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Abstract. Long QT syndrome type 2 is caused by a mutation in
the human‑ether‑a‑go‑go‑related gene (HERG) gene encoding
the rapidly activating delayed rectifier K‑current. HERG is a key
cell membrane glycoprotein; however, whether the maturation
process of HERG protein involves key molecules derived from
the calnexin (CNX)/calreticulin (CRT) cycle and how these
molecules work remains unknown. Using western blotting, the
present study screened the key molecules CNX/CRT/endo‑
plasmic reticulum protein 57 (ERP57) involved in this cycle,
and it was revealed that the protein expression levels of
CNX/CRT/ERP57 in wild‑type (WT)/A561V cells were
increased compared with those in WT cells (n=3; P<0.05).
Additionally, a co‑immunoprecipitation experiment was used
to reveal that the ability of CNX/ERP57/CRT to interact with
HERG was significantly increased in A561V and WT/A561V
cells (n=3; P<0.05). A plasmid lacking the bb' domain of ERP57
was constructed and it was demonstrated that the key site of
ERP57 binding to CRT and immature HERG protein is the bb'
domain. The whole‑cell patch‑clamp technique detected that
the tail current density increased by 46% following overexpres‑
sion of CRT and by 53% following overexpression of ERP57
in WT/A561V cells. Overexpression of CRT and ERP57 could
increased HERG protein levels on the membrane detected
by confocal imaging. Furthermore, overexpression of ERP57
and CRT proteins could restore the HERG‑A561V mutant
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protein trafficking process and rescue the dominant‑negative
suppression of WT. Overall, ERP57/CRT served a crucial role
in the HERG‑A561V mutant protein trafficking deficiency and
degradation process.
Introduction
Long‑QT syndrome (LQTS) is a hereditary cardiac ion
channel disease with 17 clinical subtypes character‑
ized by potentially fatal arrhythmia and sudden cardiac
death (1). Long QT syndrome type 2 (LQT2) is caused by
a human‑ether‑a‑go‑go‑related gene (HERG) mutation (2).
HERG is located at 7q35‑36 and encodes the cardiac Kv11.1
potassium channel, which rapidly activates the delayed
rectifier potassium current (IKr) (3). The HERG channel is
an essential cardiac ion channel whose mutations can cause
partial or complete reduction of IKr current and delayed
ventricular repolarization (4). Four possible mechanisms have
been identified for the loss of HERG channel function caused
by HERG gene mutations: Channel protein synthesis defects,
trafficking barriers after protein synthesis, gate control
defects and current conduction defects (5). A previous study
has reported that a heterozygous missense mutation (A561V)
linked to LQT2, syncope and epilepsy was identified in the
S5/pore region of HERG protein (6). HERG‑A561V mutation
causes the HERG channel protein to change conformation and
remain in the endoplasmic reticulum (ER), preventing it from
maturing and trafficking to the plasma membrane where it can
serve a role (7).
The ER quality control (ERQC) system, which medi‑
ates folding and trafficking of channel proteins in the ER, is
fundamental to folding newly synthesized proteins (8). The
ERQC system monitors HERG and other nascent proteins and
facilitates their exit from the ER for the following processing
stage (9). The calnexin (CNX)/calreticulin (CRT) cycle,
composed of lectin‑like molecular chaperones CNX and
CRT, is an essential part of the ERQC system that depends
on modifying protein glycosylation and sugar chain structures
in the ER (10). The CNX/CRT cycle is one of the important
monitoring mechanisms for protein folding and assembly (11).
The disulfide bond isomerase ER protein 57 (ERP57),
involved in the CNX/CRT cycle, catalyzes the oxidation
and isomerization of disulfide bonds in glycoproteins and
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binds to CNX/CRT glycoproteins (12,13). The formation of
transient disulfide bonds assists protein folding (14). ERP57,
a prominent multifunctional member of the protein disulfide
isomerase (PDI) family, is detected at various levels in multiple
cellular locations, including the ER, nucleus, cytoplasm, mito‑
chondria and plasma membrane (15). ERP57 has 505 amino
acids and consists of four domains: A‑b‑b'‑a', N‑terminal
signal sequence and Gln‑Glu‑Asp‑Leu C‑terminal ER reten‑
tion/search motif (16). Both the a and a' domains have active
sites similar to thioredoxin, and each region has a redox‑active
Cys‑Gly‑His‑Cys catalytic sequence (15). The b and b'
domains contain binding sites for CRT and CNX (17). The
catalytically inactive central domains, b and b', serve a vital
role in the specific functionality of ERP57 to bind proteins
and assist in their folding, and contain binding sites for CNX
and CRT (18).
