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A B S T R A C T

Aims: Calreticulin (CRT) is a multifunctional protein that protects endothelial cells by alleviating actin cytos-
keleton injury, but the underlying mechanism remains unclear. CRT was recently identified as a novel acyl-
transferase; acetylation at the N-terminus of actin monomers strengthens actin polymerization. This study was
undertaken to determine whether CRT protects human microvascular endothelial cells (HMECs) against mi-
crowave radiation through actin acetylation.
Materials and methods: We prepared a eukaryotic-derived recombinant CRT and incubated the HMECs with it
prior to microwave exposure. We then assessed cell injury and endothelial function, detected actin poly-
merization and acetylation after HMECs exposure to S-band high-power microwaves. Coimmunoprecipitation,
pull-down, and ex vitro acetylation reaction were performed to determine whether actin is a novel substrate of
CRT acyltransferase. Finally, we employed the mutant experiments to demonstrate the acetylation sites con-
tributing to CRT acetyltransferase activity.
Key findings: Microwave radiation induced severe cell injury and endothelial contact dysfunction, reduced the
polymerization of actin filaments, and destroyed the actin arrangement, ultimately reducing acetylated actin
expression. CRT treatment upregulated actin acetylation levels, promoted polymerization, and facilitated thicker
and longer F-actin stress fibre formation. Pre-incubation with CRT rescued microwave-induced cell injury, de-
creased actin acetylation, and rendered the actin cytoskeleton radiation-retardant. The level of acetyl-actin was
positively correlated with actin polymerization. Actin was identified as a novel substrate of CRT, being acety-
lated mainly through the CRT P-domain at lys-206 and -207.
Significance: This work provides a better understanding of the underlying mechanism of CRT-induced cyto-
protection, and suggests a novel therapeutic target for microwave radiation-related diseases with endothelial
dysfunction.

1. Introduction

With the extensive use of wireless technology in daily life, the ha-
zard of human exposure to electromagnetic radiation from microwaves
pervading the environment has been increasingly recognised as a severe
“electro-pollution” [1]. The microwave can be divided into several
bands according to its frequency. The S-band (2–4 GHz) microwave,
which is mainly produced by signal relay, satellite communications,
radar, wireless routers, mobile phones, and bluetooth equipment, is the
most widely utilized in daily life. S-band or near S-band microwave
radiation may damage several systems and organs, including the re-
productive system [2,3], nervous system [4,5], liver [6], and cardio-
vascular system. In particular, the microcirculature throughout the
body is sensitive to microwaves [7]. A certain density of S-band

microwave radiation leads to capillary malformation, decreased blood
flow [8], and increased microvascular permeability [9]. Endothelial
cells, which line the inner surface of microvascular blood vessels, form
a selective barrier between blood and tissues to maintain homeostasis.
Microvascular endothelial cell injury induces endothelial dysfunction
and results in physiological disorders. Attenuation of microvascular
endothelial cell injury might be an effective strategy to prevent the
microwave radiation hazard.

The integrity and stabilization of actin cytoskeleton is critical for
endothelial cell resistance to certain types of injury, by connecting
transmembrane proteins in tight and adhesion junctions, and by
maintaining cellular morphology, movement, growth, and differentia-
tion [10]. Polymerization of the monomer globular actin (G-actin) and
depolymerization of the fibrous actin (F-actin) dynamic balance is
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regulated and influenced by a variety of internal and external factors
[11,12]. When depolymerization is dominant, the functional F-actin
patterns are always characterized as short, broken actin filaments,
which may lead to endothelial injury, including apoptosis, necrosis, and
decreased viability, as well as endothelial dysfunction.

Calreticulin (CRT) is known as a highly conserved endoplasmic re-
ticulum (ER)-luminal Ca2+-binding protein, with multiple sublocations
[13] and functions [14] in eukaryotic cells. We previously reported that
S-band microwave radiation induced human microvascular endothelial
cell (HMEC) injury, accompanied by actin cytoskeleton destruction,
could be alleviated by application of CRT [7,15]. Other researchers also
reported the protective role of CRT on endothelial cells, maintaining the
stability of the actin cytoskeleton [16], suggesting a potential role of
CRT in radiation protection. However, the underlying mechanisms are
unknown.

