEB) according to manufacturer's instructions with the
following PCR primers 5° CCTGCCGATGGACCCCCGCACTT 3’, and REV 5’
TCAATGGTATTGCTGCAGGTC 3’. The functionally inactive STAT3 S727A mutant was
produced with the following PCR primers: FWD 5 GCCGATGGCCCCCCGCACTT -3’
REV 5" AGGTCAATGGTATTGCTGCAGGTCGTT -3’. GFP fused WT STAT3 cloned
into pcDNA 3.1 (+) vector served as the template for Q5 mutagenesis. Successful
mutagenesis was confirmed by sequencing. It was observed through sequencing that
Serine-701 was not present in the wild type, S727D and S727A STAT3 clones. Plasmids
were grown in competent DH5a £.colfi and isolated using an endotoxin free midi-prep kit
(Cat# D6915-03, Omega Biotek). bEnd5 cells were transfected using lipofectamine 3000 at
a final concentration of 0.5% in penicillin-streptomycin free culture medium with 1 pg
plasmid/well in a 24 well plate. Transfection was visualized by GFP fluorescence.

2.10. Transfection of GFP-fused plasmids

Due to a relatively low transfection efficiency in these cells (5-15%), we fusion tagged these
STAT3 isoforms with an N-terminal GFP tag to visualize expression of STAT3 and to rule
out cells that did not take up the plasmid. Transfections of GFP-pcDNA 3.1 (control) and
GFP-STAT3-pcDNA 3.1 fused plasmids (WT-STAT3, S727A-STAT3, S727D-STAT3) were
performed with lipofectamine 3000 as mentioned above. After 24 h of transfection, media
was changed to normal bEnd5 media and treated with TM (10 ug/ml) for 72 h. At 24 h after
transfection, GFP+ cells were quantified from 5 fields per well and normalized to total cell
numbers (overlayed on brightfield) to determine transfection efficiency. We counted on
average ~70 cells/experiment from 5 fields/well over 4 independent experiments. To account
for potential differences in transfection efficiency between groups and experiments, the
number of transfected cells at 72 h was counted the same way and expressed as a percentage
of GFP+ cells at 24 h. Images were taken using a fluorescent microscope (Olympus Q Color
3, CKX41 microscope).
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2.11. Statistical Analysis

3. Results

All data were expressed as mean + SEM. Statistical significance was set at p<0.05 and
calculated using Graphpad Prism software. For the experiments with one variable (drug
treatment or time), a one-way ANOVA followed by Bonferroni post hoc multiple
comparison was used. For the experiment with two variables (time and drug treatment), a
two-way ANOVA followed by Tukey post hoc multiple comparison was used.

3.1. Excessive ER stress causes death of endothelial cells

ER stress induced by TG and TM caused a loss of mouse brain-derived bEnd5 cells by 72 h
(Fig. 1 A, B). The stressed cells which were adhered appeared swollen and more elongated
and progressively more rounded, presumably dying, cells were observed (Fig. 1 A). The cell
damage and loss seemed to be more severe with TM than with TG. ER stress was induced as
early as 24 h and to a similar extent as at 48 and 72 h as shown by induction of CHOP
protein (Fig. 1D), consistent with the idea that prolonged ER stress is needed to kill these
cells. The extent of cell death was confirmed by measuring LDH release, which showed a
clear increase at 72 h (Fig 1D), consistent with the cell numbers. TM values were in the
same range as lysed cells, indicative of severe cell damage. Propidium lodide (PI) staining,
which occurs only in dying/dead cells, was observed in TG- and TM-treated cells (Fig. 1 E).
Endothelial cells are known to undergo apoptosis involving caspase-3 activation in response
to TG and TM [7, 8]. Here, ER stress also caused apoptosis as shown by fragmented and
condensed nuclei (Fig. 1E) and the appearance of cleaved caspase-3 in TG and, much more
s0, TM-treated cells (Fig. 1F).

3.2. Excessive ER stress causes mitochondrial dysfunction and damage in endothelial

cells

Mitochondrial membrane pore formation is a marker of mitochondrial damage, resulting in
reduced membrane potential and is key to ER stress-induced apoptosis [13]. Reduced
membrane potential was observed at 72 h with TG and 24 h with TM and more so at 72 h, as
documented by TMRM fluorescence (Fig. 1G, H). Cell death in this experiment was
confirmed by the DAPI measurements (Fig. 1), and were consistent with the cell counts
(Fig. 1B) and LDH release (Fig. 1D). ER stress caused a marked reduction in mitochondrial
bioenergetic function as early as 24 h and more extensively with TM than TG (Fig. 1J, K).
The great reduction in reserve and respiratory capacity is indicative of loss of mitochondrial
membrane potential and mitochondrial damage.

