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ARTICLE INFO ABSTRACT

Keywords: Background: Recombinant human erythropoietin (rhuEPO) and asialoerythropoietin (asialo-rhuEPO) are car-
Cardioprotection dioprotective. However, the protective effects of rhuEPO could not be translated into clinical practice because of
ASialO’“’_‘“EPO its hematopoiesis-associated side effects while non-erythropoietic asialo-rhuEPO is unavailable in large quan-
Apoptosis tities for clinical studies. This study was designed to investigate the cardiomyocyte protective potential of plant-
&l;tc{phagy produced asialo-thuEPO (asialo-rhuEPO") against staurosporine (STS)-induced injury in HL-1 murine cardio-

myocytes and identify cellular pathway(s) responsible for its cardioprotection.

Methods: HL-1 cardiomyocytes were simultaneously treated with STS and asialo-rhuEPO”. Cellular injury,
apoptosis, and cell viabilities were measured by LDH assay, Hoechst staining and trypan blue exclusion method,
respectively while western blotting was used to study its effects on apoptosis and autophagy hallmarks.
Results: Our results showed that 20 IU/ml asialo-rhuEPO” provided 39% protection to cardiomyocytes compared
to STS-treated cells, which is 2-fold better than that of mammalian cell-produce rhuEPO (rhuEPO™). Asialo-
rhuEPO” was found to suppress activation of proapoptotic kinase Mst1 (mammalian Sterile-20-like kinase 1) and
FOXO03, leading to inhibition of apoptotic pathway and restoration of autophagy as indicated by the reduction of
fragmented/condensed nuclei, altered ratios of Bax/Bcl2, p-Bad/Bad, cytosol/mitochondrial cyt ¢ and caspase-3
activation, and the restored levels of autophagy markers Beclinl, p62 and LC3B-II. Additionally, Akt was found
to be activated and FOXO3 was phosphorylated on Ser253, suggesting inhibition of FOXO3 transcriptional
function.

Conclusions: Asialo-thuEPOP-mediated cardioprotection occurs through activation of PI3K/Akt pathway leading
to suppression of Mstl activation and promoting cardiomyocyte survival.

General significance: Asialo-rhuEPO” could be used to modulate Mst1 activity elevated under numerous patho-
logical states.

1. Introduction

Cardiovascular diseases are the leading cause of death in the US
with an average of 1 death every 39s [1,2]. Cardiomyocyte injury and
apoptosis resulting from various disease conditions and treatments are a
major cause of morbidity and mortality [3]. When myocardial infarc-
tion occurs, for example, timely reperfusion is the most effective ap-
proach to provide the survival benefit to the ischemic myocardium
[2,4]. However, not only ischemia but also reperfusion can cause car-
diomyocyte injury and apoptosis because the latter generates free ra-
dicals that induce further damage [2,4]. Apoptosis therefore, plays a
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major role in inflicting damage to the heart following myocardial in-
farction. To block apoptosis and protect the myocardium from injury,
interventions involving pre- or post-conditioning or using pharmaco-
logical agents have been proposed [2,4,5]. Although numerous com-
pounds targeting different pathways involved in myocardial injury have
been tested, identification of an effective agent that would limit myo-
cardial injury from apoptotic cell death remains a challenge [5,6]. The
discovery of new therapeutics, directly targeting the apoptotic process
to prevent and impede cardiomyocyte injury and apoptosis, is highly
desired for the treatment of myocardial infarction as well as other
cardiovascular diseases.
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Mammalian sterile-20-like kinase 1 (Mst1), a ubiquitously expressed
serine/threonine kinase and component of the Hippo signaling
pathway, has an important role in regulating apoptosis besides con-
trolling cell proliferation and organ size [7-9]. During cardiomyocyte
apoptosis, Mstl is strongly activated to promote cardiac dysfunction,
whereas the suppression of Mstl inhibits apoptosis [10,11]. More re-
cently, Mstl was proved to act as a switch to regulate apoptosis and
autophagy dually during ischemic stress in mouse hearts [12]. Both
autophagy and apoptosis are important ancient processes, which reg-
ulate cell fate under normal and disease conditions [13]. The former
occurs through removing damaged organelles and protein aggregates to
maintain organelle function and control protein quality [14] while the
latter is activated through programmed cell death to eliminate old,
unnecessary, and unhealthy cells to prevent releasing harmful sub-
stances into the surrounding area [15]. In the context of the heart,
maintaining a certain physiological range of autophagic activity is
critical because either excessive or inadequate activity is harmful
[16,17]. During myocardial infarction, activation of autophagy during
an initial stage of ischemia was found to be protective whereas late or
delayed activation of autophagy during reperfusion is harmful [18].
Because of its important role in apoptosis and autophagy, Mstl was
suggested as an important therapeutic target for the discovery of new
drugs/therapies to prevent cardiomyocyte death [12]. To date, no
therapeutics has been identified to regulate the activity of Mst1 for the
purpose of cardiomyocyte survival.

Among the tested cardioprotective compounds, a glycoprotein
hormone erythropoietin produced in mammalian cell (rhuEPOM), best
known for its regulatory role in red blood cell (RBC) production, has
been reported to have cardioprotective function in in vitro and in vivo
animal models of ischemia/reperfusion (I/R) injury [19,20]. However,
its cardioprotective effects for reducing myocardial infarct size from I/R
injury could not be observed consistently in clinical studies [5]. The
therapeutic application of rhuEPOM for cytoprotection was also tam-
pered by observed adverse effects, such as thrombosis and hyperten-
sion, associated with its hematopoietic activity [21-24]. Moreover,
higher doses of EPO are needed for cytoprotective purpose, which can
result in massive production of RBCs because of unwanted stimulation
of erythropoiesis, causing more damage [25]. Therefore, cytoprotective
EPO derivatives lacking hematopoietic activity are desired for cyto-
protective purposes.

Several strategies have been employed to develop EPO derivatives
that retain cytoprotective function, but lack hematopoietic activity
[26-29]. Among them, asialo-rhuEPO prepared by enzymatic removal
of sialic acid residues of rhuEPO™ was found to be non-erythropoietic
but tissue protective in stroke, sciatic nerve injury, spinal cord com-
pression and I/R injury [26,29-31]. However, the cost and limited
availability of asialo-thuEPO through enzymatic desialylation were
major hurdle in translating its medical benefits. To overcome this, we
took advantage of an inexpensive plant-based expression to produce
asialo-thuEPO by stably co-expressing human EPO and f31,4-galacto-
syltransferase (GalT) genes in tobacco plants [32,33]. We discovered
that plant-produced asialo-rhuEPO (asialo-rhuEPO”) provides better
protection to neuronal-like mouse neuroblastoma cells (N2A) [33] and
pancreatic beta-cells [34] than rhuEPOM. In pancreatic beta cells,
suppression of Mst1 by asialo-rhuEPO” was observed [34]. In the pre-
sent study, we intended to investigate the cardioprotective potential of
asialo-ThuEPO” as well as to determine whether it can suppress Mst1
activation and benefit cardiomyocyte survival in detail. Asialo-rhuEPO”
was found to be not only cytoprotective toward cardiomyocytes but
also displaying 2-fold better cytoprotective effects than rhuEPO™. Our
studies revealed that asialo-rhuEPO"-mediated protective effects occur
via activation of the PI3K/Akt pathway leading to suppression of Mst1
activation and FOXO3 thereby promoting cell survival by inhibiting
apoptosis and restoring autophagy.
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2. Materials and methods
2.1. Materials

Asialo-thuEPO” was purified from transgenic tobacco line A56-5
[33] using two-step procedure as described previously [35]. The
number of asialo-thuEPO” units was calculated from protein con-
centration as described by Erbayraktar et al. [26]. Cell culture grade
mammalian cell-produced sialylated EPO (rhuEPO™) was purchased
from R & D Systems (Minneapolis, MN, USA). Claycomb medium, FBS,
norephinephrine, STS and HOECHST 33342 stain were obtained from
Sigma-Aldrich (Saint Louis, MO, USA). Lactate dehydrogenase (LDH)
assay kit was purchased from Roche (Indianapolis, IN, USA). M-PER
mammalian protein extraction reagent, Halt™ protease and phosphatase
inhibitor cocktail were obtained from Thermo Fisher Scientific (Grand
Island, NY, USA). Bradford reagent was purchased from Bio-Rad la-
boratories (Hercules, CA, USA). Antibodies for detection of Bcl-2, Bax,
p-Bad/Bad, cytochrome c (cyt c), caspase-3, Mstl, total FOXO3, p-
Ser253-FOX03, p-JAK2/JAK2, p-Akt/Akt, p62, Beclinl, LC3B, tubulin
and VDAC were purchased from Cell Signaling (Boston, MA, USA) ex-
cept anti-p-Ser207 FOXO3 (Zhenjiang Hope Biotechnology Co, Zhen-
jiang, China) and anti-B-actin (Sigma-Aldrich). West Pico chemilumi-
nescent substrate for western blotting was purchased from Thermo
Fisher Scientific.