Protein acetylation is a posttranslational modification catalysed by a
wide range of acetyltransferases in the nucleus and cytoplasm [17].
Maturation and maintenance of actin's structure and function often
requires N-terminal acetylation [10], and protein acetylation is critical
for the regulation of actin polymerization and its stability [14,18].
Recently, CRT was found to be an acyltransferase [19] with many
substrates, including glutathione S-transferase, acetyl coenzyme A [19],
NADPH, cytochrome c reductase, and nitric oxide synthase [19,20].

Therefore, we studied the effects of CRT on HMEC injury, and in-
vestigated whether CRT-acetylated actin monomers polymerized to F-
actin filaments and which residues of CRT were involved in its acetyl-
transferase role in HMECs exposed to microwave radiation.

2. Materials and methods

2.1. Preparation of human recombinant active CRT and its P-domain
mutant

Based on the human CRT mRNA sequence (NM_004343), the last 4
amino acids (KDEL), which comprise the endoplasmic reticulum re-
tention signal in the C-terminal, and the first 17 amino acids of the
leader peptide were both removed to ensure expression and activity in
the cytoplasm. We then added a restriction endonuclease site, EcoRI,
Kozak sequence, and an artificial signal peptide before the 18th amino
acid in the N-terminal. We also add a six-histidine (his-) tag, stop codon,
and another restriction endonuclease site, HindIII, after the 418th
amino acid in the C-terminal. Accordingly, we performed codon opti-
mization and synthesized the DNA sequence, then cloned it into the
pUC57 vector; this was single-enzyme digested by EcoRV to construct a
eukaryotic expression vector. Similarly, we cloned the plasmid vector
containing the P-domain mutant CRT protein, in which the Lys-206 and
-207 were mutated to arginine.

Transfection grade plasmids of CRT and P-domain mutant CRT were
prepared for transient expression in Chinese hamster oocytes (CHO)-
ExpiCHO cells (Life Technologies, Carlsbad, CA, USA) [21]. Cells were
grown in serum-free FreeStyle™ CHO Expression Medium (Life Tech-
nologies, Carlsbad, CA, USA). The cells were maintained in Erlenmeyer
Flasks (Corning Inc., Acton, MA, USA) at 36.8 °C with 8% CO2 on an
orbital shaker (VWR Scientific, Chester, PA, USA). One day before
transfection, the cells were seeded at a density of 3× 106 cells/mL in
Erlenmeyer Flasks. On the day of transfection, the recombinant plas-
mids were transiently transfected into 1 L suspension CHO-S cell cul-
tures. The cell culture supernatant collected on day 6–8 was used for
purification. Cell culture broth was centrifuged and loaded onto Hi-
sTrap™ FF Crude 5mL (Cat. No. 17-5286-01, GE Healthcare, Sweden) at
3.0 mL/min. After washing and elution, the eluted fractions were
pooled and buffer exchanged to phosphate buffered saline, pH 7.4. The
purified protein was analyzed by high performance liquid chromato-
graphy, SDS-PAGE and western blot, and the concentration, purity, and
endotoxin content were measured.

2.2. Cell culture, microwave irradiation, and grouping

HMECs were cultured and exposed to S-band high-power micro-
waves of 2.856 GHz which at a mean power density of 60mW/cm2 for
6min as we previously reported [7,13]. To assess the impact of mi-
crowave radiation on the HMECs, we divided cells into four groups, 1)
natural control group (NC): HMEC cells were cultured normally in a 5%
CO2 incubator at 37 °C for a further 24 h; 2) the microwave radiation
group (MR): HMECs were exposed to microwave radiation of 60mW/
cm2 for 6min, then moved to the 5% CO2 incubator at 37 °C for a
further 24 h; 3) CRT incubation group (CRT): HMECs were incubated
with the recombinant active CRT at a concentration of 25 pg/mL for
24 h; 4) group pre-incubated with CRT before microwave irradiation
(CRT+MR): HMECs were pre-incubated with CRT (25 pg/mL) for
30min before irradiation and then treated as group 2).

2.3. Cell survival rate

We seeded the cells at a density of 3×104 cells/cm2 in 24-well
plates. At the end of the experiment, we digested the HMECs with
0.02% trypsin and resuspended the cells with 0.1mol/L phosphate
buffered saline. We mixed the cells with an equal volume of 4% trypan
blue dye and observed them under a light microscope (Olympus, CK-2,
Japan). We counted the live cells with intact cell membranes, which
were not coloured by trypan blue, then calculated the survival rate. The
experiments were repeated three times. In each time, 500–600 cells
were counted in one group.

