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Abstract: Background: To evaluate the effects of recombinant lentiviral particles for human lentiviral vector carrying
protein kinase R-like endoplasmic reticulum kinase (PERK) gene on endoplasmic reticulum (ER) stress-mediated
apoptosis of human LO2 hepatocytes. Methods: 293T cells were co-transfected with recombinant lentiviral vector
pWPT-GFP-PERK as well as packaging plasmids pMD2G and pSPAX2, giving a PERK-expressing lentivirus (LV-PERK).
The supernatant was collected 48 h after transfection to infect LO2 hepatocytes. Infection efficiency was detected
by observing GFP expression. The effects of LV-PERK on the apoptosis of LO2 cells under ER stress were assessed
by flow cytometry. The expressions of apoptosis-related cleaved caspase-3 and CHOP proteins were detected by
Western blotting. Results: Recombinant PERK lentivirus with titer of 4.2x10° efu/mL was constructed and pack-
aged. Proportion of G1-phase cells in the tunicamycin (TM) + LV-PERK group was 53.49%, which was lower than
those of TM (78.94%) and LV-GFP (65.73%) groups. The TM + LV-PERK group (32.45%) had significantly higher pro-
portion of S-phase cells than those of TM (13.23%) and LV-GFP (17.79%) groups (P<0.05). The apoptotic rate of the
TM + LV-PERK group (26.55%) significantly exceeded those of TM (12.59%) and LV-GFP (11.43%) groups (P<0.05).
Western blotting results were consistent with those of flow cytometry. Conclusion: Under ER stress, LV-PERK pro-
moted the proliferation and apoptosis of LO2 hepatocytes.
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Introduction

Proteins are folded and modified as well as cal-
cium ions are stored in the endoplasmic reticu-
lum (ER). Protein kinase R-like endoplasmic
reticulum kinase (PERK), as a type | transmem-
brane protein on ER, belongs to the upstream
kinase family of eukaryotic initiation factor 2a
(elF2a) and has the activity of serine/threonine
protein kinase [1]. ER stress is activated when
considerable misfolded proteins accumulate in
ER, so PERK, as an important signaling mole-
cule, is further activated to inhibit protein syn-
thesis through phosphorylation of elF2a.
Meanwhile, the expression of C/EBP homolo-
gous protein (CHOP) gene is up-regulated
through activating transcription factor 4 (ATF4),
thereby inducing cell apoptosis [2]. Under ER
stress, PERK gene plays crucial roles in the

apoptosis of INS-1 [3] and H4IIE cells [4], but
the relationship between PERK gene and apop-
tosis of human hepatocytes under this stress
has seldom been studied. In this study, recom-
binant lentiviral particles for human PERK gene
were successfully constructed and packaged to
evaluate the effects on human LO2 hepato-
cytes under ER stress. The findings pave the
way for clarifying the biological functions of
PERK gene, and provide theoretical evidence
for unraveling the mechanisms for skeletal
muscle injury and repair.

Materials and methods
Materials

Lentiviral expression vector pWPT-green fluo-
rescent protein (GFP) as well as lentiviral pack-
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aging vectors pMD2G and pSPAX2 was pur-
chased from Biovector Science Lab, Inc. HEK-
293T and LO2 cells were preserved in our
group. Lipofectamine 2000 was obtained from
Life Technologies. TRIzol reagent, SYBR Real-
time PCR Master Mix, exonuclease lll, BamH |,
Mlu | endonuclease, gel purification kit, DNA
extraction kit and primers were bought from
TaKaRa. Plasmid Miniprep Kit was purchased
from Omega. DMEM and fetal bovine serum
were provided by Hyclone. Cell culture dishes
were obtained from NEST. ECL kit was bought
from Beijing Keyushenlan Technology Co., Ltd.
PVDF and NC membranes were purchased
from Milipore. B-Actin antibody, PERK antibody,
elF2a antibody and HRP-labeled goat anti-rab-
bit/goat anti-mouse antibodies were provided
by Santa Cruz. RIPA protein lysate was bought
from Shanghai Bogoo Biotechnology Co., Ltd.