At present, no study has described how to influence the
trafficking of mutant HERG proteins by regulating key
molecular chaperones in the CNX/CRT cycle. Our previous
study verified that the two chaperone proteins CNX and CRT
arrest the export of mutant HERG from the ER and empower
it to refold into the correct native conformation and thus serve
a role in preventing trafficking and degrading defective HERG
mutant protein (19). The present study further evaluated the
roles of CNX, CRT and ERP57 in trafficking the defective
HERG‑ A561V mutant protein.
Materials and methods
Cells, cDNA and cell culture. Experiments were performed
using the 293 cell line obtained from The Cell Bank of Type
Culture Collection of The Chinese Academy of Sciences.
Wild‑type (WT)‑HERG was expressed using pcDNA3 vector
(Invitrogen; Thermo Fisher Scientific, Inc.). A561V was
produced by site‑directed mutagenesis of WT cDNA and
then subcloned into WT pcDNA3 vector at the BstEII/XhoI
restriction sites. The WT, heterozygous and mutant cell lines
were constructed by transiently transfecting pcDNA3‑WT,
pcDNA3‑WT/pcDNA3‑A561V and pcDNA3‑A561V, respec‑
tively. At 24 h after expression of the aforementioned plasmid,
pcDNA3‑Vector (negative control), pcDNA3‑CRT (CALR;
NM_004343) and pcDNA3‑ERP57 (PDIA3; NM_005313)
were transfected to overexpress CRT and ERP57. pL‑short
hairpin RNA‑Vector (negative control) and pL‑short hairpin
RNA‑CRT (CALR‑RNAi:5'‑GATC CCc tCT GTGAGACT
CGAGAACTTCTCGAGAAGTTCTCGAGTCTCACAGATT
TTT‑3') were transfected to reduce CRT expression. Domain
deletion was implemented by transfecting pcDNA3‑ERP57‑b
domain deletion [PDIA3, NM_005313(del244‑357aa)],
p c D N A 3 ‑ E R P 5 7‑ b ' d o m a i n d e l e t i o n [ P D I A 3,
NM_005313(del135‑240aa)] or pcDNA3‑ERP57‑bb' domain
deletion [PDIA3, NM_005313(del135‑357aa)] (all plasmids
were obtained from Shanghai GeneChem Co., Ltd.) into the
heterozygous cells. TransIT‑2020 (Mirus Bio, LLC) diluted in
Opti‑MEM I reducing serum medium (Gibco; Thermo Fisher
Scientific, Inc.) was used to transfect a total of 2.5 µg of plasmid
into the cells at room temperature (23±2˚C) for 48 h, according
to the manufacturer's instructions. After 48 h, the transfected
cells were used for experiments. All cells were cultured in
high glucose DMEM (Gibco; Thermo Fisher Scientific, Inc.)

containing 10% FBS (Bovogen Biologicals Pty, Ltd.), and kept
in a humid 5% CO2 incubator at 37˚C.
Reverse transcription‑quantitative PCR (RT‑qPCR). Total
RNA was isolated from the treated 293 cells using TRIzol
reagent (Sangon Biotech Co., Ltd.). Reverse transcription was
conducted using TransScript® All‑in‑One First‑Strand cDNA
Synthesis SuperMix for qPCR (One‑Step gDNA Removal)
(cat. no. AT341‑01; TransGen Biotech Co., Ltd.) at 42˚C for
15 min and heating at 85˚C for 5 sec. Subsequently, qPCR
was performed using the SYBR‑Green Real‑Time PCR kit
(cat. no. TSE202; TsingKe Biological Technology) according
to the manufacturer's protocols. The PCR amplification reac‑
tion was as follows: 95˚C for 1 min, followed by 45 cycles of
95˚C for 10 sec and 60˚C for 60 sec. Relative quantification
was calculated using the 2‑ΔΔCq method, with GAPDH being
used to normalize mRNA expression (20). The primers used
for PCR were as follows: GAPDH forward, 5'‑GGTGTGAAC
CATGAGAAGTATGA‑3' and reverse, 5'‑GAGTCCTTCCAC
GATACCA AAG ‑3'; HERG forward, 5'‑AGGACAAGTATG
TGACGGCG‑3' and reverse, 5'‑AGGGAGCCAATGAGC
ATGAC‑3'; ERP57 forward, 5'‑GGAGGAGTTCTCGCGTGA
TG‑3' and reverse, 5'‑CAGGCCCATCATTGCTCTCT‑3'; and
CRT forward, 5'‑GGCAGAT CGACAACCCAGAT‑3' and
reverse, 5'‑GATGGTGCCAGACTTGACCT‑3'.