2.4. Cell viability

Using a cell counting kit-8 (CCK-8; Beyotime, Nantong, China), cells
were seeded in 96-well plates at a density of 5× 103/100 μL/well.
Eight parallel wells were placed in one group. At the end of the ex-
periment, cells were incubated with CCK-8 for 4 h. Samples were
measured at 450 nm wavelength using a microplate reader (Tecan
Infinite f200 Pro; Tecan Group Ltd, Männedorf, Switzerland).

2.5. Cell apoptosis

HMECs were seeded at a density of 1× 104 cells/cm2 on 1% gelatin-
coated coverslips within 24-well plates. At the end of experiment,
apoptosis was detected as we previously reported [22]. Briefly, we used
a DeadEnd™ Fluorometric TUNEL System (Promega, Madison, WI, USA)
following the manufacturer's protocol. The coverslips were mounted on
glass slides with mounting medium and DAPI. At least ten randomly
chosen fields with 100 cells were scored, and the number of TUNEL-
positive cells was expressed as a fraction of the total cell number.

2.6. Permeability study

According to the literature [23,24], we seeded the endothelial cells
on the 1% gelatin-coated transwell filter (Corning-Costar, USA) at a
concentration of 5×104 cells/cm2, when reaching confluence, cells
were changed in fresh Phenol red-free DMEM and treated with CRT as
well as microwave radiation. Paired experiments were adopted in each
group. When 24 h after radiation, 100 μL FITC-albumin (Sigma-Aldrich)
at a concentration of 1mg/mL were added gently to the abluminal
chamber and incubated for 45min in a humidified atmosphere with 5%
CO2 at 37 °C. 100 μL sample was removed from each abluminal
(bottom) and luminal (top) chamber and the fluorescence intensity was
measured at Ex/Em=490/520 nm wavelength with a fluorescence
microplate reader (Varioskan LUX, Thermo, USA). We also measured
the volume of medium in the abluminal chamber. These concentrations
were then used in the following equation to determine the permeability
coefficient of albumin (Pa), Pa= [A] / t× 1 / A×v / [L], where
[A]= abluminal concentration which could be calculated as
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fluorescent intensity, t= time in s, A= area of membrane in cm2,
V= volume of abluminal chamber, and [L]= luminal concentration
that showed as fluorescent intensity.

2.7. Fluorescence assay

To label VE-cadherin, HMECs were seeded on coverslips, contained
within 24-well plates, at a density of 2×104/cm2, and subjected to
immunocytofluorescence assay as described previously [25]. Briefly,
the paraformaldehyde-fixed cells were incubated with mouse anti-VE-
cadherin monoclonal antibody (1:100; Abcam, USA) at 4 °C overnight,
and then incubated with donkey anti-mouse Alexa Fluor 488 (Thermo,
USA) at room temperature for 2 h in the dark.

To label F-actin, HMECs were seeded at a density of 1× 104 cells/
cm2. Cells were stained with fluorescein isothiocyanate (FITC)-labelled
phalloidin (final concentration 0.33 μmol/L; Sigma-Aldrich, USA) as
previously described [25]. These coverslips were then counterstained
with DAPI, mounted on glass slides, and observed under a laser scan-
ning confocal microscope (Zeiss, 510-Meta, Germany).

2.8. Western blot

As we reported previously [25], Samples containing 50 μg of protein
were separated on 10% acrylamide gels, transferred to nitrocellulose
membranes, and blocked with 5% non-fat milk in Tris-buffered saline
Tween (20mmol/L Tris-HCl, pH 7.5, 137mmol/L NaCl, and 0.1%
Tween 20). Membranes were incubated with antibodies against rabbit
anti-pan-actin (1:500, Cell Signaling Technology, USA), rabbit anti-
acetylated lysine (1:500, Cell Signaling Technology), rabbit anti-VE-
cadherin (1:200, Santa Cruz, Dallas, Tex, USA), and rabbit anti GAPDH
(1:500; Santa Cruz). Membranes were further incubated with horse-
radish peroxidase-conjugated secondary antibodies for 1 h at room
temperature, and visualized using an enhanced chemiluminescence kit
(Santa Cruz).