Construction of PERK lentiviral vector

Primer design and synthesis: According to the
gene sequence in the CDS region of human
PERK in GenBank, primers for PERK amplifica-
tion were designed and synthesized. Sense
primer: tcgtgacgcGGATCCATGGAGCGCGCCAT-
CAGC; antisense primer: agcgctaggacgcgtATT-
GCTTGGCAAAGGGCTATGG (underlined parts:
Bam HI and Mlu | endonuclease sites). PERK
gene (3348 bp) was amplified by using eukary-
otic expression vector pcDNA3.1(-)-PERK as
the template.

PCR amplification of target gene and cons-
truction of PERK-containing lentivirus: PERK
gene was amplified in a 100 pyL PCR system,
comprising 50 uL of 2x Taq Master Mix, 2.5 pL
of upstream and downstream primers each, 5
uL of template and 40 uL of sterile double-
distilled water. Reaction conditions: Pre-de-
naturation at 94°C for 5 min, denaturation at
94°C for 30 s, annealing at 64°C for 30 s,
extension at 72°C for 3 min 45 s, 35 cycles
in total; re-extension at 72°C for 5 min. The
PCR products were stored at 4°C and separat-
ed by 1% agarose gel electrophoresis. Lentiviral
vector pWPT-GFP was subjected to double
digestion with restriction endonucleases Bam
HI and Mlu | and ligated with the purified PCR
products through ligation-independent cloning,
constructing vector pWPT-GFP-PERK. The prod-
uct was transformed into DH5a competent
cells and shaken at 37°C overnight. Plasmid
DNA extracted with Plasmid Miniprep Kit,
digested, PCR-identified, and sequenced.
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Package of recombinant lentivirus and trans-
fection of target cells

293T cells in the logarithmic growth phase
were inoculated onto two 6 cm culture dishes 1
d before transfection. On the second day,
pWPT-GFP and pWPT-GFP-PERK were mixed
with packaging plasmids pSPAX2 and pMD2G
respectively to transfect 293T cells according
to the instructions of LipofectamineTM 2000.
The doses of the three plasmids were 12.5 g,
7 ug and 3.5 pg respectively. The culture medi-
um was refreshed 5 days later, and the super-
natant was collected at 48 h and 72 h, filtered
through a 0.45 um filter and stored at -80°C.

Determination of viral titer

293T cells were inoculated into 24-well plates
1 d before infection and added diluted viral
supernatant (200 uL) with the double dilution
method. Two replicate wells were set for each
dilution factor. The cells were cultured in an
incubator overnight, and the culture medium
was replaced with DMEM-complete on the sec-
ond day. The cells emitting green fluorescence
were counted 48 h later under a fluorescence
microscope. One cell that emits green fluores-
cence is an expression forming unit (efu). Viral
titer (efu/mL) and multiplicity of infection (MOI)
can be calculated according to the following
equations: Viral titer = Number of cells emitting
green fluorescence x dilution factor/0.25. MOI
= Viral titer x volume of added virus/number of
infected cells.

Detection of PERK mRNA expressions in LV-
PERK-infected LO2 cells by RT-PCR

LO2 cells reaching 90% confluence in 6 cm
culture dishes were collected and divided
into a blank control group, an LV-GFP-infected
group and an LV-PERK-infected group. Total
RNA was extracted by TRIzol, reverse-tran-
scribed into cDNA with PrimeScript TM RT
Reagent Kit, amplified by PCR and revolved
by 1% agarose gel electrophoresis. Primer
sequences of PERK: Upstream: 5-AGCAC-
TCAGATGGAGAGAGTCAG-3’, downstream: 5'-
GCTATGGGAGTTGTTGGACTGT-3’, product size:
260 bp. Primer sequences of (B-actin: Upstre-
am: 5-GACCCAGATCATGTTTGAGACC-3’, down-
stream: 5-ATCTCCTTCTGCATCCTGTCG-3’, prod-
uct size: 550 bp. Reaction system of RT-PCR: 5
uL of 2x Tag Master Mix, 0.4 uL of upstream
and downstream primers each, 2 pL of tem-
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Figure 1. PCR results of PERK gene and digestion results of lentiviral vec-
tor pWPT-GFP-PERK. A: PCR results of PERK (M: DL10000; 1: pcDNA3.I(-
)-PERK); B: BamH | digestion results of pWPT-GFP-PERK (M: DL10000; 1:

PWPT-GFP-PERK; 2: pWPT-GFP).

plate and 2.2 uyL of sterile double-
distilled water. Reaction conditions: Pre-de-
naturation at 94°C for 3 min, denaturation at
94°C for 30 s, annealing at 50°C for 30 s,
extension at 72°C for 30 s, 30 cycles in total;
re-extension at 72°C for 10 min. The PCR prod-
ucts were stored at 4°C and separated by 1%
agarose gel electrophoresis.