Western blotting. 293 cells expressing HERG in 35‑mm
diameter culture dishes were harvested for analysis at 48 h
after transient transfection. Resuspended cells were washed
with ice‑cold PBS. Cell pellets were solubilized in ice‑cold
RIPA buffer (Beijing Solarbio Science & Technology Co.,
Ltd.) containing the protease inhibitor PMSF (Beijing
Solarbio Science & Technology Co., Ltd.), incubated on ice
for 30 min and centrifuged at 13,800 x g for 15 min at 4˚C
to pellet detergent‑insoluble cell debris. The supernatant was
stored at ‑80˚C, and the proteins contents were quantified
using the BCA protein assay kit (Thermo Fisher Scientific,
Inc.). Subsequently, 30 µg/lane of protein was separated by
6% SDS‑PAGE, and then transferred to PVDF membranes
(MilliporeSigma). Membranes were blocked for 1 h at room
temperature with blocking solution (5% non‑fat dry milk
powder and 0.2% Tween‑20 in TBS). The membranes were
incubated with rabbit polyclonal anti‑HERG (1:400; cat.
no. APC‑109; Alomone Labs), mouse monoclonal anti‑CNX
(1:2,000; cat. no. ab92573; Abcam), anti‑β‑tubulin (reference
protein in the cytoplasm; 1:2,000; cat. no. K200059M; Beijing
Solarbio Science & Technology Co., Ltd.), anti‑GAPDH (refer‑
ence protein for the whole cell; 1:3,000; cat. no. K200057M;
Beijing Solarbio Science & Technology Co., Ltd.), anti‑Na/K
ATPase (reference protein for cell membranes; 1:10,000; cat.
no. ab254025; Abcam), anti‑ERP57 (1:1,000; cat. no. ab13506;
Abcam) and anti‑CRT (1:2,000; cat. no. ab22683; Abcam)
antibodies at 4˚C overnight. After three washes with TBS
with 0.3% Tween‑20, the membrane was probed with a
goat anti‑mouse antibody HRP‑conjugated secondary anti‑
body (1:2,000; cat. no. SE131; Beijing Solarbio Science &
Technology Co., Ltd.) or goat anti‑rabbit antibody (1:2,000;
cat. no. SE134; Beijing Solarbio Science & Technology Co.,
Ltd.) for 1 h at room temperature. Western blots were visual‑
ized using WesternBright ECL chemiluminescent substrate
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(Advansta, Inc.) according to manufacturer's protocol using an
ImageQuant LAS 500 imager (General Electric). Band densi‑
ties were quantitated using ImageJ (v1.51; National Institutes
of Health).
Co‑immunoprecipitation of CNX, CRT and ERP57 with
immature HERG. 293 cells expressing HERG in 6‑well cell
culture plates were harvested at 48 h after transient transfec‑
tion as aforementioned. Subsequently, the IP/CoIP kit (cat.
no. abs955; Absin (Shanghai) Biotechnology Co., Ltd.) was
used. After centrifugation at 14,000 x g for 10 min at 4˚C,
the supernatant was the cell division product. Subsequently,
beads (5 µl Protein A and 5 µl Protein G) were added to
500 µl (containing 200‑1,000 µg total protein) cell lysate.