Severe mitochondrial damage induces mitophagy, which involves mitochondrial-lysosomal
co-localization, and this was also seen after TG and TM induced ER stress in the bEnd5
cells. Thus, lysosomal content per cell was increased and the number of contacts with
mitochondria were increased, as shown by co-localization in confocal images (Fig. 2A-D).
Quantification of co-localized pixels in confocal Z-stacks suggests that mitophagy was
observed at 48 h and 72 h with both TG and TM (Fig. 2E). Increased mitophagy also was
confirmed by the increase in the initiating proteins LC3I1 and parkin that translocate to
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mitochondria, in mitochondrial cell fractions (Fig. 2F). General autophagy was also
increased as shown in the cytoplasmic fractions.

3.3. ER stress causes loss of mitochondrial pS727-STAT3 in concert with reduced pFAK

PS727-STAT3 is known to translocate to the mitochondria and promote their function and
integrity. Here, ER stress caused a progressive reduction in mitochondrial pS727-STATS3,
most notably at 72 h, and more so with TM than with TG (Fig. 3A). The reduction at 72 h,
was to a similar level as seen with the STAT3 inhibitor stattic. Levels of total STAT3 in the
mitochondria appeared similar between controls and TG or TM, and at all time points (Fig.
3A), suggesting that the reduction was not due to altered translocation. In whole cell lysates,
a similar time-dependent reduction in pS727-STAT3 without changes in total STAT3 was
also observed (Fig.3B), suggesting that it is caused by signaling events rather than STAT3
synthesis or changes in translocation.

Our previous study showed that integrin-FAK signaling promotes STAT3 phosphorylation
specifically on the S727 residue [21]. Here, ER stress induced by TG and TM caused a
reduction in phosphorylation of the key Y397 residue of FAK, as early as 24 h (Fig. 3B), as
confirmed by densitometry (Fig. 3C). Total FAK densitometry values, normalized to a-
tubulin, did not change (data not shown).

3.4. Calcium and phosphatases reduce pFAK during ER stress, contributing to reduced

pS727

A reduction of pFAK could be due to reduced enzymatic cleavage but we did not detect the
expected 90 kD cleavage product in blots for total FAK [42], suggesting that
dephosphorylation played the main role. In fact, treatment with the general tyrosine
phosphatase inhibitor, bpV (bisperoxovanadium), preserved pFAK at 48 and 72 h of ER
stress, most notably after TM and to levels similar as seen under control conditions without
ER stress (Fig. 4A). FAK phosphorylation can also be affected by increased intracellular
calcium [34], which is also a hall-mark of ER stress, especially after TG treatment. Indeed,
APB, a calcium channel blocker, had a remarkably protective effect preserving pFAK at
normal levels under ER stress conditions caused by 72 h of TG (Fig. 4B, upper rows). The
APB effects were less striking with TM (Fig. 4B). APB treatment also resulted in a complete
preservation of pS727-STAT3 in the same cells under TG, but not TM, conditions (Fig. 4B,
middle rows). The reduced levels of pS727-STAT3 were not affected by bpV treatment
under the ER stress conditions, perhaps because bpV affects many different signaling
pathways, thus interfering with intermediaries between FAK and STAT3.

3.5. Calcium channel inhibition promotes endothelial cell survival damage during ER

stress

The calcium channel blocker APB did not noticeably affect the changes in bEnd5 cell
morphology caused by TG or TM (Fig. 5A) but improved their viability to ~70% in the
presence of TG for 72 h, compared to 50% survival seen with TG alone (Fig. 5B). APB had
no significant survival-promoting effect under TM conditions. The bpV treatment did not
noticeably affect changes in cell morphology after TG, but preserved more cells with an
adherent morphology under the TM condition (Fig. 5A). The bpV treatment improved cell
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survival under both TG and TM conditions (Fig. 5B). In a different set of experiments, LDH
release into the media, another marker for cell death, affirmed the cell counts (Fig. 5C).