2.9. F-actin polymerization

The Actin Polymerization Biochem Kit (Cytoskeleton Inc., USA) is
based on the enhanced fluorescence of pyrene-conjugated actin that
occurs during polymerization, according to the operating manual as
well as literature reports [26].

The kinetics of fluorescence enhancement from 0 to 60min was
evaluated by measuring fluorescence of the samples using a fluorimeter
(Enspire-2300, PerkinElmer, USA), and the parameters are given in
Table 1. The initial rate of polymerization in the linear phase of each
reaction was estimated by linear regression method.

2.10. Coimmunoprecipitation

Protein interaction was evaluated using a protein G-im-
munoprecipitation kit (Roche, Switzerland). Following the instruction
manual, precleared bait proteins, the purified CRT, and purified actin
(> 99% pure from human platelet; Cytoskeleton Inc.) were subjected to

goat anti-CRT antibody and mouse anti-pan-actin antibody precipita-
tion overnight at 4 °C, respectively. Immune complexes captured by
protein G–Sepharose beads were incubated with the prey proteins actin
and CRT. Meanwhile, equal amounts of the goat and mouse IgG solu-
tions were employed in place of the immunoprecipitation antibodies as
negative controls. Whole-cell lysates derived from normal cultured
HMECs were used as input. Ultimately, the immunoprecipitated sam-
ples were subjected to the western blot assay.

2.11. His-tag pull down

Protein interaction was evaluated by the pull-down assay.
According to the manual of the Pierce Pull-Down PolyHis
Protein:Protein Interaction Kit (Thermo Fisher), the recombinant active
human CRT protein was immobilized to the cobalt chelate affinity resin,
and then incubated with the putative binding protein actin for 4 h at
4 °C. The beads were then washed three times with Tris-buffered saline
(25mmol/L Tris-HCl, 0.15mol/L NaCl, pH 7.2), boiled in 1× SDS-
PAGE loading buffer (50mmol/L Tris-HCl, 100mmol/L dithiothreitol,
0.2% sodium dodecylsulphate, 0.1% bromophenol blue, and 10% gly-
cerol, pH 6.8), and subjected to immunoblotting assay.

2.12. In vitro transacylation reaction and mutant experiment

As reported [16], 10 μg CRT acetyltransferase or its P-domain mu-
tant protein (△CRT) were incubated with the acetyl group donor acetyl
CoA (final concentration 100 μmol/L) and 30 μg putative actin sub-
strate, in a buffer containing 500mmol/L KCl, 20mmol/L MgCl2,
0.05mol/L guanidine carbonate, and 10mmol/L ATP, and incubated
for 30min at 37 °C in a shaking water bath. SDS-PAGE loading buffer
1× was added to stop the reaction, and the mixture was used to detect
the acylation of actin by western blot.

Table 1
Parameter settings of the fluorimeter used to measure the enhanced fluores-
cence of pyrene-conjugated actin.

Measurement type Kinetic 120 cycles, 60 s interval time
Fluorescence wavelengths Ex. 350 nm

Em. 410 nm
Gain 100
Reads per well 1
Fluorescence reading from Top
Integration 0–40 μs
Shaking 5 s Medium, orbital, once before first read
Plate type Greiner Greiner GRE96fb (flat, black)

Fig. 1. Relative expression of endothelial calreticulin (CRT) normalized to
GAPDH, n=3; *P < 0.05 vs. NC; #P < 0.05 vs. MR.
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2.13. Statistical analysis

Data tested to be normally distributed are expressed as the
mean ± SD. One-way analysis of variance was performed, followed by
Bonferroni method post-hoc analysis (SPSS 17.0) to compare the means
of two different treatment groups. The level of significance was set to
P < 0.05. The semi-quantitative data of actin expression level and F-
actin fluorescence intensity were analyzed by Pearson's product-mo-
ment correlation coefficient analysis.

3. Results

3.1. Microwave radiation increases endogenous CRT expression

The endogenous CRT, an endoplasmic reticulum stress (ERS)-related
molecule, was significantly up-regulated after the microwave radiation,
as shown in Fig. 1.