2.2. HL-1 cell culture

HL-1 murine cardiomyocytes were received as a gift from Prof.
William C. Claycomb, Department of Biochemistry & Molecular Biology
at Louisiana State University Health Sciences Center, New Orleans,
USA. HL-1 cells were routinely cultured in Claycomb medium con-
taining 10% FBS, 100 U/ml penicillin/streptomycin, 0.1 mM nor-
epinephrine and 2 mM L-glutamine, and maintained at 37 °C in 5% CO»
in a humidified atmosphere [36]. HL-1 cells were used for various ex-
periments only after they reached ~80% confluence. To induce apop-
tosis and to perform cytoprotection assays, HL-1 cells were cultured in
Claycomb medium containing 0.2% FBS, 100 U/ml penicillin/strepto-
mycin, 0.1 mM norepinephrine and 2 mM r-glutamine.

2.3. STS dose-response stimulation curve

To establish the ECs, value of STS for induction of cellular damage
and apoptosis, HL-1 cells (2.0 x 10°) were cultured in 48-well cell
culture plates in Claycomb medium containing 0, 175, 350, 525, 700 or
875nM STS. After 24h treatment, LDH activity was measured in the
spent medium using a LDH assay kit according to the manufacturer's
protocol. Each treatment was performed in six wells representing six
replicates. The test was repeated three times as three biological re-
plicates. The average percentage of cellular toxicity from three batches
was then plotted against STS concentrations to obtain the ECs, value
using GraphPad Prism software.

2.4. In vitro cytoprotection assay

For EPO-mediated cytoprotection assay, HL-1 cells were seeded at a
density of 2.0 X 10° in 48-well cell culture plates. Once cells reached
~80% confluence, they were then subjected to different treatments. For
dose-response analysis, they were treated with 175nM STS alone, or
simultaneously with 10, 20, 30, 40 and 50 IU/ml asialo-rhuEPO" for
24h. For comparison of protective effects of asialo-rhuEPO® with
commercial thuEPOM, cells were treated simultaneously with 20 TU/ml
asialo-thuEPO” or rhuEPO™ in PBS containing 0.1% BSA and 175nM
STS, which were directly added to the Claycomb medium (with 0.2%
FBS). As a vehicle control, same volume of PBS containing 0.1% BSA
was added to the medium. For STS alone treatment, 175 nM STS in PBS
containing 0.1% BSA was included in the medium. After 24 h treatment,



E.S. Kittur et al.

cellular damage was assessed with LDH assay kit. Each test was per-
formed using six replicates. Assay was repeated three times as three
biological replicates.

2.5. Cell morphological changes and quantitative analysis of apoptotic
nuclei

To observe morphological changes and analyze apoptotic nuclei,
HL-1 cells were seeded at a density of 2.0 x 10° in 48-well cell culture
plates till ~80% confluence before applying treatments. Following 24 h
treatments with the vehicle, STS alone, STS +rhuEPO™ or STS + asialo-
rhuEPO” as described above, cell morphological changes were first
observed using a Nikon Eclipse TS100 (Melville, NY, USA) inverted
microscope. Light microscopy images were captured using NIS
Elements imaging software. Cells were also stained with DNA-binding
dye HOECHST 33342 to examine for morphological evidence of apop-
tosis. Briefly, cardiomyocytes grown in 48-well plates that were sub-
jected to above treatments were rinsed with PBS and stained with 5 pg/
ml HOECHST 33342 for 15 min. After brief rinse with PBS, stained cells
were viewed under an Olympus IX51 fluorescence microscope
(Waltham, MA, USA) to examine nuclear morphology. Cells were
scored as apoptotic if they exhibited nuclear chromatin condensation/
fragmentation. Each treatment was performed in three wells re-
presenting three replicates. About 250-300 cells were scored from each
well. The experiment was repeated twice as two biological replicates.

2.6. Protein extraction and subcellular fractionation

For western blot analysis to understand EPO-mediated cytoprotec-
tive mechanism, HL-1 cells were seeded at a density of 8.0 X 10° in T-
25 flasks. Once cells reached ~80% confluence, they were then treated
with the vehicle, STS alone, STS + rhuEPOM or STS + asialo-thuEPO” as
described above. Cell viability was assessed using a Vi-CELL XR cell
viability analyzer from Beckman Coulter (Fullerton, CA, USA) after 24 h
treatment. Then cells from different treatments were collected. Total
protein from HL-1 cells was obtained by lysis in M-PER buffer con-
taining Halt™ protease and phosphatase inhibitor cocktail. Cellular
fractionation to obtain mitochondrial and cytosolic fractions was per-
formed as follows. About 5.0 x 106 cells were lysed in 300 ul of buffer 1
(250 mM sucrose, 137 mM KCl, 70 mM NacCl, 4.3 mM Na,HPO,, 1.4 mM
KH2PO4, 200 pg/ml digitonin, 10X protease and phosphatase inhibitor
cocktail) by performing five freeze-thaw cycles. The lysate was then
centrifuged at 10,000 g for 10 min. The supernatant was saved as S1.
The pellet was washed with buffer 1 and centrifuged at 10,000 g for
10min. The resulting supernatant was saved as S2. The pellet was
washed three times with buffer 1, and extracted with buffer 2 (50 mM
Tris-HCl, 150 mM NaCl, 2mM EDTA, 2mM EGTA, 0.2% Triton X100,
0.3% NP-40, 10X protease and phosphatase inhibitor cocktail). The
extract was centrifuged at 20,000 g for 15min. The supernatant was
used as mitochondrial fraction. For cytosolic fraction, the S1 and S2
supernatants were combined and centrifuged at 100,000 g for 30 min.
The resulting clear supernatant was used as cytosolic fraction. Protein
concentration was measured using Bradford reagent with BSA as a
standard. The microassay format in 96-well flat bottom plate was em-
ployed as described by the manufacturer.

2.7. Western blot analysis

For western blot analysis, total protein (10-40 pg) or cytosolic/mi-
tochondrial fractions (7 pg) were applied on 7.5-13.5% SDS-PAGE gels
depending on the molecular size of targets. Electrophoresis was per-
formed at 200V, followed by transfer onto a PVDF membrane using
Towbin as transfer buffer. After transfer, the blots were blocked with
5% BSA in 1X PBST for 1 h and then probed with antibodies indicated in
material section. All antibodies indicated except anti-B-actin were used
at a dilution of 1:1000 in 1X PBST containing 5% BSA. Anti-B-actin
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antibody was used at a dilution of 1:2000. Following incubation with
primary antibodies, blots were washed and incubated with 1:2000 di-
luted HRP-conjugated secondary antibodies for 1h at room tempera-
ture. SuperSignal West Pico chemiluminescent substrate was used to
visualize protein bands. In the case of detection of phosphorylated
protein targets, the blots were first probed with phosphoprotein-specific
antibodies, followed by stripping and re-probing with antibody specific
for their unphosphorylated versions. The blots were then stripped and
re-probed with anti-f-actin antibody as a loading control. In the case of
mitochondrial fraction, anti-VDAC antibody was used as a loading
control. The densities of western blotting bands were analyzed using
UVP GelDoc-IT? imaging system (Upland, CA, USA).

2.8. Statistical analysis

All results were presented as the mean *+ SD. Statistical sig-
nificance was analyzed using One-way ANOVA and student's t-tests for

pairwise mean comparison (P < 0.05).

3. Results
3.1. STS dose-response simulation curve and determination of ECso

To determine the in vitro cardioprotective effects of asialo-rhuEPO”,
STS was used to induce cellular injury and apoptosis in HL-1 murine
cardiomyocytes since it is known to induce oxidative stress and apop-
tosis in many cell types [37]. A dose-response curve was first estab-
lished by treating HL-1 cardiomyocytes with 0, 175, 350, 525, 700 and
875nM STS. After 24 h treatment, LDH released in the medium was
measured and converted to cytotoxicity values. From the cytotoxicity
data (Fig. 1A), an ECsg value of 175 nM was obtained, which is similar
to previously reported [38]. Therefore, 175 nM STS was used to induce
apoptosis to investigate the cardioprotective effect of asialo-rhuEPO”
and its protective mechanism.