CNX‑HERG, CRT‑HERG and ERP57‑HERG complexes were
immunoprecipitated by incubation with 2 µg antibody against
CNX (cat. no. ab92573; Abcam), CRT (cat. no. ab22683;
Abcam) and ERP57 (cat. no. ab13506; Abcam), respectively,
at 4˚C overnight. Furthermore, 5 µl Protein A and 5 µl Protein
G were added and mixed gently at 4˚C for 1‑3 h, then the
precipitate was washed with 0.5 ml 1X Wash buffer (from the
IP/CoIP kit), centrifuged at 12,000 x g for 1 min at 4˚C, and the
precipitate was retained. Subsequently, 20‑40 µl 1X SDS was
added to the precipitate, and the sample was heated to 100˚C
for 5 min. This was followed by analysis by western blotting
and band densities were quantitated using ImageJ.
Immunofluorescence and confocal imaging. 293 cells were
seeded at a density of 1.0x105 cells per well of a 6‑well plate
coverslips and transiently transfected with pcDNA3‑WT,
pcDNA3‑A561V and pcDNA3‑WT/A561V plasmids. After
24 h of incubation, pcDNA3‑CRT and pcDNA3‑ERP57 were
transiently transfected into the cells, which were cultured for
an additional 48 h. The cells were fixed with 4% paraformal‑
dehyde for 30 min at 37˚C, permeabilized with 0.5% Triton
X‑100 for 10 min and blocked with 5% goat serum (all from
Beijing Solarbio Science & Technology Co., Ltd.) at room
temperature for 1 h. Cells were labeled with rabbit polyclonal
anti‑HERG antibody (1:200; cat. no. APC‑109; Alomone Labs)
at 4˚C overnight and then incubated with FITC‑conjugated
goat anti‑rabbit IgG immunofluorescent secondary antibody
(1:1,000; cat. no. SA00013‑2; ProteinTech Group, Inc.) and
phalloidin (1:1,000; cat. no. AC18L022; Shanghai Life iLab
Bio Technology Co., Ltd.) at room temperature for 1 h. Signals
were captured using a Leica TCS SP8 confocal laser scanning
microscope (Leica Microsystems, Inc.).
Whole‑cell patch‑clamp recordings. 293 cells were collected
48 h after transfection (DNA plasmid only) to examine differ‑
ences in tail currents of WT, A561V and WT/A561V and the
effect of overexpression of ERP57 and CRT on WT/A561V
using the patch‑clamp technique. A pipette with an end resis‑
tance of 2‑5 MΩ, when filled with the internal solution, was
used to record membrane currents in a whole‑cell recording
configuration, as described in previous studies (21,22). The
electrodes were connected to an Axopatch 700B amplifier
(Molecular Devices, LLC), and currents were analog filtered
at a frequency of 2 kHz and digitized by an analog‑to‑digital
converter (DigiData1440A; Molecular Devices, LLC). For
this experiment, pCLAMP version 10.3 software (Molecular
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Devices, LLC) was used to edit the stimulation program,
record the current, and analyze and measure the raw data.
Excel 2016 (Microsoft Corporation) and Origin7.5 (OriginLab)
software were used to perform statistics and map the original
data, activate the current and tail current, and calculate current
density according to battery capacitance, thereby eliminating
the impact of battery size on data.
Statistical analysis. GraphPad Prism 7.0 software (GraphPad
Software, Inc.) was used to perform statistical analysis. All
experiments were performed at least in triplicate and data
are presented as the mean ± SD. Differences between two
groups were analyzed using an unpaired Student's t‑test and
differences among three or more groups were analyzed using
one‑way ANOVA followed by Tukey's post hoc test. P<0.05
was considered to indicate a statistically significant difference.