Detection of PERK protein expressions in LV-
PERK-infected LO2 cells by Western blotting

LO2 cells reaching 90% confluence in 6 cm
culture dishes were collected and divided
into a blank control group, an LV-GFP-infected
group and an LV-PERK-infected group. The
cells were washed three times with pre-
cooled PBS, added 200 pL of protein lysate,
slowly scraped off into 1.5 ml EP tubes, lyzed
on ice for 40 min, and centrifuged at 12000 xg
and 4°C for 15 min. The supernatant was
collected into new EP tubes, added 4x SDS
loading buffer, subpackaged and stored at
-80°C. The three proteins (20 uL) were sepa-
rated by 10% SDS-PAGE, electronically trans-
ferred to a PVDF membrane for 1 h, blocked
with 5% skim milk for 1 h, incubated overnight
with mouse [-actin antibody (1:1500) and
rabbit PERK antibody at 4°C, incubated with
horseradish peroxidase-labeled secondary an-
tibodies (goat anti-mouse, 1:5000; goat anti-
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rabbit, 1:5000), and image-
developed by ECL reagent.

Detection of LO2 cell cycle
and apoptosis by flow cytom-
etry

-11608 Detection of cell cycle: LO2
cells in the logarithmic grow-
th phase were inoculated in-
to 6-well plates and added

-1210 pWPT-GFP-PERK or pWPT-

GFP at 80% confluence. Me-

anwhile, a normal control (NC)

group was set. Two replicate
wells were set for each group,
and each experiment was
performed in triplicate. Tu-
nicamycin (TM) was added in
one experimental group, and
the other group was treated

for 24 h with 4 uyg/mLTM 72 h

after infection. All cells were

then fixed with 1.5 mL of 70%

ethanol for 24 h, added PI at the same volume,

left still at 4°C for 20-30 min, filtered through
nylon membrane, and detected by flow cytom-
etry in Institute of Life Sciences, Chongging

Medical University.

Detection of cell apoptosis: LO2 cells in the
logarithmic growth phase were inoculated into
6-well plates and added pWPT-GFP-PERK or
pWPT-GFP at 80% confluence. Meanwhile, an
NC group was set. Two replicate wells were
set for each group, and each experiment was
performed in triplicate. TM was added in one
experimental group, and the other group was
treated for 24 h with 4 yg/mL TM 72 h after
infection. All cells were then washed three
times with PBS, added PBS at the same vol-
ume, and detected by flow cytometry with
the Annixin PE method in Institute of Life
Sciences, Chongging Medical University.

Detection of apoptosis-related proteins in LO2
cells

LO2 cells in the logarithmic growth phase were
inoculated into 6-well plates and added pWPT-
GFP-PERK or pWPT-GFP at 80% confluence.
Meanwhile, an NC group was set. The cells
were treated for 24 h with 4 yg/mL TM 72 h
after infection, and total proteins were extract-
ed. The expressions of PERK protein, PERK
phosphorylation-related protein elF2a as well
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Figure 2. Lentiviral packaging and infection of LO2 cells. A: Lentiviral packaging in 293T cells; B: Lentivirus LV-PERK

infected LO2 cells.
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Figure 3. Detection of viral titers in LO2 cells. A: MOI = 20; B: MOI = 40; C: MOI = 100.

as apoptosis-related cleaved caspase-3 and
CHOP proteins were detected by Western
blotting.

Statistical analysis

All data were analyzed by SPSS15.0. Inter-
group comparisons were performed with
analysis of variance. P<0.05 was considered
statistically significant.