3.2. Asialo-rhuEPO" treatment protected HL-1 murine cardiomyocytes
against STS-induced injury

To evaluate the cardioprotective effect of asialo-rhuEPOP, its ability
to protect HL-1 murine cardiomyocytes against STS-induced cell injury
was studied. Cardiomyocytes were treated with 175 nM STS alone, or
simultaneously with 10, 20, 30, 40 and 50 IU/ml asialo-rhuEPO" for
24h; and LDH assay was used to determine cytotoxicity from the
amount of LDH released into culture medium. Results showed that
treatment of cardiomyocytes with STS alone resulted in 69% cytotoxi-
city, whereas cells treated simultaneously with STS and 10-50 IU/ml
asialo-rhuEPO” displayed cytotoxicity ranging from 54% to 30%, cor-
responding to cytoprotection rates of 22, 40, 51, 53 and 57, respectively
(Fig. 1B). The above results indicate that asialo-rhuEPO” protect car-
diomyocytes against STS-induced cell injury. To compare the protective
effects of asialo-rhuEPO” with rhuEPOM, a dose of 20 IU/ml was chosen
because there were smaller increases in cytoprotection rates beyond 20
IU/ml (Fig. 1B), and that asialo-thuEPO® and rhuEPOM at 20 IU/ml
dose have been shown to be neuro- [33] and cardio-protective [39],
respectively. Treatment of HL-1 cardiomyocytes with STS+ 20 IU/ml
rhuEPOM resulted in 55% cytotoxicity corresponding to 19% cytopro-
tection, whereas STS+ 20 IU/ml asialo-rhuEPO" displayed 42% cyto-
toxicity (39% cytoprotection) (Fig. 2A). These results indicate that the
asialo-thuEPO” is cardioprotective and that it even has ~2-fold better
cytoprotective effect than rhuEPO™.

To further investigate the anti-apoptotic effect of asialo-rhuEPQO’,
cell morphological changes and nuclear fragmentation were observed
in cardiomyocytes subjected to different treatments. STS alone treated
cardiomyocytes exhibited severe cytoplasmic shrinkage and were either
detached from each other or floated into the medium (Fig. 2B). Their
nuclei were extensively fragmented (Fig. 2C). However,
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Fig. 1. Dose-response curve of STS treatments in HL1 cardiomyocytes and cy-
toprotective effects of asialo-rhuEPO" against STS-induced cell death. A. HL-1
murine cardiomyocytes were treated with 0, 175, 350, 525, 700 or 875 nM STS
to establish the ECsq value. B. HL-1 murine cardiomyocytes were treated with
175 nM STS alone, or simultaneously with 10, 20, 30, 40 and 50 IU/ml asialo-
rhuEPO” to determine dose-response. After 24 h treatment, LDH released in the
medium was measured and converted to cytotoxicity values. All data plotted
are the average of three independent experiments = SD. Different letters la-
beled represent significant difference at p < 0.05 level.

cardiomyocytes treated with STS+ asialo-rhuEPO" exhibited minimal
apoptotic cell morphological changes (Fig. 2B), and had lesser frag-
mented nuclei (Fig. 2C). In the case of STS+ rhuEPOM treated cardio-
myocytes, the protective effect was less pronounced compared to STS
+ asialo-thuEPO” treated cells. The above results indicate that asialo-
rhuEPOP treatment and to a lesser extent rhuEPOM treatment prevented
cell death in HL-1 cardiomyocytes compared to STS alone treated cells.
This protection appears to be due to inhibition of apoptosis. After
treatment with STS+ asialo-thuEPO”, cells exhibited significant de-
crease (~44%) in apoptotic nuclear morphological change compared to
STS alone (Fig. 2D). In the case of cardiomyocytes subjected to STS
+rhuEPOM treatment, the decrease in apoptotic morphological change
was about 37%.

3.3. Asialo-thuEPO" treatment inhibited Mst1 activation

Recent studies have shown that Mstl is strongly activated in car-
diomyocytes under toxic or pathologic conditions to promote apoptosis
whereas suppressing Mstl could prevent apoptosis [10-12] and en-
hance autophagy [12] to benefit cardiomyocyte survival. In our recent
study with pancreatic beta-cells we observed that asialo-rhuEPO”
treatment suppresses Mstl activation [34]. To investigate whether
asialo-rhuEPO” also suppresses Mst1 in cardiomyocytes, we carried out
western blot analysis to detect Mst1 activation. Before immunoblotting
analysis, cell viability of HL-1 cardiomyocytes subjected to different
treatment was measured using Trypan blue dye exclusion method.
Results showed that the cell viabilities of vehicle control, STS alone,
STS +rhuEPOM and STS + asialo-rhuEPO” treatments were 87.5%, 69%,
74.5% and 82.5%, respectively (Fig. 3A). Compared to STS alone,
rhuEPO™ and asialo-thuEPO” treatments had significantly higher
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cytoprotective effects; and asialo-rhuEPO” had more than ~2-fold
better cytoprotective effects than thuEPO™, which is consistent with
observed results based on LDH assay. Therefore, the above treated cells
were used to study asialo-rthuEPO’-mediated cytoprotective me-
chanism. The results of western blotting showed that STS treatment
induced Mst1 activation in cardiomyocytes as evident from a strong 34
kD band representing an active form of Mst1 (Fig. 3B). In STS +asialo-
rhuEPOP treated cardiomyocytes, the intensity of Mst1 active band was
however, much lower than the band in STS only treated cardiomyo-
cytes. In thuEPOM treated cells, the intensity of 34 kD band was also
different from that of STS only treated cells. When Mstl 34/60kDa
(active/inactive form) ratios of STS alone, STS+rhuEPO™ and STS
+ asialo-thuEPQO” treatments were calculated and compared to vehicle
control (set as 1), they were 3, 2 and 1.6, respectively (Fig. 3B). These
results indicated that both rhuEPO™ and asialo-rhuEPO” could suppress
Mstl activation.

It is known that the proapoptotic function of Mstl is mediated
through transcriptional factor FOXO3 via phosphorylation of its Ser207
[40]. FOXO3 is a Mst1 substrate, and is activated by phosphorylation on
Ser207 to trigger its translocation to the nucleus where it initiates
transcription of numerous apoptotic genes thereby mediating cell death
[40]. Therefore, the endogenous levels of p-Ser207-FOXO3 in cells
subjected to different treatments were determined by western blotting
to further confirm inhibitory effect of EPO on Mstl. Western blotting
results showed that STS alone treated cells had 2.8-fold higher ratio of
p-Ser207-FOXO03 to total FOXO3 compared to untreated cells (Fig. 3C),
indicating that under stress conditions FOXO3 is activated consistent
with activation of Mst1 under the same conditions (Fig. 3B). In the case
of thuEPOM and asialo-thuEPO” treated cells however, the p-Ser207-
FOXO3 to total FOXO3 ratios were ~1.5- and 1.3-fold, respectively
(Fig. 3C) compared to that of untreated cells, suggesting that rhuEPO™
and asialo-thuEPO” treatment prevented FOXO3 activation. The above
results indicate that the EPO treatment truly suppresses Mstl kinase
activity as well as FOXO3 activation.

3.4. Asialo-rhuEPO” treatment inhibited apoptotic hallmarks

Mstl has been considered as an efficient mediator of apoptosis be-
cause it acts both as an activator as well as a target of caspase-3 in the
apoptosis signaling pathway [41,42]. Since the suppression of Mstl in
cardiomyocytes was observed following asialo-rhuEPO” treatment, and
that Mst1 activation is both caspase-3 dependent and independent [41],
we were interested to see activation status of caspase-3 under different
treatments. To investigate this, caspase-3 activation was first measured
in HL-1 cardiomyocytes subjected to the above indicated treatments.
Western blotting results showed that STS treatment induced caspase-3
activation as evident by release of a 17 kDa active form (Fig. 4A).
Compared to STS alone treatment, asialo-rhuEPO” and rhuEPOM could
suppress caspase-3 activation as shown by the lesser intensity of the
17kDa active band. The active caspase-3 (17 kDa)/procaspase-3
(35 kDa) ratios for STS alone, STS + rhuEPO™ and STS + asialo-rhuEPO”
treatments were 23, 15 and 7 when compared to that of vehicle control
(set as 1). These results indicate that both rhuEPO™ and asialo-rhuEPO”
inhibited STS-induced caspase-3 activation and that the latter one had
superior inhibitory effect than the former.