Results
HERG‑A561V mutation upregulates CNX/CRT/ERP57
expression. To improve the understanding of maturation and
trafficking of HERG protein in cells expressing WT, mutant
and heterozygous HERG, pcDNA3‑WT, pcDNA3‑A561V or
pcDNA3‑WT/A561Vplasmids were transiently transfected
into 293 cells and the successful transfection was demon‑
strated by RT‑qPCR (Fig. 1A). At 48 h post‑transfection, the
protein was extracted from cells for western blot analysis,
and the protein expression levels of CNX, CRT and ERP57
were detected. As shown in (Fig. 1E‑H) the expression levels
of CNX/CRT/ERP57 were significantly increased in the
A561V and WT/A561V groups (P<0.05). WT‑transfected
cells exhibited two protein bands for HERG, of which the
upper band at 155 kDa represents a mature, fully glycosylated
glycoprotein form of HERG, which is transported to the cell
membrane surface. The lower band at 135 kDa represents a
core‑glycosylated immature form of HERG, and the band at
132 kDa is the precursor of immature form of HERG protein,
all located in the ER. As shown in (Fig. 1B‑D) immature
forms of HERG (135 kDa) were significantly increased in the
A561V and WT/A561V groups compared with the WT group
(P<0.05). Furthermore, the mature form expression of HERG
protein (155 kDa) was significantly reduced in the A561V
group compared with the WT group (P<0.05), and 155 kDa
HERG protein expression was not increased in the WT/A561V
group compared with the WT group (P>0.05). These results
indicated that co‑expression of WT and A561V will not lead
to complete loss of HERG function related to the negative
dominant effect of the A561V mutation site and molecular
chaperone CNX/ERP57/CRT serves a role in this process.
Tail current of WT/A561V is suppressed but it does not disap‑
pear completely. The localization and protein trafficking of
HERG protein in cells expressing WT, A561V and WT/A561V
were examined by immunostaining and confocal imaging
(Fig. 2A‑C). The confocal image clearly revealed that WT protein
was expressed on the cell surface (white arrows) and in the
cytoplasm (yellow arrows). By contrast, A561V and WT/A561V
proteins were mainly expressed in the cytoplasm. Specifically,
the mutant HERG protein was mainly retained in the ER. No
tail current was observed in A561V cells but this was present
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Figure 1. HERG‑A561V mutation upregulates CNX/CRT/ERP57 expression. (A) Relative HERG mRNA expression in cells transfected with WT, A561V and
WT/A561V. ***P<0.001, ****P<0.0001 vs. Vector. (B) HERG protein expression in cells transfected with WT, A561V and WT/A561V were detected by western
blotting. (C) Optical density analysis of immature (135 kDa) forms of HERG protein. *P<0.05 vs. WT. (D) Optical density analysis of mature (155 kDa)
forms of HERG protein. *P<0.05 vs. WT. (E) CNX/CRT/ERP57 protein expression in cells transfected with WT, A561V and WT/A561V were detected by
western blotting. (F) Optical density analysis of CNX protein expression. *P<0.05 vs. WT. (G) Optical density analysis of CRT protein expression. *P<0.05,
***
P<0.001 vs. WT. (H) Optical density analysis of ERP57 protein expression. *P<0.05 vs. WT. Data are presented as the mean ± SD; n=3 in each group. One‑way
ANOVA was used to analyze the data. CNX, calnexin; CRT, calreticulin; ERP57, endoplasmic reticulum protein 57; HERG, human ether‑a‑go‑go‑related gene;
WT, wild‑type HERG group; A561V, A561V‑HERG mutation group; WT/A561V, heterozygous HERG group.

in WT/A561V cells. The tail current density in WT/A561V
cells (13.30±3.23 pA/pF) was 56% lower than that of WT cells
(30.49±8.67 pA/pF; n= 6; P<0.05) (Fig. 2H). In Fig. 2I, the normal‑
ized data of the tail currents were plotted against the test potential
and ﬁtted to a Boltzmann function. The half‑maximal activation
voltage (V1/2) in WT/A561V cells was‑17.19709±2.22513 mV,
whereas that in WT cells was‑23.76787±0.4569 mV (n=6;
P>0.05). A similar trend was seen in the slope factor k values
of WT/A561V cells (7.87613±1.95185 mV) compared with
WT cells (9.02434±0.39344 mV) (n=6; P>0.05). Therefore,

there was no significant difference in activation phase proper‑
ties of WT and WT/A561V protein channels. As shown, the
heterozygous channel did not completely lose its function. If
normal transportation can be partially restored after refolding,
the heterozygous channel may still serve a certain compensa‑
tory role. Therefore, it was concluded that the mutant HERG
protein could not be transported to the membrane to perform
its function. HERG function did not completely disappear in
heterozygous cells, and some HERG proteins were still trans‑
ported to the cell membrane.