3.6. STAT3 protects endothelial cells against ER stress via residue S727

To determine the protective effects of STAT3 against ER stress, we overexpressed WT,
S727A or S727D mutants in STAT3 KO cells. Counts of GFP+ cells at 72 h were normalized
to those in the same wells seen at 24 h. STAT3 KO cells transfected with GFP alone (Fig.
6A) often showed an aberrant morphology indicative of dying cells compared to WT STAT3
(Fig. 6B) in response to 72 hours of TM treatment. Most cells transfected with S727A
mutants were rounded and condensed (Fig. 6C), indicative of cell death. Cells transfected
with the constitutively active S727D mutants, which mimic pS727-STAT3, looked healthy
(Fig. 6D). More cells were lost when transfected with GFP only (~60%) after 72 hours of
TM treatment in the controls than those transfected with WT STAT3 (~40%), whereas more
S727A cells were lost than with WT (~75%, Fig. 6E). This suggests that S727-STAT3 is
protective against TM. S727D mutants were significantly more protected compared to 727A
but not different from WT, suggesting that there is either a maximum level of potential
protection by phosphorylated S727-STAT3 or that constitutively active S727-STAT3 also has
detrimental effect that counterbalance the beneficial effects.

4. Discussion

One of the main findings of this study is that ER stress causes reductions in pS727-STAT3 at
the same time as mitochondrial dysfunction, and when substantial loss of pS727-STAT3
occurs, endothelial cells die. Our mutant data suggests that this very functionally important
serine residue both protects cells against and is a target of ER stress. This phosphorylated
form of STAT3 is known to be important for mitochondrial function in a non-transcriptional
manner [22, 26, 43]. The role of ER stress-induced loss of pS727-STAT3 in mitochondrial
failure is also suggested by our findings that it is more severe with TM than with TG
treatments, and that TM causes more bioenergetic failure, mitophagy and cell death.
Moreover, only the APB treatment preserved pS727-STAT3, and only against TG induced
ER stress. The tyrosine phosphatase inhibitor, bpV, which rescued the cells, did not rescue
pS727-STAT3. A protective role for pS727-STAT3 under ER stress is consistent with what is
known about its non-transcriptional, mitochondrial, role. Mitochondrial STAT3 reduces
mitochondrial damage markers such as calcium overload and ROS production, as well as
mPTP formation [23, 24, 44], one of the critical and last steps in mitochondrial failure [45].
Mitochondria play a role in apoptosis [46], among other factors, by releasing cytochrome-c
through the mPTP, which is inhibited by STAT3 [43]. ER stress causes mitochondrial
damage, resulting in the terminal step of mPTP formation [47, 48]. Lengthy bioenergetic
dysfunction can induce apoptosis [46]. Our data suggests that ER stress also causes early
mitochondrial dysfunction by reducing bioenergetic function at 24 h when reductions in
pS727-STAT3 were seen, though less pronounced than at later times. Others have shown that
STAT3 knockdown or S727A mutations cause a reduction in mitochondrial bioenergetic
function [22], which we also observed and confirmed with a pharmacological inhibitor [26].
The association of a mitophagy initiator protein, parkin with mitochondria has also been
found to promote bioenergetic function under ER stress conditions [49, 50]. However, here,
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mitophagy markers were not increased at 24 h when ATP production was severely
compromised.

Thus, it seems that the reduction in pS727-STAT3 plays a key role in driving the sequence of
events that leads to ER stress-induced cell loss in endothelial cells. Our data are consistent
with an evolving pathological mechanism that includes reduced bioenergetics, failure of
mitochondrial membrane potential, damage to mitochondria as indicated by mitophagy, and
finally cell death. Earlier on, mitophagy of damaged mitochondria might play a protective
role [51, 52], as also suggested by our finding of substantial early mitophagy. Thus, at 48 h
of ER stress cell loss was still minimal. On the other hand, excessive autophagy can lead to
cell death [53-55], which we observed at 72 h. The reduced protective role of STAT3 in
mitochondria is most likely not the only contributor to ER stress-induced cell loss. This is
suggested by our finding that APB provided complete protection of pS727-STAT3 at 72 h of
TG treatment, while rescuing only ~20% of the endothelial cells. Also, CHOP, a major
effector of ER stress, was increased to similar levels at 24 h as at later times, while the loss
of pS727-STAT was more protracted. Other contributors to ER stress pathology involve
other ER stress signaling pathways, mitochondrial calcium toxicity, increased mitochondrial
fission and apoptotic signaling [56-58].