When the pro-apoptotic regulators Bax and Bad, and anti-apoptotic
proteins Bcl-2 and p-Bad were analyzed, both rhuEPO™ and asialo-
rhuEPO” treatments could lower STS-induced Bax/Bcl-2 ratio to that of
vehicle control level, and partially restore p-Bad/Bad ratio suppressed
by STS treatment (Fig. 4B and C). However, there were no significant
differences in the changes of Bax/Bcl-2 and p-Bad/Bad ratios between
rhuEPO™ and asialo-rhuEPO” treatments. Apart these apoptotic mar-
kers, the leakage of cyt ¢ from mitochondria into the cytosol is shown to
be one of the most important indicators in the apoptotic process [43].
When levels of cyt ¢ in mitochondria and cytosol were measured, STS
treatment alone resulted in leakage of cyt ¢ from mitochondria to
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Fig. 2. Protective effects of asialo-rhuEPO” on HL1 cardiomyocytes. Cells were treated with PBS containing 0.1% BSA (vehicle control), 175nM STS, 175 nM STS
with thuEPOM or asialo-rhuEPO®, respectively. A. Protective effects of rhuEPOM and asialo-rhuEPO” against STS-induced cell death. B. Morphological changes after
different treatments. Arrows indicate cells rounding and detachment. C. Apoptotic cells displaying fragmented nuclei after different treatments. Arrows indicate
fragmented nuclei. D. Apoptosis rate based on fragmented nuclei was calculated as described in METHODS. All data plotted in A and D are the average of three and
two independent experiments + SD, respectively. Different letters labeled represent significant difference at p < 0.05 level. Scale bars: 10 pm.

cytosol with cytosol/mitochondria ratio approximately 4-fold higher
than the vehicle control (Fig. 4D). When HL-1 cardiomyocytes were
treated with either rhuEPOM or asialo-rhuEPO” plus STS, both of them
could prevent the leakage of cyt ¢ from mitochondria into the cytosol,
and their cyt c cytosol/mitochondria ratios were only 1.7- and 1.3-fold
compared to that of the vehicle control. Together, the above western
blotting results indicate that both rhuEPO™ and asialo-thuEPO® treat-
ments inhibited apoptosis markers to exert their cytoprotective effects
in cardiomyocytes. These results are consistent with the decreased
apoptotic nuclear morphological changes observed in rhuEPO™ +STS
and asialo-thuEPO” +STS treated cardiomyocytes (Fig. 2B and C).

3.5. Asialo-thuEPO” treatment restored STS-induced changes of autophagy
markers

Recently, Mstl has been proved to act like a switch to dually reg-
ulate apoptosis and autophagy during stress [12]. After observing that
asialo-ThuEPO” treatment could suppress Mstl activation as well as
prevent cell death, we set out to know whether suppression of Mstl
activation by asialo-thuEPO” affects autophagy since maintaining au-
tophagy within physiological levels is important [44]. Both p62 and
LC3 have been widely used autophagy markers [45,46]. Protein p62 is a
key substrate of autophagy [47]. The LC3 protein is an ubiquitin-like
protein that undergoes conjugation with phosphatidylethanolamine
(PE) resulting in formation of LC3-II from unconjugated LC3-I upon
induction of autophagy [48]. The latter is then integrated into lipid
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membranes at the phagophore and autophagosomes [46]. LC3 has
multi-isoforms in mammalian cells, but only LC3B correlates with in-
creased levels of autophagic activity and is recommended to be used for
autophagy analysis [45,46]. Therefore, the levels of p62 and LC3B
along with Beclinl, which play important roles in autophagosome
formation and autolysosome fusion, were analyzed in the above four
types of treated cells.

Western blotting results showed that STS treatment alone caused a
32% reduction in Beclinl levels compared to the vehicle control
(Fig. 5A). RhuEPOM and asialo-rhuEPO" were able to restore 24% and
38% of Beclinl levels, respectively compared to STS alone treatment.
These results are consistent with a previous report that EPO could re-
store levels of Beclinl in human neuroblastoma cell line [49]. When
protein p62 was quantified, HL-1 cardiomyocytes treated with STS
alone had approximately 2-fold higher protein than that of the vehicle
control while STS+rhuEPO™ and STS + asialo-thuEPO” treated cells
had 2.2- and 1.5-fold, respectively (Fig. 5B). These results suggest that
STS treatment inhibits autophagy because p62 is typically degraded
during autophagy. Asialo-thuEPO” had a capacity to significantly re-
store autophagy, but not rhuEPOM (Fig. 5B).

Unlike p62, which is rapidly accumulated in cytosol during inhibi-
tion of autophagy [47], using LC3 to assess the autophagy activity is not
straight forward because the conversion of LC3-II/LC3-I is cell type- and
treatment-specific and the accumulation of LC3-II can result from either
enhanced autophagosome synthesis or reduced autophagosome turn-
over to the lysosome [45,46]. Therefore, total LC3B (LC3B-II + LC3B-I),
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LC3B-1I/LC3B-I ratio, and LC3B-II only were compared among different
treatments. Approximately 25% increase of total LC3B proteins was
observed in STS only treated cells compared to the vehicle control while
STS +rhuEPOM and STS + asialo-rhuEPO” treated cells had similar le-
vels of total LC3B as the vehicle control (Fig. 5C). When we compared
the LC3B-II/LC3B-I ratio among different treatments, it was found to be
45% higher in STS treated cells than the vehicle control while STS
+rhuEPO™ and STS +asialo-rhuEPO” treated cells had a ratio of 19%
and 35% higher than the vehicle control, respectively (Fig. 5C). A
comparison of LC3B-II only among different treatments showed that
STS alone treated cells had 44% higher LC3B-II than vehicle control
whereas STS +rhuEPO™ and STS +asialo-rhuEPO” had about 18% and
4% higher, respectively (Fig. 5C). These results indicate that the higher
level of total LC3B observed in STS treated cells resulted from accu-
mulation of LC3B-II, suggesting that the autophagy seems to be im-
paired at autophagosome-lysosome fusion step [46]. Increased levels of
LC3B in STS treated cells is consistent with the higher levels of p-
Ser207-FOXO03 levels (Fig. 3C), which is known to induce LC3B gene
expression [50]. Both asialo-thuEPO” and rhuEPOM treatment reduced
total LC3B levels, which could be due to reduced activation of FOXO3
(Fig. 3C). These results indicate that both asialo-rhuEPO® and rhuEPOM
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appear to have capacity to restore autophagy possibly via alleviating
STS-induced autophagosome turnover problem.

3.6. Asialo-rhuEPO” treatment restored STS-mediated changes in
phosphorylated JAK2 and Akt levels

Based on previous studies, it is believed that EPO-mediated cell/
tissue protection, including cardioprotection is associated with its
binding to either homodimeric EPO receptor (EPOR), [20,51] or het-
erodimeric receptor comprising of EPOR and the beta common receptor
(B-CR) (EPOR-B-CR) [25]. After binding, JAK2 is activated by phos-
phorylation (p-JAK2), which then switches on downstream cell sig-
naling pathways, such as PI3K/Akt, STAT5 and MAPK depending on the
cell-type and cellular insult [25]. Activation of these pathways then
induces regeneration and inhibits apoptosis and inflammation [25].
Since Akt is known to play a central role in promoting the survival of
wide range of cell types, and previous studies suggest that anti-apop-
totic effects of EPO are mediated through phosphorylation of JAK2 and
Akt (p-Akt), the phosphorylated levels of JAK2 and Akt were analyzed
by western blotting. The results showed that STS alone significantly
reduced p-JAK2/JAK2 ratio by 26% compared to the vehicle control,
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level.

whereas thuEPOM™ and asialo-thuEPO” could partially restore the p-
JAK2/JAK2 ratio back to vehicle control (Fig. 6A). However, restoring
capacity of asialo-rhuEPO” was not as strong as thuEPO™. As for p-Akt/
Akt ratio (Fig. 6B), STS treatment significantly reduced this ratio by
22% compared to the vehicle control, but both thuEPO™ and asialo-
rhuEPO® had similar capacity to restore the above ratio by maintaining
the phosphorylated Akt level close to that of the vehicle control
(Fig. 6B). These results indicate that both rhuEPOM and asialo-rhuEPO”
can activate JAK2 and maintain the active status of Akt.