Results
Construction of lentiviral vector

As expected, target gene PERK sized 3348 bp
was amplified by using pcDNA3.1(-)-PERK as the
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template (Figure 1A). PERK and pWPT-GFP
were subjected to double digestion with BamH
| and Milu |, purified, ligated, transformed,
plasmid-extracted and identified. Only BamH |
digestion was conducted because PERK gene
contained an endonuclease site for BamH I. As
shown in Figure 2B, there are two bands at
1210 bp and 11608 bp, while the control
plasmid only presents one band. Therefore, len-
tiviral expression vector pWPT-GFP-PERK was
successfully constructed.

Lentiviral packaging and infection of LO2 cells

293T cells were observed under the fluores-
cence microscope 48 h after co-transfection
with pWPT-GFP-PERK and pMD2G, pSPAX2,

Int J Clin Exp Med 2016;9(5):7763-7771
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Figure 4. Expressions of PERK mRNA and protein in LO2 cells. A: Expression
of PERK mRNA in LO2 cells detected by RT-PCR (vs. NC group/LV-GFP group,

was expressed in the LV-
PERK group than those in the
NC and LV-GFP groups 72 h
after infection (Figure 4B).

Effects of LV-PERK on LO2
cell cycle

Without TM treatment, the
cell cycles of all groups barely
changed (Figure 5A). Under
TM-induced ER stress, how-
ever, the LV-PERK group had
significantly lower (53.49%
vs. 78.94% and 65.73%) and
significantly higher (32.45%
vs. 13.23% and 17.79%) pro-
portions of Gl-phase and
S-phase cells respectively
than those of the TM and
LV-GFP groups (P<0.05) (Fig-
ure 5B). Thus, PERK promot-
ed the proliferation of LO2
cells under ER stress.

LV-PERK

*P<0.05); B: Expression of PERK protein in LO2 cells detected by Western

blotting.

showing green fluorescence. In the meantime,
the cells stopped growing, suggesting lenti-
viral packaging was successful (Figure 2A). The
packaged LV-PERK was filtered through a
0.45 pm filter to infect LO2 cells that emitted
green fluorescence 72 h later. The proportion
of cells expressing GFP was higher than 90%
(Figure 2B).

Viral titer

The titer of LV-PERK was, as detected by the
double dilution method, 4.2x108 efu/ml. LO2
cells were infected with LV-PERK at MOI 20
(Figure 3A), 40 (Figure 3B) and 100 (Figure
3C). After 72 h, the GFP expression level at MOI
40 exceeded 40%, but that at MOl 100
decreased, indicating that the optimum MOI
was 40.

PERK mRNA and protein expressions in LO2
cells

RT-PCR results showed that the PERK mRNA
expression levels of the NC and LV-GFP groups
significantly lower than that of the LV-PERK
group (Figure 4A) (P<0.05). Western blotting
showed that significantly more PERK protein
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Effects of LV-PERK on LO2
cell apoptosis

Without TM treatment, the apoptotic rate of
LO2 cells was only 4.12% (Figure 6). The TM +
LV-PERK group had significantly higher apop-
totic rate than those of the LV-PERK, TM and
T™M + LV-GFP groups (P<0.05). Accordingly,
PERK accelerated the apoptosis of LO2 cells
under ER stress.

Effects of PERK protein expression and LV-
PERK on LO2 cell apoptosis under ER stress

The expressions of PERK protein as well as
apoptosis-related cleaved caspase-3 and
CHOP proteins under ER stress were detected
by Western blotting. Compared with the NC
group (Figure 7), endogenous PERK ex-
pression slightly increased in TM-treated LO2
cells under ER stress. Such expression was
evidently increased in LO2 cells infected
with LV-PERK than those in the uninfected
cells. Besides, significantly more PERK phos-
phorylation-related elF2a, cleaved caspase-3
and CHOP proteins were expressed in the
LV-PERK group under ER stress than those in
the TM and TM + LV-GFP groups. Hence,
LV-PERK facilitated the apoptosis of LO2 cells
under ER stress.