3.2. Extracellular CRT alleviates microwave radiation-induced endothelial
cell injury

As shown in Fig. 2A, using the trypan blue exclusion method we
found that the survival rate of normal cultured HMECs was
94.20 ± 1.75%, significantly higher than that of the microwave-irra-
diated cells, whose survival rate was 85.98 ± 0.25% (P < 0.05). CRT
incubation did not affect the survival rate of HMECs; however, the
survival rate of cells preincubated with CRT before radiation was
91.01 ± 0.99%, significantly higher than that of the radiation group
(P < 0.05). As shown in Fig. 2B, using a cell counting kit-8 the cell

viability of the radiation group was significantly lower than that of the
normal control group (P < 0.05), while incubation with CRT increased
cell viability (P < 0.05 vs. NC); specifically, pre-incubation with CRT
significantly increased cell viability compared with the radiation group
(P < 0.05). We then measured the apoptosis rate; as shown in Fig. 2C,
in the normal control group, the apoptosis rate was 0.00, while that of
the radiation group was 14.88 ± 8.00% (P=0.000). Incubation with
CRT did not affect the apoptosis rate; however, CRT pre-incubation
significantly reduced the apoptosis rate to 2.60 ± 0.68%.

3.3. Extracellular CRT inhibits microwave radiation-induced increase in
permeability

We examined whether CRT had a protective effect on endothelial
monolayer permeability. As shown in Fig. 3A, in microwave-challenged
cells, the permeability was significantly increased compared with the
control group (P < 0.05). However, when CRT was added to the cells
at concentrations of 25 pg/mL prior to exposure to microwave, the
endothelial cell-permeability was lower than those of the microwave
radiation group (P < 0.05).

To evaluate endothelial barrier function, we detected the expression
and morphology of VE-cadherin, which indicates the integrity of en-
dothelial adhesion junctions. VE-cadherin expression was significantly
downregulated in microwave-irradiated HMECs (P < 0.05 vs. NC), but
significantly upregulated in the CRT-pre-incubated microwave-irra-
diated group, compared with the radiation group (Fig. 3B).

With immunocytofluorescence staining, the normal control group
showed distinct continuous signals distributed at the surface membrane
cells, while the microwave-irradiated group showed obvious

Fig. 2. Effects of microwave radiation and CRT incubation on the HMECs injury.
The protective role of CRT was evaluated by cell survival rate assessed by Trypan blue exclusion assay (A), cell viability measured by cell counting kit-8 reagent (B),
and apoptosis rate evaluated by TUNEL assay (C). n=3, *P < 0.05 vs. NC; #P < 0.05 vs. MR.
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destruction of continuous fluorescent signals; pre-incubation with CRT
noticeably improved the radiation-weakened fluorescence (Fig. 3C).

3.4. Extracellular CRT inhibits microwave radiation-induced actin
depolymerization

Using phalloidin-FITC staining to detect the actin cytoskeleton,
normal cultured HMECs contained F-actin filaments mainly arranged as
cortical networks and stress-fibres in the cytosol. However, actin as-
sembly in the irradiated cells displayed a short or punctate pattern.
Compared with the normal control, CRT-incubated cells showed thicker
and longer patterns, which were orderly arranged in the cytosol. Pre-
incubation with CRT significantly alleviated the radiation-destroyed F-
actin assembly (Fig. 4A).

To investigate the impact of CRT on F-actin polymerization, we
recorded the kinetics of fluorescence enhancement from 0 to 60min.
The enhanced fluorescence intensity between 10 and 15min was
thought to increase in a linear manner (Fig. 4B). The initial rate of
polymerization in the linear phase from 10 to 15min of each reaction
was estimated by linear regression. As shown in Fig. 4C, the enhanced
fluorescence of pyrene-conjugated actin that occurs during poly-
merization significantly decreased after microwave irradiation
(MR=496.45 ± 23.41 vs. NC=504.86 ± 10.92; P < 0.05). CRT-
incubation significantly enhanced the fluorescence (536.13 ± 8.29),
and pre-incubation with CRT significantly restored the radiation-re-
duced fluorescence (518.77 ± 6.58; P < 0.05 vs. MR).

3.5. Extracellular CRT rescues downregulation of actin acetylation induced
by high-power microwave radiation

As shown in Fig. 5, using western blot analysis with pan-actin and
acetylated lysine antibodies, we detected both bands at the same level
(45 kDa). Compared with the normal control, the expression of acety-
lated actin significantly decreased after microwave-irradiation
(P < 0.05). CRT-incubation noticeably increased the actin acetylation
level, and reversed the radiation-downregulated acetylated actin level
(P < 0.05 vs. MR). Remarkably, the acetylation level of actin was
positively correlated with the degree of actin polymerization
(r= 0.996; P < 0.05).