Since Akt has been shown to promote cell survival by inhibiting
FOXO3 transcriptional activity via phosphorylation on Ser253 residue
and excluding it from the nucleus [52], we investigated whether
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activated Akt in rhuEPOM or asialo-rhuEPO"-treated HL-1 cells favor
phosphorylation of FOXO3 on Ser253. Western blotting results showed
decrease in the ratio of p-Ser253-FOXO03/total FOXO3 in STS alone
treated HL-1 cells compared to untreated control cells (Fig. 6C). In the
case of thuEPOM or asialo-thuEPO"-treated HL-1 cells, the ratio was
closer to untreated control cells (Fig. 6C). These results indicate that
activation of Akt by rhuEPO™ or asialo-thuEPO” suppresses FOXO3
activation (likely through suppression of Mstl activation) and possibly
excludes it from nucleus favoring cell survival. This is consistent with
higher cell viabilities observed in thuEPO™ or asialo-thuEPOP-treated
HL-1 cells compared with STS alone treated cells (Fig. 2A).
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4. Discussion

New therapeutics to prevent cardiomyocyte injury and death re-
sulting from various disease conditions and the adverse side effects of
treatments would be helpful to reduce the morbidity and mortality in
cardiovascular diseases [3-5,53]. An effective agent that would limit
myocardial injury and prevent cardiomyocyte cell death has yet to be
identified even though numerous compounds have been tested during
the past several decades [4-6,54]. Although rhuEPOM was found to
have cardioprotective effects in animal models of I/R injury as well as
non-ischemic cardiac dysfunction [55,56], its cardioprotective effects
could not be observed consistently in clinical studies [5]. The adverse
effects (such as thrombosis and hypertension) associated with its he-
matopoietic activity might have been contributing factors for its failure
in clinical trials [51]. This led to discovery of non-erythropoietic EPO
derivatives such as asialo-rhuEPO [26]. It was found that asialo-rhuEPO
obtained by enzymatic removal of sialic acids from rhuEPO™ has car-
dioprotective functions in different in vitro and in vivo models of heart
diseases [30,31,57]. Nonetheless, it did not find its way into clinical test
and practice because of limited and costly production from rhuEPO™
and lack of suitable expression system for direct expression. Therefore,
our finding that plant-produced asialo-thuEPO” not only protected
cardiomyocytes against STS-induced injury but also had better cyto-
protective effects than rhuEPOM (Fig. 2A) is significant. Considering the
many potential advantages of plant-based expression, such as the low

164

cost of production, human pathogen free, and ease of scale-up, asialo-
rhuEPO® could be potentially developed as a potent cardioprotective
drug that many patients in both developed and developing world can
afford.

The most important finding in the present study is the suppression
of Mst1 by asialo-rhuEPO” leading to inhibition of apoptosis and re-
storation of autophagy in HL-1 cardiomyocytes (Fig. 7). This discovery
adds a new dimension to our understanding of how EPO mediates its
cardioprotective effects. So far, there is no report on thuEPO- or asialo-
rhuEPO-mediated suppression of Mstl activation in cardiomyocytes
even though Mstl is known to be a major player of apoptosis [58] and
acts both as an activator as well as a target of caspase-3 [41,58-60]. It is
generally believed that the cardioprotective effects of rhuEPO is
through anti-apoptotic activity, which involves a number of signaling
pathways, such as JAK2/STAT5, PI3K/Akt, MAPK (mitogen-activated
protein kinase), and Kapp (mitochondrial potassium channel) de-
pending on the cell-type and type of injury [61-65]. In the present
study, we found that asialo-rThuEPO” treatment activated Akt (Fig. 6B),
consistent with previous reports that protective effects of EPO are partly
mediated by phosphorylation of Akt [57,63,66]. Akt is a key regulator
of cellular survival, and is known to inhibit apoptosis by directly
phosphorylating key players of the apoptotic pathway, such as Bad,
caspase-9 and Bax [67]. Recently, Mstl was identified as a physiolo-
gical interacting partner of Akt and its target [68]. Akt has been shown
to inhibit proteolytic activation of Mstl by phosphorylating Thr'®”
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residue, blocking FOXO3 phosphorylation (Ser207) and nuclear trans-
location thereby benefiting cell survival [69]. Therefore, there is a good
reason to believe that activated Akt following asialo-rhuEPO” or
rhuEPOM treatment suppressed Mstl activation and very likely in-
hibited FOXO3a transcriptional activity. Among the apoptotic hall-
marks investigated besides Mstl, we observed that Bax/Bcl2, p-Bad/
Bad, caspase-3 activation and cyt c cytosol/mitochondria ratios
(Fig. 4A-D) were dramatically altered in asialo-rhuEPO” or rhuEPOM
treated cardiomyocytes than STS-treated cells. These results further
indicate that asialo-rhuEPO” inhibited apoptotic pathway and cell
death, which is consistent with the higher cell viability observed in
asialo-rhuEPO” treated cardiomyocytes compared to STS alone treated
cells (Fig. 3A).

In addition, the observed suppressing effects of asialo-rhuEPO” on
Mst1 activation led to the observation that asialo-rhuEPO"-mediated
cardioprotection also occurs via partially restoring autophagy activity.
Under cellular stress conditions (Fig. 7), Mstl is activated to phos-
phorylate Beclinl, which is a component of a type III PI3-kinase com-
plex involved in the nucleation of the autophagic vesicle and a marker
of autophagy [12]. The phosphorylated Beclinl then dissociates from
the autophagy complex Atgl4L-Beclinl-Vps34 to replace Bax from
apoptosis suppressing Bax-Bcl-2 complexes to form autophagy sup-
pressing complex Bcl-2-Beclinl (Fig. 7) [12,13]. The released Bax from
Bax-Bcl-2 complex then promotes apoptosis while breakdown of au-
tophagy complex inhibits autophagy, both of which promote cell death.
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Our findings that asialo-rhuEPO” treatment inhibited Mst1 activation
(Fig. 3B) and restored Beclinl and p62 levels close to vehicle control
(Fig. 5A and B), indicate that autophagy was partially restored. Ad-
ditionally, Akt which is known to suppress autophagy was found to be
activated following asialo-rhuEPO” treatment (Fig. 6B). FOXO3 was
also found to be predominantly phosphorylated at Ser253 (Fig. 6C), a
form that excludes it from the nucleus and inhibit its transcriptional
activity [52]. These results together with the fact that Akt directly in-
hibits Mst1 activation [69] suggest that activation of PI3k/Akt pathway
plays an important role in regulating autophagy via modulation of Mst1
activity. Consequently, the asialo-rhuEPO” mediated modulation of
Mstl activity seems not only to prevent apoptosis but also restore au-
tophagy, thereby promoting cardiomyocyte survival. Apoptotic, ne-
crotic and autophagic cell deaths have been observed in cardiomyo-
cytes during myocardial infarction, I/R injury and heart failure,
therefore, intervention based on asialo-ThuEPO” could be used to re-
duce the damage and improve the cardiac function in patients with the
above indicated cardiovascular disease conditions.

Since prevention of Mst1 activation is now recognized to be critical
for cardiomyocytes and pancreatic beta-cell survival [12,42], it can be
considered as a good target to develop therapeutics for treating cardi-
ovascular diseases and diabetes. However, no drug or approach has
been identified yet. Only recently, Fan et al. [70] showed that blocking
Mstl/2 activities by a newly identified compound, 4-((5,10-dimethyl-6-
0x0-6,10-dihydro-5H-pyrimido[5,4-b]thieno[3,2-e][1,4]diazepin-2-1)
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action of EPO and asialo-EPO interact with homodimeric EPOR receptor or
heterodimeric EPOR-f-CR (B-common receptor) receptor as summarized by
Brines and Cerami [25,74]. Based on findings in the current study, the cyto-
protective effects of asialo-rhuEPO” seem to be mediated through Akt, which is
a direct inhibitor of Mstl and FOXO3. Suppression of Mstl activation might
maintain the autophagy complex (Beclinl/Atg14L/Vps34/p150) with less dis-
turbance of the antiapoptotic Bax-Bcl-2 complex. In the absence of asialo-
rhuEPO®, STS-treatment activates Mst1 leading to disruption of autophagy
complex, thereby inhibiting autophagy, whereas the Bax released after se-
questration of Bcl-2 by Beclinl and inhibited by Bim (induced by FOXO3)
causes the release of cyt ¢ from mitochondria, resulting in initiation of apop-
tosis. The black arrows and T symbols indicate promoting and inhibitory effects
caused by STS treatment, respectively. The blue arrow close each protein
pointing upward indicates activated effects of asialo-rhuEPO" treatment while
the red arrow close to each protein pointing downward indicates inhibitory
effects of asialo-ThuEPO” treatment as revealed by western blotting analysis.

amino)benzenesulfonamide (XMU-MP-1), benefits intestinal and liver
repair and regeneration in mice. The asialo-rhuEPO-mediated sup-
pression of Mstl activation observed in the current cardiomyocyte
protection study as well as in our previous pancreatic beta-cell study
[34] suggest that asialo-rhuEPO” could potentially be developed not
only as a cardioprotective drug but also as a broad cytoprotective agent
against different types of cell/tissue injuries.