Int J Clin Exp Med 2016;9(5):7763-7771
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Figure 7. Expressions of PERK protein and ER stress-mediated apoptosis-re-
lated proteins. A: Endogenous expression of PERK protein in LO2 cells under
ER stress; B: Expression of elF2a and ER stress-mediated apoptosis-related
proteins in LO2 cells.
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lar calcium homeostasis [5].
PERK is a type | transmem-
brane protein on ER and has
the activity of serine/threo-
nine protein kinase [6, 7], and
the PERK pathway is activated
under ER stress. Under this
circumstance, PERK phos-
phorylates elF2a and then
inhibits the exchange between
GDP and GTP in translation
initiation complexes, thus
suppressing the synthesis
and translation of proteins [8].
During ER stress-mediated
apoptosis, PERK temporarily
terminated protein synthesis
and activated ATF4 to up-reg-
ulate the expression of CHOP
that inhibits Bcl-2 expression,
finally leading to cell apopto-
sis through caspase-3 [9-11].

ER stress mediates cell apop-
tosis [12], and the apoptosis
of hepatocytes is implicated
in many types of liver diseas-
es. Hepatitis B is accompa-
nied by hepatocyte apoptosis
which plays key roles in dis-
ease onset and progression.
Viral hepatitis involves many
factors that can trigger apop-
tosis, including immune effec-
tor cells and cytokines during
infection, post-infectious cel-
lular DNA damage and cell
cycle disorders [13]. Hepato-
cyte apoptosis is mainly mani-
fested as spotty necrosis and
piecemeal necrosis in liver
lobules upon viral hepatitis.
The apoptosis pathways of
hepatocytes basically resem-
ble those of receptor families.
For example, the ICE family
plays central roles in cell
apoptosis, being responsible
for the common pathways
that apoptotic signals share.
In addition, Rb, nm23 and bax
genes prevent hepatocarcino-
ma by suppressing hepato-
cyte growth or promoting
apoptosis.

Int J Clin Exp Med 2016;9(5):7763-7771
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In this study, we established a typical ER
stress model by infecting LO2 hepatocytes
with lentivirus LV-PERK and by continuously
treating them with TM [14]. The effects of
ER-related PERK gene on ER stress-induced
apoptosis of LO2 cells were assessed by detect-
ing apoptosis-related CHOP and caspase-3
through flow cytometry and Western blotting.
Under continuous ER stress, the proliferative
rate of the TM + LV-PERK group surpassed that
of the TM group, and the former had higher pro-
portion of S-phase cells and lower proportion of
Gl-phase ones than those of the latter.
Therefore, PERK promoted the proliferation of
LO2 cells under ER stress by facilitating the
growth from G1 phase to S phase. Since the TM
group had significantly higher apoptotic rate
than that of the NC group and the rate of the
TM + LV-PERK group exceeded that of the TM
group, PERK was conducive to the apoptosis of
LO2 cells under continuous ER stress. Similarly,
Western blotting showed that the expressions
of cleaved caspase-3 and CHOP proteins in the
TM and TM + LV-GFP groups were significantly
up-regulated, and that the TM + LV-PERK group
had significantly higher apoptotic rate than that
of the TM group. Thus, PERK accelerated LO2
cell apoptosis under ER stress, probably
because activation of PERK further activated
the downstream apoptosis pathways. It has
previously been reported in osteoblasts that
the PERK-elF2a-ATF4 pathway participated in
cell differentiation under the mediation of ER
stress [15]. Moreover, the PERK-ATF4-ATF4-
CHOP pathway predominantly controlled ER
stress-induced apoptosis of mouse MING and
INS-1 cells [4, 16]. Although the pathogenesis
of many liver diseases are closely associated
with hepatocyte apoptosis, whether PERK-
related signaling pathways are involved remains
unclear. We are going to apply this expression
vector to studies on the roles of PERK gene and
related signaling pathways in ER stress-induced
hepatocyte apoptosis.

Acknowledgements

This study was financially supported by the
National Natural Science Foundation of China
(No. 81560680) and Applied and Basic
Research Youth Project of Shihezi University
(No. 2014ZRKXYQ19).

Disclosure of conflict of interest

None.

7770

Address correspondence to: Li Li, College of
Pharmacy, Xinjiang Medical University, Urumqi
830011, P. R. China. E-mail: lilixmu@163.com

References

[1] Maedler K, Schulthess FT, Bielman C, Berney
T, Bonny C, Prentki M, Donath MY, Roduit R.
Glucose and leptin induce apoptosis in human
beta-cells and impair glucose-stimulated insu-
lin secretion through activation of c-Jun
N-terminal kinases. FASEB J 2008; 22: 1905-
1913.