3.6. Recombined eukaryotic CRT interacts with actin in vitro

In coimmunoprecipitation experiments, we found that the eu-
karyotic-derived purified CRT was baited by the goat anti-CRT poly-
clonal antibody, but the goat IgG largely was not (Fig. 6A). Similarly,
the eukaryotic-derived actin protein was baited by the mouse anti-pan-
actin monoclonal antibody, but the mouse IgG largely was not (Fig. 6B).
Actin protein was readily coprecipitated by goat anti CRT polyclonal
antibody but not by mouse IgG (Fig. 6A), and purified CRT was readily
coprecipitated by mouse anti-pan-actin monoclonal antibody but not by
goat IgG (Fig. 6B).

The his-tag pull-down assay revealed that the purified CRT was
successfully immobilized on the cobalt chelate beads; however, no in-
teracting protein was observed when only beads were used as a control
(Fig. 7A). Pull-down assay also showed a much higher level of actin
proteins detected by actin antibody in the CRT-treated group, than in

Fig. 3. Effects of microwave radiation and CRT incubation on the HMECs hyperpermeability.
Permeability (Pa) of HMECs culture (expressed as percentage of control cells). n= 3; *P < 0.05 vs. NC; #P < 0.05 vs. MR (A). Relative expression of endothelial
intercellular molecule vascular endothelial (VE)-cadherin (normalized to GAPDH), n= 3; *P < 0.05 vs. NC; #P < 0.05 vs. MR (B). Cellular distribution of VE-
cadherin detected by immunocytofluorescence with the VE-cadherin antibody, n=3; scale bar= 50 μm (C).
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groups without CRT application (Fig. 7B).

3.7. CRT transacetylase catalyses acetylation of actin

To further elucidate the effect of CRT acyltransferase on actin, we
performed an ex vitro acetylation assay. With acetyl coenzyme A
(AcCoA) added as the acetyl group donor in the CRT transacylation
reaction system, acylated actin bands at 45 kDa were detected using an
anti-acetyl lysine antibody. The actin band was observed when CRT was
used without AcCoA, but the band density was much lower (P < 0.05).
We did not detect any positive band in the absence of actin, although in
the CRT and acyl groups donors were still sufficient. To identify the
acyltransferase specificity of the proline-rich domain (P-domain) in
CRT protein, we utilized a P-domain mutant CRT (△CRT) instead of the
recombinant CRT. We detected almost no band in the mutant △CRT

group, although actin and AcCoA were provided (Fig. 8).

4. Discussion

Exposure of human beings to electromagnetic radiations has been
listed as an environmental hazard by the United Nations Conference on
the Human Environment [27]. The S-band microwave (2–4 GHz) is
more widely applied in daily life and has raised concerns about its
hazard to health [1]. The cardiovascular system, one of the most sus-
ceptible biological systems to microwave radiation, might be impaired
by certain intensities of S-band microwaves, leading to malformed ca-
pillaries and decreased blood flow. The large number of endothelial
cells contributes greatly to the selective endothelial barrier between
blood and tissue. Injury and dysfunction induced by microwave radia-
tion may increase vascular permeability, leading to plasma protein

Fig. 4. Effects of microwave radiation and CRT incubation on F-actin arrangement and polymerization in HMECs.
F-actin (green) and nuclei (blue) double-staining with the fluorescein isothiocyanate-phalloidin and DAPI, respectively. n= 3; scale bar= 40 μm (A). Enhanced
fluorescence of pyrene-conjugated actin representing polymerization measured for 60min (B). The slop of fluorescence intensity between 10 and 15min (during
which period the enhanced fluorescence was thought to increase in a linear manner). n=3; *P < 0.05 vs. NC; #P < 0.05 vs. MR (C). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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leakage and material-energy exchange dysfunction, subsequently re-
sulting in oedema, inflammation, and many other kinds of homeostasis
imbalance. It is suggested that protection of endothelial cells could be a
critical approach for microwave radiation damage prevention.