Despite similar levels of ER stress, as indicated by CHOP protein expression, TM was
overall more devastating to the endothelial cells, with greater reductions in bioenergetic
function, pSTAT3, and cell survival. The mechanism(s) underlying these differences remain
to be determined. TM-mediated ER stress is effected through the UPR, which results in toxic
calcium influx from the ER into mitochondria [50, 59], whereas TG leads to increased
cytosol calcium, thus affecting mitochondria [60]. With both TG and TM, reduced
mitochondrial STAT3 might be involved, as it is thought to maintain mitochondrial calcium
homeostasis [25].

The total mitochondrial STAT3 protein levels appeared to remain at normal levels under ER
stress conditions at all time points, suggesting that the reduced mitochondrial pS727-STAT3
was not caused by inhibition of translocation. Total STAT3 was also not markedly changed
in whole cell lysates, indicating that STAT3 synthesis was not affected and that the loss of
pS727-STAT3 resulted from dysfunctional upstream signaling.

We recently identified an FAK-STAT3 pathway that activates the S727 residue of STAT3
[21], and determined that FAK inhibition caused dramatic changes in mitochondrial
bioenergetic function [26]. Here, the ER stress-induced loss of pS727-STAT3 coincided with
reductions in pFAK. Moreover, APB treatment led to protection of pFAK and pS727-STAT3
under TG conditions and improved cell survival. APB did not affect pFAK under TM
conditions and also did not protect pS727-STAT3. The mechanisms by which APB
maintains pFAK under ER stress remain to be determined. APB can block calcium release
from the ER [61] which under physiological conditions is involved in signaling and might
have direct access to FAK in focal adhesions [62]. Our finding is consistent with the
observation that calcium spikes are associated with reduced pFAK in neurons [34]. In
apparent contrast, increased intracellular calcium levels [63, 64], induced even by a brief TG
treatment [65], or virally-induced release of calcium from the ER can stimulate FAK
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phosphorylation [66]. A short exposure to hydrogen peroxide, which induces ROS, can also
stimulate pFAK in endothelial cells [67] but without inhibiting tyrosine phosphatases [68].
This suggests that calcium levels and tyrosine phosphatases regulate pFAK separately. We
propose that excessive and prolonged exposure to calcium causes dephosphorylation of FAK
through a yet to be determined mechanism.

The bpV treatment provided substantial protection of pFAK while not affecting pS727-
STAT3, most likely because it interferes with many tyrosine phosphatases [69, 70], some of
which might be inhibitors of tyrosine kinase pathways that lead to inhibition of pS727-
STAT3. It will be important to identify these because they might be good therapeutic targets.
BpV also protects human endothelial cells /n vitro and in rats after spinal cord injury [38],
which is characterized by ischemia and mitochondrial dysfunction, resulting in
microvascular endothelial cell death [71, 72]. The finding that bpV protects cells against
both TG and TM induced ER stress at the same time as increased pFAK is notable and
suggests that additional pFAK signaling pathways are key to cell survival. The phosphatases
responsible for dephosphorylating FAK during ER stress remain to be identified, but could
include SHP2 [28, 29], PTP-PEST/PTPN12 [30-32] and PTP 1B [29]. PTP1B is a good
candidate because it is increased during ER stress in the liver and its deletion improves
outcomes after high fat diet or TM-induced ER stress in mice [73]. ER-associated PTP1B
seems to potentiate ER stress-induced mechanisms and apoptosis [74], additionally its
localization would put it close to ER-associated FAK. On the other hand, a PTP1B inhibitor
did not have effects on pFAK in endothelial cells [75]. The effects of ER stress on SHP2 or
PTPN12 expression are not known.