[2] Kapoor A, Sanyal AJ. Endoplasmic reticulum
stress and the unfolded protein response. Clin
Liver Dis 2009; 13: 581-590.

[3] Lai E, Bikopoulos G, Wheeler MB, Rozakis-
Adcock M, Volchuk A. Differential activation of
ER stress and apoptosis in response to chroni-
cally elevated free fatty acids in pancreatic
beta-cells. Am J Physiol Endocrinol Metab
2008; 294: E540-550.

[4] WeiY, Wang D, Topczewski F, Pagliassotti MJ.
Saturated fatty acids induce endoplasmic re-
ticulum stress and apoptosis independently of
ceramide in liver cells. Am J Physiol Endocrinol
Metab 2006; 291: E275-281.

[5] Cunard R. Endoplasmic Reticulum Stress in
the Diabetic Kidney, the Good, the Bad and the
Ugly. J Clin Med 2015; 4: 715-740.

[6] Atkins C, Liu Q, Minthorn E, Zhang SY, Figueroa
DJ, Moss K, Stanley TB, Sanders B, Goetz A,
Gaul N, Choudhry AE, Alsaid H, Jucker BM,
Axten JM. Characterization of a novel PERK Kki-
nase inhibitor with antitumor and antiangio-
genic activity. Cancer Res 2013; 73: 1993-
2002.

[71 Fels DR, Koumenis C. The PERK/elF2alpha/
ATF4 module of the UPR in hypoxia resistance
and tumor growth. Cancer Biol Ther 2006; 5:
723-728.

[8] Yuan T, Luo BL, Wei TH, Zhang L, He BM, Niu
RC. Salubrinal protects against cigarette
smoke extract-induced HBEpC apoptosis likely
via regulating the activity of PERK-elF2alpha
signaling pathway. Arch Med Res 2012; 43:
522-529.

[9] Engin F, Hotamisligil GS. Restoring endoplas-
mic reticulum function by chemical chaper-
ones: an emerging therapeutic approach for
metabolic diseases. Diabetes Obes Metab
2010; 12 Suppl 2: 108-115.

[10] Hotamisligil GS. Endoplasmic reticulum stress
and the inflammatory basis of metabolic dis-
ease. Cell 2010; 140: 900-917.

[11] Price J, Zaidi AK, Bohensky J, Srinivas V,
Shapiro IM, Ali H. Akt-1 mediates survival of
chondrocytes from endoplasmic reticulum-in-
duced stress. J Cell Physiol 2010; 222: 502-
508.

Int J Clin Exp Med 2016;9(5):7763-7771



[12]

(13]

(14]

Protein kinase R-like endoplasmic reticulum kinase gene

Hummasti S, Hotamisligil GS. Endoplasmic re-
ticulum stress and inflammation in obesity and
diabetes. Circ Res 2010; 107: 579-591.

Cai J, Han T, Nie C, Jia X, Liu Y, Zhu Z, Gao Y.
Biomarkers of oxidation stress, inflammation,
necrosis and apoptosis are associated with
hepatitis B-related acute-on-chronic liver fail-
ure. Clin Res Hepatol Gastroenterol 2016; 40:
41-50.

Jeschke MG, Finnerty CC, Herndon DN, Song J,
Boehning D, Tompkins RG, Baker HV, Gauglitz
GG. Severe injury is associated with insulin re-
sistance, endoplasmic reticulum stress re-
sponse, and unfolded protein response. Ann
Surg 2012; 255: 370-378.

7771

(15]

(16]

Saito A, Ochiai K, Kondo S, Tsumagari K,
Murakami T, Cavener DR, Imaizumi K.
Endoplasmic reticulum stress response medi-
ated by the PERK-elF2(alpha)-ATF4 pathway is
involved in osteoblast differentiation induced
by BMP2. J Biol Chem 2011; 286: 4809-4818.
Jain K, Suryakumar G, Prasad R, Ganju L.
Differential activation of myocardial ER stress
response: a possible role in hypoxic tolerance.
Int J Cardiol 2013; 168: 4667-4677.

Int J Clin Exp Med 2016;9(5):7763-7771