The observed 2-fold better cytoprotective effects of asialo-rhuEPO”
in cardiomyocytes than rhuEPO™ (Fig. 2A) is supported by our previous
neuroprotection study, in which it was also found to have 2-fold better
neuroprotective effects than rhuEPO™ [33]. Even though the detailed
cytoprotective mechanisms remain to be elucidated, the differences in
protective effects could result from their variation in N-glycan chain
structures and their interaction with the receptor. As shown in Fig. 7,
rhuEPO bears terminal sialic acid residues whereas these are absent in
asialo-rhuEPO. Sialic acid has been shown to have negative effect on
receptor binding in which rhuEPO exhibits much less affinity for EPOR
than asialo-thuEPO [71-73]. Moreover, for cytoprotective function,
EPO has been suggested to bind to a heterodimeric receptor consisting
of EPOR and -CR [25,74]. EPOR is expressed in cardiomyocytes [75],
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but whether asialo-rhuEPO” binds to homodimeric EPOR or hetero-
dimeric EPOR-B-CR is still not clear at the moment. Nevertheless, future
studies are warranted to answer which receptor asialo-rhuEPO” binds
to and what are affinities of rhuEPO™ and asialo-rhuEPO for the above
receptor.

Another possibility that can explain better cytoprotective effects of
asialo-thuEPO” in cardiomyocytes than thuEPOM is their capacities to
regulate autophagy. Maintaining autophagy within physiological levels
is critical for cardiac homeostasis [44]. The autophagy substrate p62 is
a good indicator of autophagy flux and accumulation of cellular p62
levels indicates the inhibition of autophagy [47]. Based on Beclinl, p62
and LC3B-II levels in HL-1 cardiomyocytes subjected to different
treatments (Fig. 5), STS could inhibit autophagy whereas asialo-
rhuEPO” had the capacity to relieve STS-induced autophagy inhibition.
Why rhuEPOM failed to relieve autophagy inhibition as much as asialo-
rhuEPO? did is not clear at this time, and warrants further studies.

5. Conclusions

In summary, our findings that asialo-rhuEPO” not only protected
cardiomyocytes against STS-induced apoptosis but also had better cy-
toprotective effects than rhuEPOM, and that asialo-rhuEPO”-mediated
cardioprotection involves restoration of autophagy correlating with the
suppression of Mstl activation are significant. These findings set the
stage for future in vivo cardioprotective studies in animal models of
cardiac injury to determine whether asialo-rhuEPO” could be developed
as a novel agent to protect cardiomyocytes.

Acknowledgements

We thank William C. Claycomb for kindly providing HL-1 murine
cardimyocytes.

Funding

This work was supported by National Institute of General Medical
Sciences grant (SC1IGM111178-01A1) and North Carolina
Biotechnology Center Grant (2013-BRG-1207) to J.H. Xie, and the
China Scholarship Council (201408645003) to Y. Lin.

Appendix A. Transparency document

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.bbrep.2019.01.004.

References

[1] V.L. Roger, A.S. Go, D.M. Lloyd-Jones, R.J. Adams, J.D. Berry, T.M. Brown,

M.R. Carnethon, S. Dai, G. de Simone, E.S. Ford, C.S. Fox, H.J. Fullerton,

C. Gillespie, K.J. Greenlund, S.M. Hailpern, J.A. Heit, P.M. Ho, V.J. Howard,

B.M. Kissela, S.J. Kittner, D.T. Lackland, J.H. Lichtman, L.D. Lisabeth, D.M. Makuc,
G.M. Marcus, A.M. Marelli, D.B. Matchar, M.M. McDermott, J.B. Meigs, C.S. Moy,
D. Mozaffarian, M.E. Mussolino, G. Nichol, N.P. Paynter, W.D. Rosamond,

P.D. Sorlie, R.S. Stafford, T.N. Turan, M.B. Turner, N.D. Wong, J. Wylie-Rosett, ,
Heart disease and stroke statistics-2011 update: a report from the American Heart
Association, Circulation 123 (2011) e18-e209.

J.C. Bopassa, Protection of the ischemic myocardium during the reperfusion: be-
tween hope and reality, Am. J. Cardiovasc. Dis. 2 (2012) 223-236.

M. Chiong, Z.V. Wang, Z. Pedrozo, D.J. Cao, R. Troncoso, M. Ibacache, A. Criollo,
A. Nemchenko, J.A. Hill, S. Lavandero, Cardiomyocyte death: mechanisms and
translational implications, Cell Death Dis. 2 (2011) e244, https://doi.org/10.1038/
cddis.2011.130.

P.Z. Gerczuk, R.A. Kloner, An update on cardioprotection: a review of the latest
adjunctive therapies to limit myocardial infarction size in clinical trials, J. Am. Coll.
Cardiol. 59 (2012) 969-978.

R.A. Kloner, Current state of clinical translation of cardioprotective agents for acute
myocardial Infarction, Circ. Res. 113 (2013) 451-463.

G.M. Frohlich, P. Meier, S.K. White, D.M. Yellon, D.J. Hausenloy, Myocardial re-
perfusion injury: looking beyond primary PCI, Eur. Heart J. 34 (2013) 1714-1722.
P. Ling, T.J. Lu, C.J. Yuan, M.D. Lai, Biosignaling of mammalian Ste20-related ki-
nases, Cell Signal. 20 (2008) 1237-1247.

[2]
[3]

[4]

[5]
[6]

[7]



E.S. Kittur et al.

[8]
[9]

[10]

[11]

[12]

[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

D. Pan, The Hippo signaling pathway in development and cancer, Dev. Cell 19
(2010) 491-505.

J. Avruch, D. Zhou, J. Fitamant, N. Bardeesy, F. Mou, L.R. Barrufet, Protein kinases
of the Hippo pathway: regulation and substrates, Semin. Cell Dev. Biol. 23 (2012)
770-784.

S. Yamamoto, G. Yang, D. Zablocki, J. Liu, C. Hong, S.J. Kim, Activation of Mst1
causes dilated cardiomyopathy by stimulating apoptosis without compensatory
ventricular myocyte hypertrophy, J. Clin. Investig. 111 (2003) 1463-1474.

M. Odashima, S. Usui, H. Takagi, C. Hong, J. Liu, M. Yokota, J. Sadoshima,
Inhibition of endogenous Mst1 prevents apoptosis and cardiac dysfunction without
affecting cardiac hypertrophy after myocardial infarction, Circ. Res. 100 (2007)
1344-1352.

Y. Maejima, S. Kyoi, P. Zhai, T. Liu, H. Li, A. Ivessa, S. Sciarrette, D.P. Del Re,
D.K. Zablocki, C. Hsu, D. Lim, M. Isobe, J. Sadoshima, Mst1 inhibits autophagy by
promoting the interaction between Beclinl and Bcl-2, Nat. Med. 19 (2013)
1478-1488.

R. Dhingra, L.A. Kirshenbaum, Mst-1 switches between cardiac cell life and death,
Nat. Med. 19 (2013) 1367-1368.

B. Levine, D.J. Klionsky, Development by self-digestion: molecular mechanisms and
biological functions of autophagy, Dev. Cell 6 (2004) 463-477.

A.H. Wyllie, The genetic regulation of apoptosis, Curr. Opin. Genet. Dev. 5 (1995)
97-104.

S. Pattingre, A. Tassa, X. Qu, R. Garuti, X. Huan Liang, N. Mizushima, M. Packer,
M.D. Schneider, B. Levine, Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent
autophagy, Cell 122 (2005) 927-939.

N. Mizushima, M. Komatsu, Autophagy: renovation of cells and tissues, Cell 147
(2011) 728-741.

S. Sciarretta, N. Hariharan, Y. Monden, D. Zablocki, J. Sadoshima, Is autophagy in
response to ischemia and reperfusion protective or detrimental for the heart? J.
Pediatr. Cardiol. 32 (2011) 275-281.