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Figure 2. Tail current of WT/A561V is suppressed but it does not disappear completely. (A) Confocal imaging of WT channel in 293 cells (60X confocal special
oil lens). (B) Confocal imaging of A561V channel in 293 cells (60X confocal special oil lens). (C) Confocal imaging of WT/A561V channel in 293 cells (60X
confocal special oil lens). 293 cells were transfected with WT, A561V and WT/A561V plasmids and stained with anti‑HERG antibody (green). DAPI‑stained
nuclei (blue) and phalloidin‑stained actin filaments (red) were used to identify the nucleus and plasma membrane, respectively. WT was located in the plasma
membrane (indicated by the white arrows) and cytoplasm (indicated by the yellow arrows). (D) WT tail current amplitudes. (E) A561V tail current amplitudes.
(F) WT/A561V tail current amplitudes. (G) Current‑voltage relationships for tail currents amplitudes of WT and WT/A561V. (H) Statistical graph of tail
current amplitudes, WT/A561V was 56% lower compared with the WT group (n=6; *P<0.05). (I) Amplitudes of tail currents of WT or WT/A561V channel
plotted as a function of the test potential and ﬁtted to a Boltzmann function (n=6). HERG, human ether‑a‑go‑go‑related gene; WT, wild‑type HERG group;
A561V, A561V‑HERG mutation group; WT/A561V, heterozygous HERG group.

Mutual binding ability of A561V and WT/A561V proteins
with molecular chaperones CNX/ERP57/CRT is increased
compared with that of the WT group. To clarify the role of
key molecular chaperones CNX, CRT and ERP57 in medi‑
ating A561V folding in the CNX/CRT cycle, the present
study used immunoprecipitation to detect HERG protein
binding to molecular chaperones CNX, CRT and ERP57 in
cells expressing WT, A561V and WT/A561V. The physical
association of the HERG channel with chaperones was deter‑
mined by immunoprecipitation with anti‑CNX, anti‑CRT and
anti‑ERP57 antibodies followed by western blot analysis with
anti‑HERG, anti‑CNX, anti‑CRT and anti‑ERP57 antibodies
(Fig. 3). In A561V and WT/A561V cells, CNX/CRT/ERP57
and immature forms of HERG protein binding increased
(P<0.05). Simultaneously, the present study also revealed
that, in WT/A561V cells, ERP57 binding to CRT protein
was significantly enhanced compared with the WT group
(P<0.05).

bb' domain of ERP57 is a key domain that binds to HERG and
CRT proteins. As shown in Fig. 4A‑D, b and b' are key domains
required for ERP57 to bind to HERG and CRT proteins and
promote proper protein folding. After the modified ERP57
was expressed in WT/A561V cells, ERP57 in the bb' domain
deletion group was identified to exhibit enhanced binding to
HERG and CRT proteins compared with the Vector group
(P<0.05), and there was no significant difference in binding
among the remaining groups (P>0.05).
Overexpression of ERP57 can promote folding and trafficking
of WT/A561V mutant protein. In the WT/A561V cell group
(Fig. 5A), the immature form of HERG protein in the ERP57
overexpression group was increased compared with that in
other groups (P<0.05), indicating that ERP57 overexpression
can promote the correct folding of protein. ERP57 expression,
as measured by RT‑qPCR (Fig. 5B), was increased compared
with the Vector group (P<0.001). After plasma membrane
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Figure 3. Mutual binding of A561V and WT/A561V proteins with molecular chaperones CNX/ERP57/CRT was significantly increased compared with the WT
group. (A) HERG and CNX binding and optical density analysis. *P<0.05, **P<0.01 vs. WT. (B) HERG and CRT binding and optical density analysis. *P<0.05,
***
P<0.001 vs. WT. (C) HERG and ERP57 binding and optical density analysis. *P<0.05 vs. WT. (D) CRT and ERP57 binding and optical density analysis.
***
P<0.001 vs. WT. Data are presented as the mean ± SD; n=3 in each group. One‑way ANOVA was used to analyze the data. CNX, calnexin; CRT, calreticulin;
ERP57, endoplasmic reticulum protein 57; HERG, human ether‑a‑go‑go‑related gene; IB, antibody used to blot the membrane; IP, lysate after incubation with
antibody and pulled down using beads; WT, wild‑type HERG group; A561V, A561V‑HERG mutation group; WT/A561V, heterozygous HERG group.

separation (Fig. 5C and D), western blotting revealed that not
only immature form expression of HERG protein in the cyto‑
plasm increased (P<0.05) but the expression levels of mature
form of HERG protein on the membrane were also increased
(P<0.05).