Finally, our data with STAT3 KO cells confirm the importance of S727-STAT3 in promoting
the survival of endothelial cells under pathological ER stress conditions. More STAT3 KO
endothelial cells survived under ER stress when transfected with WT STAT3. Together with
the finding that preservation of pS727 improves outcomes, this suggests that stimulation of
pS727 would be protective against cellular insults. The S727D mutant showed more
protection than the S727A mutant, again confirming the important protective role of
pSTAT3-S727 under ER stress. Others had shown that S727D mutants increased
bioenergetic function more than WT in STAT3 KO cells [22]. Therefore it was surprising
that the S727D mutant did not provide more protection against TM-induced ER stress than
the WT. This suggests that there is a limit to being able to rescue cells from chronic ER
stress. Alternatively, this might indicate the necessity for a proper balance of
phosphorylation and dephosphorylation of mitochondrial STAT3 or a balance between p705-
STAT3 and pS727-STAT3. Interestingly, the S727A mutant seemed more detrimental than
the absence of STATS3. It is possible that this mutant enables phosphorylation of
predominantly the p705 site, which is known to mediate some of the mechanisms related to
ER stress damage [76].

5. Conclusion

In summary, this study identifies that ER stress causes a reduction in pFAK and
mitochondrial STAT3 signaling, leading to mitochondrial dysfunction and damage and
ultimately, endothelial cell loss. Altogether, this suggests that mitochondria and their
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STAT3-regulated function represent a node that can be modulated to promote cell survival.
Our data also suggest that FAK and its downstream signaling pathways are important
regulators of cell survival which can be therapeutically targeted in disease processes
characterized by excessive ER stress.
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Highlights

ER stress causes mitochondrial dysfunction and cell loss by reducing pS727-
STAT3

ER stress reduces pFAK via PTPs and calcium, causing reduced pS727-
STAT3

S727-STAT3 confers protection against ER stress, as shown by mutant studies

FAK-STATS3 stimulation may be a therapeutic approach against pathological
ER stress
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Figure 1. ER stress causes mitochondrial dysfunction and endothelial cell loss
bEnd5 endothelial cells were treated with TM or TG for 24, 48 or 72 h to induce ER stress.

A) Microscopic images show cell swelling from 48 h and a clear loss of cells by 72 h
compared to control (CON) culture conditions. Arrows indicate adhered cells and
arrowheads indicate rounded dying cells. TM treatment caused noticeably more damage.
Insets show a 2 fold higher magnification of selected fields (scale bar = 25 pm). B)
Quantification shows the progressive cell loss under ER stress conditions with TM causing
more cell loss than TG. Data are mean = SEM from three independent experiments for each
group. *p<0.05, ***p<0.001. C) ER stress as shown by CHOP protein expression in a
Western blot was evident already at 24 h and similar between TG and TM. Tub = a-tubulin
loading control. D) In separate experiments, LDH release confirmed the loss of cells at 72 h
of ER stress. The solid horizontal line indicate control values (100%) and the stippled line
the positive control values of lysed cells. N=3 independent experiments. E) Fluorescence
images of cells stained with PI for dead cells at 72 h of TG and TM treatment. The number
of cells was clearly decreased as shown by the nuclei (Hoechst) of the same fields. The
insets show examples of fragmented (arrow) and condensed (arrowheads) nuclei seen in
apoptotic cells under TG and TM conditions. F) Western blot of cell lysates clearly indicates
the presence of cleaved caspase-3 (cCasp3) as early as 48 h and more so in TM treated cells.
N= 3 for the 72 h time point. G) Cells treated with TM for 24 h show reduced mitochondrial
uptake of TMRM (red) in confocal microscope images, indicating a reduction in
mitochondrial membrane potential. DAPI (blue) stains nuclei. H) Spectrofluorometric
measurement of TMRM normalized to DAPI fluorescence, to account for cell numbers,
shows a progressive reduction in mitochondrial membrane potential. Data are percent of
control £ SEM from three independent experiments. *p<0.05, ** p<0.01, ***p<0.001
compared to control, # p<0.05 TG vs TM. I) DAPI measurements from the same cell lysates
confirm the cell death most notably at 72 h. J) ER stress for 24 h causes bioenergetic failure
as measured by oxygen consumption rate (OCR) and shown in a representative Seahorse
XF24 trace. H) Quantification of basal respiration (first three values), ATP production
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(difference after adding oligomycin), maximum reserve capacity (difference after adding
FCCP), and maximum respiratory capacity (difference after adding antimycin). N =3
independent experiments. * p<0.05, *** p<0.001 compared to control, #p<0.05, ## p<0.01,
### p<0.001, TGvs TM
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Figure 2. ER stress induces mitophagy in bEnd5 cells
Confocal images show that compared to controls (A), TG (B) and TM (C) increase