K.J. Smith, A.J. Bleyer, W.C. Little, D.C. Sane, The cardiovascular effects of ery-
thropoietin, Cardiovasc. Res. 59 (2003) 538-548.

M.A. Bogoyevitch, An update on the cardiac effects of erythropoietin cardiopro-
tection by erythropoietin and the lessons learnt from studies in neuroprotection,
Cardiovasc. Res. 63 (2004) 208-216.

B. Varet, N. Casadevall, C. Lacombe, P. Nayeaux, Erythropoietin: physiology and
clinical experience, Semin. Hematol. (Suppl. 3) (1990) S25-S31.

V.S. Lim, Recombinant human erythropoietin in predialysis patients, Am. J. Kidney
Dis. 18 (1991) 34-37.

F.T. Ruschitzka, R.H. Wenger, T. Stallmach, T. Quaschning, C. Wit, K. Wagner,

R. Labugger, M. Kelmi, G. Noll, T. Rulicke, S. Shaw, R.L.P. Lindberg, B. Rodenwaldt,
H. Lutz, C. Bauer, T.F. Luscher, M. Gassmann, Nitric oxide prevents cardiovascular
disease and determines survival in polyglobulic mice overexpressing erythropoietin,
Proc. Natl. Acad. Sci. USA 97 (2000) 11609-11613.

T. Quaschning, F. Ruschitzka, T. Stallmach, S. Shaw, H. Morawietz, W. Goettsch,
M. Hermann, T. Slowinski, F. Theuring, B. Hocher, T.F. Luscher, M. Gassmann,
Erythropoietin-induced excessive erythrocytosis activates the tissue endothelin
system in mice, FASEB J. 17 (2003) 259-261.

M. Brines, A. Cerami, Erythropoietin-mediated tissue protection: reducing collateral
damage from the primary injury response, J. Int. Med. 264 (2008) 405-432.

S. Erbayraktar, G. Grasso, A. Sfacteria, Q. Xie, T. Coleman, M. Kreilgaard, L. Torup,
T. Sager, Z. Erbayraktar, N. Gokmen, O. Yilmaz, P. Ghezzi, P. Villa, M. Fratelli,

S. Casagrande, M. Leist, L. Helboe, J. Gerwien, S. Christensen, M.A. Geist,

L.O. Pedersen, C. Cerami-Hand, J.P. Wuerth, A. Cerami, M. Brines,
Asialoerythropoietin is a nonerythropoietic cytokine with broad neuroprotective
activity in vivo, Proc. Natl. Acad. of Sci. USA 100 (2003) 6741-6746.

S. Pankratova, D. Kiryushko, K. Sonn, V. Soroka, L.B. Kghler, M. Rathje, B. Gu,

K. Gotfryd, O. Clausen, A. Zharkovsky, E. Bock, V. Berezin, Neuroprotective prop-
erties of a novel, non-hematopoietic agonist of the erythropoietin receptor, Brain
133 (2010) 2281-2294.

P. Vlieghe, V. Lisowski, J. Martinez, M. Khrestchatisky, Synthetic therapeutic
peptides: science and market, Drug Discov. Today 15 (2010) 40-56.

M. Leist, P. Ghezzi, G. Grasso, R. Bianchi, P. Villa, M. Fratelli, C. Savino, M. Bianchi,
J. Nielsen, J. Gerwien, P. Kallunki, A.K. Larsen, L. Helboe, S. Christensen,

L.O. Pedersen, M. Nielsen, L. Torup, T. Sager, A. Sfacteria, S. Erbayraktar,

Z. Erbayraktar, N. Gokmen, O. Yilmaz, C. Cerami-Hand, Q. Xie, T. Coleman,

A. Cerami, M. Brines, Derivatives of erythropoietin that are tissue protective but not
erythropoietic, Science 305 (2004) 239-242.

T. Okada, T. Sawada, K. Kubota, Asialoerythropoietin has strong renoprotective
effects against ischemia-reperfusion injury in a murine model, Transplantation 84
(2007) 504-510.

A. Ogino, G. Takemura, M. Kawasaki, A. Tsujimoto, H. Kanamori, L. Li, K. Goto,
R. Maruyama, 1. Kawamura, T. Takeyama, T. Kawaguchi, T. Watanabe,

Y. Moriguchi, H. Saito, T. Fujiwara, H. Fujiwara, S. Minatoguchi, Erythropoietin
receptor signaling mitigates renal dysfunction-associated heart failure by mechan-
isms unrelated to relief of anemia, J. Am. Coll. Cardiol. 56 (2010) 1949-1958.
F.S. Kittur, C.Y. Hung, D.E. Darlington, D.C. Sane, J. Xie, N-glycosylation en-
gineering of tobacco plants to produce asialoerythropoietin, Plant Cell Rep. 31
(2012) 1233-1243.

F.S. Kittur, M. Bah, S. Archer-Hartmann, C.-Y. Hung, P. Azadi, M. Ishihara,

D.C. Sane, J. Xie, Cytoprotective effect of recombinant human erythropoietin pro-
duced in transgenic tobacco plants, PLoS One 8 (2013) 76468, https://doi.org/10.
1371/journal.pone.0076468.

E. Arthur, F.S. Kittur, Y. Lin, C.Y. Hung, D.C. Sane, J. Xie, Plant-produced asialo-
erythropoietin restores pancreatic beta-cell function by suppressing mammalian
sterile-20-like kinase (MST1) and caspase-3 activation, Front. Pharmacol. 8 (2017)

167

[35]

[36]

[37]

[38]

[391]

[401]

[41]

[42]

[43]

[44]

[45]
[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]
[55]
[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Biochemistry and Biophysics Reports 17 (2019) 157-168

208, https://doi.org/10.3389/fphar.2017.00208.

F.S. Kittur, E. Arthur, M. Nguyen, C.Y. Hung, D.C. Sane, J. Xie, Two-step purifica-
tion procedure for recombinant human asialoerythropoietin expressed in transgenic
plants, Int. J. Biol. Macromol. 72 (2015) 1111-1116.

W.C. Claycomb, N.A. Lanson, B.S. Stallworth, D.B. Egeland, J.B. Delcarpio,

A. Bahinski, N.J. Izzo Jr., HL-1 cells: a cardiac muscle cell line that contracts and
retains phenotypic characteristics of the adult cardiomyocyte, Proc. Natl. Acad. Sci.
USA 95 (1998) 2979-2984.

M.D. Jacobson, M. Weil, M.C. Raff, Role of Ced-3/ICE-family proteases in staur-
osporine-induced programmed cell death, J. Cell Biol. 133 (1996) 1041-1051.

S. Ravassa, A. Zudaire, R.D. Carr, J. Diez, Antiapoptotic effects of GLP-1 in murine
HL-1 cardiomyocytes, Am. J. Physiol. Heart Circ. Physiol. 300 (2011)
H1361-H1372.

A. Parvin, R. Pranap, U. Shalini, A. Devendran, J.E. Baker, A. Dhanasekaran,
Erythropoietin protects cardiomyocytes from cell death during hypoxia/reperfusion
injury through activation of survival signaling pathways, PLoS One 9 (2014)
€107453, https://doi.org/10.1371/journal.pone.0107453.

M.K. Lehtinen, Z. Yuan, P.R. Boag, Y. Yang, J. Villen, E.B.E. Becker, S. DiBacco,
N. de la Iglesia, S. Gygi, T.K. Blackwell, A. Bonni, A conserved MST-FOXO signaling
pathway mediates oxidative stress responses and extends life span, Cell 125 (2006)
987-1001.

S. Ura, N. Masuyama, J.D. Graves, Y. Gotoh, Mst1-JNK promotes apoptosis via
caspase-dependent and independent pathways, Genes Cells 6 (2001) 519-530.

A. Ardestani, F. Paroni, Z. Azizi, S. Kaur, V. Khobragade, T. Yuan, T. Frogne,

W. Tao, J. Oberholzer, F. Pattou, J.K. Conte, K. Maedler, MST1 is a key regulator of
beta cell apoptosis and dysfunction in diabetes, Nat. Med. 20 (2014) 385-397.

J. Cai, J. Yang, D.P. Jones, Mitochondrial control of apoptosis: the role of cyto-
chrome c, Biochim. Biophys. Acta 1366 (1998) 139-149.