Overexpression of CRT can help the folding of WT/A561V
mutant protein but knockdown of CRT cannot. Relative CRT
mRNA expression, as measured by RT‑qPCR, was increased
compared with the Vector group (P<0.001; Fig. 6A). In
WT/A561V cells, the expression levels of the immature form
of HERG in the CRT‑overexpressing group were signifi‑
cantly increased (P<0.05), and the mature form of HERG

protein did not increase significantly (P>0.05; Fig. 6B).
Additionally, relative CRT mRNA expression (Fig. 6C) was
decreased compared with the Vector group (P<0.05). The
expression levels of immature and mature forms of HERG
in the knockdown of CRT protein group were significantly
lower than those in the control group (P<0.05; Fig. 6D). After
plasma membrane separation, as shown in Fig. 6E and F, the
HERG protein expression in the cytoplasm was significantly
increased in the CRT overexpression group (P<0.05), and that
on the membrane did not increase significantly in the CRT
overexpression group (P>0.05). As shown in Fig. 6G and H,
HERG protein expression in the cytoplasm was significantly
reduced in the knockdown of CRT group (P<0.05), and that
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Figure 4. bb' domain of ERP57 is a key domain that binds to HERG and CRT proteins. (A) Specific location of ERP57 domain deletion. (B) After modified
ERP57 was expressed in WT/A561V cells, ERP57 binding to HERG and CRT was detected. Optical density analysis of (C) HERG and (D) CRT binding to
modified ERP57, including ERP57 lacking its b and b' domains. Data are presented as the mean ± SD; n=3 in each group. One‑way ANOVA was used to analyze
the data. *P<0.05, **P<0.01 vs. vector group. b‑, ERP57 b‑domain deletion group; ▲b'‑, ERP57 b'‑domain deletion group; ▲bb'‑, ERP57 bb'‑domain deletion
group; CRT, calreticulin; ERP57, endoplasmic reticulum protein 57; HERG, human ether‑a‑go‑go‑related gene; IB, antibody used to blot the membrane;
IP, lysate after incubation with antibody and pulled down using beads; WT, wild‑type.

on the membrane was significantly reduced in the knockdown
of CRT group (P<0.05). The present study revealed that CRT
overexpression promoted the correct folding and trafficking
of the immature form of HERG. Furthermore, knockdown of
CRT reduced the expression of both the mature and immature
forms of HERG protein, and failed to serve a role in the correct
folding and trafficking of WT/A561V protein.
Overexpression of CRT and ERP57 can increase the tail
current density of WT/A561V. Confocal images clearly
demonstrated that overexpression of CRT and ERP57
increased HERG protein localization in the plasma membrane
(Fig. 7A‑C). As shown in Fig. 7H, the tail current amplitude of
the CRT overexpression group (19.48±7.48 pA/pF) increased
by 46% compared with the heterozygous control group
(13.30±3.23 pA/pF; n=6; P<0.05), and the tail current ampli‑
tude of the ERP57 overexpression group (20.41±4.07 pA/pF)
increased by 53% compared with the heterozygous control
group (13.30±3.23 pA/pF; n= 6; P<0.05). In Fig. 7I, the
normalized data of the tail currents were plotted against
the test potential and ﬁtted to a Boltzmann function. The
half‑maximal activation voltage (V1/2) in WT/A561V cells
was ‑17.19709±2.22513 mV, whereas that in WT/A561V+CRT
cells was ‑18.57577±1.16886 mV (n=6; P>0.05), and that in
WT/A561V cells was ‑17.19709±2.22513 mV, whereas that in
WT/A561V+ERP57 cells was ‑21.63619±1.42333 mV (n=6;
P>0.05). A similar trend was seen in the slope factor k values
of WT/A561V cells (7.87613±1.95185 mV) compared with
WT/A561V+CRT cells (9.45329±1.02986 mV; n=6; P>0.05),
and WT/A561V cells (7.87613±1.95185 mV) compared with
WT/A561V+ERP57 cells (10.86673±1.2318 mV; n=6; P>0.05).