We subjected HMECs to 60mW/cm2 intensity of S-band microwave
radiation for 6min, which decreased cell survival and viability and
increased apoptosis, indicating that this intensity and duration of mi-
crowave exposure are sufficient to induce cell injury. We further found
that radiation disrupted the actin cytoskeleton and the continuous
distribution of VE-cadherin, the intercellular junction molecule speci-
fically expressed in endothelial cells that plays a critical role in adhe-
sion junction formation to stabilize endothelial cell contact [28]. The

adhesion junctions depend on their connection to the actin cytoske-
leton, and dynamic alterations of the actin cytoskeleton have a pro-
found impact on the regulation of endothelial barrier functions and
modulate vascular permeability [29,30]. Therefore, we evaluated the
actin cytoskeleton and demonstrated that high-power microwave ra-
diation inhibited actin polymerization, thus disrupting the F-actin ar-
rangement. It is suggested that polymerization of F-actin is of great
importance to improve the stability of actin filaments and to subse-
quently maintain the endothelial barrier against radiation injury.

CRT is found involved in the adaptive response of brain capillary
endothelial cells to hypoxia and reoxygenation [31]. We also previously
reported that exogenous pretreatment of CRT protein could alleviate
microwave radiation-induced endothelial injury [13]. In this study,
HMECs was incubated with CRT prior to high-power microwave irra-
diation; CRT effectively increased cell survival and viability, reduced
apoptosis, enhanced VE-cadherin expression and continuity, and ame-
liorated F-actin malalignment and filament rupture. This indicates that
the extracellular CRT may alleviate radiation injury by stabilizing the F-
actin filaments.

CRT is a highly conserved and multifunctional protein, mainly re-
sident in the endoplasmic reticulum (ER), known for its lectin-like
chaperoning and Ca2+ storage. In recent years, it has been reported that
CRT also exists in the surface of cell membrane, cytoplasm, nucleus,
and extracellular matrix, known as “non-endoplasmic reticulum calre-
ticulin (non-ER CRT)”, with the functions of signaling, regulation of
gene expression, cell adhesion, tumour cell recognition, and, particu-
larly, wound healing [11,32]. There are two major opinions on the
sources of cytosolic non-ER CRT, one is that the cytosolic CRT may
derive from nuclear CRT excluded from nucleus by binding to some
proteins with the nuclear export signals (NES) [33]. On the other hand,
the cytosolic CRT may be a truncation of ER-resident CRT which escape
from the ER by being cut off its classical ER retention signal at the C-
terminal KDEL sequence [34]. By using western blot, we found that the
endogenous CRT significantly increased after microwave radiation but
without the same protective role as the extracellular CRT. The increased
CRT expression may be due to the microwave radiation-induced en-
doplasmic reticulum stress (ERS). This kind of CRT is mainly resident in
the ER but not distributed in the cytosol where it is named as “non-ER
CRT” with the acetyl transferase activity. The different localizations of
CRT might explain the reason why CRT is up-regulated but still fail to
rescue the radiation injury. We previously found that extracellular ap-
plied CRT enhanced the cytosolic non-ER CRT expression [7], in-
dicating that extracellular CRT may promote the release of non-ER CRT.

Fig. 5. Effects of microwave radiation and CRT incubation on total actin and
acetylated actin expression.
Relative expression levels of pan-actin and acetylated actin bands and their
semi-quantitatively calculation. n=3, *P < 0.05 vs. NC group; #P < 0.05 vs.
MR group.

Fig. 6. Interaction between CRT and actin verified by coimmunoprecipitation assay.
By using whole cell lysates as prey, either CRT or actin purified protein was used as bait, and the immunoprecipitation complex was specifically identified by CRT (A)
and actin (B) antibodies. Goat and mouse IgG antibodies were used as negative controls. n= 3, *P < 0.05.
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Theoretically, CRT is a critical extracellular signal in many pathways.
For example, thrombospondin bounds to CRT-LRP1 complex and pro-
moted FAK phosphorylation [35]. We also found that the increased CRT
on the membrane of cell surface upregulated integrin-α and activated
its downstream, the FAK/Akt mediated pathway [15]. It suggests that
extracellular CRT might conduct signals promoting CRT expression
from extracellular to intracellular and facilitate the non-ER CRT release
(wherever from nucleus or ER) through such signal transduction
pathways.