A. Nakai, O. Yamaguchi, T. Takeda, Y. Higuchi, S. Hikoso, M. Taniike, S. Omiya,
1. Mizote, Y. Matsumura, M. Asahi, K. Nishida, M. Hori, N. Mizushima, K. Otsu, The
role of autophagy in cardiomyocytes in the basal state and in response to hemo-
dynamic stress, Nat. Med. 13 (2007) 619-624.

S. Barth, D. Glick, K.F. Macleod, Autophagy: assays and artifacts, J. Pathol. 221
(2010) 117-124.

D.J. Klionsky, et al., Guidelines for the use and interpretation of assays for mon-
itoring autophagy (3rd edition), Autophagy 12 (2016) 1-222.

N. Mizushima, T. Yoshimori, B. Levine, Methods in mammalian autophagy research,
Cell 140 (2010) 313-326.

H. Nakatogawa, K. Suzuki, Y. Kamada, Y. Ohsumi, Dynamics and diversity in au-
tophagy mechanisms: lessons from yeast, Nat. Rev. Mol. Cell Biol. 10 (2009)
458-467.

W. Jang, H.J. Kim, H. Li, K.D. Jo, M.K. Lee, H.O. Yang, The neuroprotective effect of
erythropoietin on rotenone-induced neurotoxicity in SH-SY5Y cells through the
induction of autophagy, Mol. Neurobiol. 53 (2016) 3812-3821.

A.E. Webb, A. Brunet, FOXO transcriptional factors: key regulators of cellular
quality control, Trends Biochem. Sci. 39 (2014) 159-169.

C. Solling, Organ-protective and immunomodulatory effects of erythropoietin - An
update on recent clinical trials, Basic Clin. Pharmacol. Toxicol. 110 (2011)
113-121.

A. Brunet, A. Bonni, M.J. Zigmond, M.Z. Lin, P. Juo, L.S. Hu, M.J. Anderson,

K.C. Arden, J. Blenis, M.E. Greenberg, Akt promotes cell survival by phosphor-
ylating and inhibiting a forkhead transcriptional factor, Cell 96 (1999) 857-868.
E. Braunwald, Reduction of myocardial-infarct size, N. Engl. J. Med. 291 (1974)
525-526.

J.M. Downey, M.V. Cohen, Why do we still not have cardioprotective drugs? Circ. J.
73 (2009) 1171-1177.

N.P. Riksen, D.J. Hausenloy, D.M. Yellon, Erythropoietin: ready for prime-time
cardioprotection, Trends Pharmacol. Sci. 29 (2008) 258-267.

J.A. Fandrey, A cordial affair-erythropoietin and cardioprotection, Cardiovasc. Res.
72 (2006) 1-2.

T. Takeyama, G. Takemura, H. Kanamori, T. Kawaguchi, A. Ogino, T. Watanabe,
K. Morishita, A. Tsujimoto, K. Goto, R. Maruyama, H. Ushikoshi, M. Kawasaki,

K. Yamada, H. Nikami, T. Fujiwara, H. Fujiwara, S. Minatoguchi,
Asialoerythropoietin, a nonerythropoietic derivative of erythropoietin, displays
broad anti-heart failure activity, Circ. Heart Fail. 5 (2012) 274-285.

L.B. Ruest, A. Khalyfa, E. Wang, Development-dependent disappearance of caspase-
3 in skeletal muscle is post-transcriptionally regulated, J. Cell. Biochem. 86 (2002)
21-28.

H. Kakeya, R. Onose, H. Osada, Caspase-mediated activation of a 36-kDa myelin
basic protein kinase during anticancer drug-induced apoptosis, Cancer Res. 58
(1998) 4888-4894.

K.K. Lee, M. Murakawa, E. Nishida, S. Tsubuki, S. Kawashima, K. Sakamaki,

S. Yonehara, Proteolytic activation of MST/Krs, STE20-related protein kinase, by
caspase during apoptosis, Oncogene 16 (1998) 3029-3037.

M. Brines, P. Ghezzi, S. Keenan, D. Agnello, N.C. de Lanerolle, C. Cerami, L.M. Itri,
A. Cerami, Erythropoietin crosses the blood-brain barrier to protect against ex-
perimental brain injury, Proc. Natl. Acad. of Sci. USA 97 (2000) 10526-10531.

L. Calvillo, R. Latini, J. Kajstura, A. Leri, P. Anversa, P. Ghezzi, M. Salio, A. Cerami,
M. Brines, Recombinant human erythropoietin protects the myocardium from
ischemia-reperfusion injury and promotes beneficial remodeling, Proc. Natl. Acad.
of Sci. USA 100 (2003) 4802-4806.

C.J. Parsa, A. Matsumoto, J. Kim, R.U. Riel, L.S. Pascal, G.B. Walton,

R.B. Thompson, J.A. Petrofski, B.H. Annex, J.S. Stamler, W.J. Koch, A novel pro-
tective effect of erythropoietin in infarcted heart, J. Clin. Investig. 112 (2003)
999-1007.

P. Ghezzi, M. Brines, Erythropoietin as an antiapoptotic, tissue-protective cytokine,



E.S. Kittur et al.

[65]

[66]

[67]

[68]

[69]

[701]

Cell Death Differ. 11 (Suppl. 1) (2004) S37-S44.

Y. Shi, P. Rafiee, J. Su, K.A. Pritchard, J.S. Tweddell, J.E. Baker, Acute cardiopro-
tective effects of erythropoietin in infant rabbits are mediated by activation of
protein kinases and potassium channels, Basic Res. Cardiol. 99 (2004) 173-182.
Z.Z. Chong, J.Q. Kang, K. Maiese, Erythropoietin fosters both intrinsic and extrinsic
neuronal protection through modulation of microglia, Akt, Bad and caspase-medi-
ated pathway, Br. J. Pharmacol. 138 (2003) 1107-1118.

S.R. Datta, A. Brunet, M.E. Greenberg, Cellular survival: a play in three Akts, Genes
Dev. 13 (1999) 2905-2927.

B. Cinar, P. Fang, M. Lutchman, D. Di Vizio, R.M. Adam, N. Pavlova, M.A. Rubin,
P.C. Yelick, M.R. Freeman, The pro-apoptotic kinase Mst1 and its caspase cleavage
products are direct inhibitors of Aktl, EMBO J. 26 (2007) 4523-4534.

S.W. Jang, S.J. Yang, S. Srinivasan, K. Ye, Akt phosphorylates Mst1 and prevents its
proteolytic activation, blocking FOXO3 phosphorylation and nuclear translocation,
J. Biol. Chem. 282 (2007) 30836-30844.

F. Fan, Z. He, L.L. Kong, Q. Chen, Q. Yuan, S. Zhang, J. Ye, H. Liu, X. Sun, J. Geng,
L. Yuan, L. Hong, C. Xiao, W. Zhang, X. Sun, Y. Li, P. Wang, L. Huang, X. Wu, Z. Ji,

168

[71]

[72]

[73]

[74]

[75]

Biochemistry and Biophysics Reports 17 (2019) 157-168

Q. Wu, N.S. Xia, N.S. Gray, L. Chen, C.H. Yun, X. Deng, D. Zhou, Pharmacological
targeting of kinases MST1 and MST2 augments tissue repair and regeneration, Sci.
Transl. Med. 8 (2016) 352ral08.

N. Imai, M. Higuchi, A. Kawamura, K. Tomonoh, M. Oh-eda, M. Fujiwara,

Y. Shimonaka, N. Ocht, Physicochemical and biological characterization of asia-
loerythropoietin, Eur. J. Biochem. 194 (1990) 457-462.

Y.J. Dong, C. Kung, E. Goldwasser, Receptor binding of asialoerythropoietin, J. Cell.
Biochem. 48 (1992) 269-276.

R.J. Darling, U. Kuchibhotla, W. Glaesner, R. Micanovic, D.R. Witcher, J.M. Beals,
Glycosylation of erythropoietin affects receptor binding kinetics: role of electro-
static interactions, Biochemistry 41 (2002) 14524-14531.

M. Brines, A. Cerami, Emerging biological roles for erythropoietin in the nervous
system, Nat. Rev. Neurosci. 6 (2005) 484-494.

G.L. Wright, P. Hanlon, K. Amin, C. Steenbergen, E. Murphy, M.O. Arcasoy,
Erythropoietin receptor expression in adult rat cardiomyocytes is associated with an
acute cardioprotective effect for recombinant erythropoietin during ischemia-re-
perfusion injury, FASEB J. 18 (2004) 1031-1033.