lysosomes (identified by lysotracker green) and increase their association with mitochondria
(identified by mitotracker red), at 48 h of ER stress. D) Higher magnification images
showing individual lysosomes (arrowheads) and mitochondria (arrows) in controls with
essentially no co-localization, but a high degree of overlap (yellow) after ER stress, shown
here with TM. E) Analyses of co-localization in 3-D Z-stacks showed significantly greater
co-localization of green and red pixels with TG and TM at 48 and 72 h compared to controls
(CON). N = 3 independent experiments. ***p<0.001 compared to control. F) TG and TM
induced mitophagy also shown by Western blots of mitochondrial cell fractions probed for
parkin, which translocates to the mitochondria as part of the mitophagy process. PDH =
mitochondrial loading control. The autophagy and mitophagy marker, LC3I1l was increased
in both mitochondrial and cytoplasmic fractions. Blots are representative of n=2.
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Figure 3. ER stress reduces mitochondrial pS727-STAT3 and pFAK
A) Treatment with TG and TM caused a progressive and pronounced decrease in pS727-

STAT3 in the mitochondrial cell fraction, as shown by Western blot (representative of
n=3).Treatment for 24 h with the STAT3 inhibitor stattic was used as a positive control.
tSTAT3 =total STAT3, which remained stable under ER stress over time. Mitochondrial
ATPase was used as a loading control. B) pS727-STAT3 was also reduced in whole cell
lysates. A decrease in phosphorylation of FAK on Y397, which is critical for its activation,
was seen in largely the same time-dependent manner. tFAK = total FAK, a-tubulin was used
as loading control. Blots are representative of n=3. C) Densitometry of blots probed for
pFAK/total FAK shows significant decreases in pFAK397 with TG and TM treatment.
N=4-5 independent experiments.
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Figure 4. ER stress reduces pFAK through tyrosine phosphatases and calcium
bENd5 cells were treated with TG or TM for 48 or 72 h with or without the tyrosine

phosphatase inhibitor bpV or calcium channel blocker APB.A) bpV prevented the loss of
pFAK caused by ER stress, as shown in a Western blot. tFAK = total FAK, a-tubulin was
used as a loading control. B) APB completely rescued pFAK against TG, but not against
TM. This was accompanied by similar effects on pS727-STAT3. tSTAT3 = total STAT3.
Blots in A and B are representative of n=3.
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Figure 5. APB and bpV rescue endothelial cells from ER stress
bENdS5 cells were treated with TG or TM for 72 h followed by cell counts or mitochondrial

membrane potential (TMRM) measurements. A) Representative images show the expected
loss of cells in with TG and TM with vehicle treatment (left column) compared to controls
(CON). APB (middle column) appeared more protective against TG than TM. The bpV
(right column) treatment appeared to protect the cells equally against TG and TM, but had
different effects on the cell morphology. Arrows indicate adhered cells and arrowheads
rounded dying cells. P<0..001 compared to control (CON) for all conditions. # p<0.05, ##
p<0.01, ### p<0.001 B) Quantification showed that APB protected~20% of the cells against
TG, but not TM, and that bpV protected against TG and TM. Data are mean + SEM from
three independent experiments. C) In separate experiments, LDH release by cells, a marker
for cell death, confirmed the cell counts. * p<0.05, ** p<0.01, *** p<0.001 compared to
control, ## p<0.01, ### p<0.001 for treatment vs. TG alone. N = 3 independent experiments.
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Figure 6. S727-STAT3 protects endothelial cells against ER stress
STAT3 KO bEnd5 endothelial cells were transfected with GFP-containing constructs and

treated with TM for 72 h. Top panels are bright-field images. Bottom images are fluorescent
images. A) With control transfections (GFP alone, CON TM), many transfected cells show
aberrant small rounded morphology (yellow arrows). B) WT-STAT3-GFP cells looked for
the most part healthy, i.e., long-flattened attached cells (white arrows). C) S727A mutants
were mostly rounded, whereas D) S727D mutants looked healthy. E) Significantly more
GFP+ cells survived TM treatment when overexpressing GFP-WT STAT3 relative to control
plasmids. The number of cells transfected with S727A mutants was significantly lower than
the WT and S727D mutant transfected cells. Cell counts performed at 72 h are
representative of 4 independent experiments, normalized to transfection efficiency obtained
at 24 h. * p<0.05 compared to control. # p<0.05, ## p<0.01 compared to S727A.
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