Recently, the novel role as an acyltransferase of cytosolic non-ER

CRT has become an attractive target for investigations [16,19]. Acet-
ylation is a common, reversible, and well-controlled post-translational
modification, which occurs mainly in the lysine residues of ε-NH2 [17].
Acetylation is of great significance in eukaryotic cells, which require
precise regulation of metabolism to maintain homeostasis. Actin is one
such protein regulated through post-translational modifications [10]. It
has been reported that maintenance of actin's structural and functional
properties often requires N-terminal acetylation. The N-terminus of
actin protein contains at least two sites that can be acetylated, lys-326
and -328 [36]. Acetylated monomer actins more efficiently participate
in the assembly of F-actin [37]. The acetylation modification could
reduce the positive charges at the N-terminal of actin, forming a ne-
gatively charged cluster that plays a pivotal role in the maintenance of
actin cytoskeleton stability [38]. Through correlation analysis, we
found that the actin acetylation level was positively correlated with the
degree of actin polymerization. Stated thus, actin might serve as a novel
substrate of CRT acyltransferase, and may be acetylated to maintain its
stability and polymerization.

To demonstrate that actin is acetylated by CRT, most importantly,
we had to ensure that CRT interacts with actin directly. The data from
coimmunoprecipitation and pull-down assays confirmed the direct in-
teraction between CRT and actin. In the pull-down assay, we detected a
very weak actin band in the actin control group without added CRT. We
speculated that the purified active actin derived from human platelets
had a similar spatial poly-histidine structure to the six-histidine-tagged
bait protein, and might have a weak nonspecific binding with the cobalt
chelate resin.

The ex vitro acetyltransferase reaction to investigate whether actin
could be an enzymatic substrate of CRT revealed that CRT transferred
acetyl groups from its known substrate, AcCoA, to the actin protein.
Interestingly, a certain degree of expression of acetyl-actin was still
detected without acetyl group donor provision, but the detected band
was considerably weaker, probably owing to the autoacetylated CRT
acting as a stable intermediate in the protein acetyltransferase reaction
[39].

Many acetyl sites have been identified in CRT, including the lysine
residues Lys-48, -62, -64, -153, and -159 in the N-domain and -206,
-207, -209, and -238 in the P-domain following the N-domain. None of
the lysine residues in the C-domain were observed to be covalently
modified by acetylation [40–42]. However, the P-domain alone was

Fig. 7. Interaction between calreticulin (CRT) and actin verified by pull-down assay.
The polyhistidine-tagged bait protein CRT was immobilized to a cobalt chelate affinity resin to identify its putative binding partner, actin. The beads-bait-prey
complexes were detected by CRT antibody (A) and pan-actin antibody (B), respectively. n=3, *P < 0.05.

Fig. 8. Demonstration of active CRT acyltransferase specificity in its P-domain.
Active CRT, or its P-Domain mutant CRT protein was mixed with actin and
AcCoA or not. The acylation reaction mixtures were separated by SDS-PAGE
and blotted for the detection of acetylated actin. n= 3, *P < 0.05.
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exclusively characterized as possessing acetyltransferase activity,
mainly because of its best ranked docking position with lowest binding
energy. Specifically, Lys-206 and -207 showed more evidence of the
CRT acetylation reaction [17]. For this reason, we employed a P-do-
main mutant △CRT (both lys-206 and -207 were mutated to arginine)
protein instead of CRT to evaluate the acetylation activity of the P-
domain on actin. The result showed a very weak positive band when
△CRT protein was used, indicating that lys-206 and -207 contribute
greatly to this transacylation reaction. However, we cannot exclude the
possibility that other acetylation sites exist which contribute to CRT
acetyltransferase activity.

5. Conclusions

In conclusion, we demonstrated actin to be a novel substrate of CRT
acyltransferase. CRT directly transfers acetyl groups to actin, mainly
through lys-206 and -207 residues in the P-domain. The CRT-acetylated
actin is promoted and polymerized to F-actin, strengthening the cyto-
solic and cortical actin filaments, which connect with the crucial in-
tercellular molecule VE-cadherin in the lateral cell membrane. Thus,
HMEC injury was attenuated during the high-power microwave ex-
posure. These findings further enrich the mechanism repertoire of CRT-
induced cytoprotection, and suggest a novel therapeutic target for mi-
crowave radiation-related diseases with endothelial dysfunction.
Further studies are needed to elucidate the exact effect and potential
biological mechanisms of CRT in the actin acetylation of HMECs during
microwave radiation.
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