Therefore, there was no significant difference in activation

phase properties among the CRT overexpression, ERP57 over‑
expression and WT/A561V groups. The heterozygous channel
did not completely lose its function. If it can partially resume
normal transport after its regulation, it can still perform a
certain compensatory function. These results suggested that
overexpression of key molecular chaperones, including CRT
and ERP57, could correct the function of the WT/A561V
channel.
Discussion
The HERG channel protein is a glycosylated protein composed
of four α subunits (3). The channel protein‑peptide chain enters
the ER after ribosome synthesis and undergoes core glycosyl‑
ation at position N598 to form a 135 kDa precursor (23). The
precursor is then transported to the Golgi apparatus and under‑
goes complex glycosylation to form a 155 kDa mature channel
protein inserted into the cell membrane (24). Compared with
WT HERG, represented on a western blot by a 155‑kDa band
of mature HERG channel protein, the mutant HERG protein,
represented on a western blot by a 135‑kDa immature HERG
protein band, is prone to misfolding and is retained in the
ER (25). The mutant channel protein will combine with the
WT protein to form a hybrid channel, producing two protein
bands of 155 and 135 kDa on a western blot, and stay in the
ER, thereby reducing the expression of the WT protein in the
cell membrane (19). These mutant proteins, especially hetero‑
zygous channels, are not completely non‑functional (5). If their
normal transport can be partially restored by overexpression
of related chaperones, the mutant protein can still perform
a compensatory function (26). In other words, the upstream
regulatory mechanism of HERG channel abnormalities is the
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Figure 5. Overexpression of ERP57 can promote folding and trafficking of WT/A561V mutant protein. (A) Expression levels of HERG and ERP57 protein in
WT/A561V cells after expression of modified ERP57. Optical density analysis of ERP57 in cells overexpressing ERP57. One‑way ANOVA was used to analyze
the data. *P<0.05 vs. vector group. Optical density analysis of the 135‑kDa immature form of HERG in WT/A561V cells overexpressing ERP57. *P<0.05
vs. vector group. Optical density analysis of the 155‑kDa mature form of HERG (P>0.05). (B) Relative ERP57 mRNA expression in cells overexpressing
ERP57. An unpaired Student's t‑test was used to analyze the data. ***P<0.001. (C) Optical density analysis of the 135‑kDa immature form of HERG in the
cytoplasm after overexpression of ERP57 in WT/A561V cells overexpressing ERP57. An unpaired Student's t‑test was used to analyze the data. **P<0.01.
(D) Optical density analysis of 155‑kDa mature form of HERG in the cell membrane after overexpression of ERP57 in WT/A561V cells overexpressing
ERP57. An unpaired Student's t‑test was used to analyze the data. *P<0.05. Data are presented as the mean ± SD; n=3 in each group. ▲b‑, ERP57 b‑domain
deletion group; ▲b'‑, ERP57 b'‑domain deletion group; ▲bb'‑, ERP57 bb'‑domain deletion group; ERP57, endoplasmic reticulum protein 57; HERG, human
ether‑a‑go‑go‑related gene; WT, wild‑type.

ERQC system, which mediates channel protein folding and
transport in the ER, and serves a vital role in changes in ion
channel function (27). The aforementioned viewpoints were
verified in the present study.
The CNX/CRT cycle is an essential part of the ERQC system
and one of the critical mechanisms for monitoring protein
folding and assembly (17). The disulfide bond isomerase ERP57
can form transient disulfide bonds with CNX/CRT‑bound
glycoproteins to facilitate protein folding (13,14), and the b
and b' domains of ERP57 protein contain the binding sites for
CRT and CNX. UDP‑glucose: Glycoprotein glucosyltrans‑
ferase 1 (UGGT1) is an important enzyme in the circulatory
system and can specifically recognize incompletely folded
proteins and catalyze their glycosylation, which is called the
ER folding induction device (28,29). Once the glycoprotein
is misfolded, Man9GlcNAc2 will add glucose under UGGT1
catalysis, and the protein will re‑enter the CNX/CRT cycle
for refolding (30). If the protein still fails to fold correctly, to
avoid excessive accumulation of misfolded protein in the ER, it
will be released from the CNX/CRT cycle under the action of
ER mannosidase I, and the mannosidase, which enhances ER
degradation enzyme‑like protein is combined and degraded

through ER‑associated degradation (31‑34). The specific
process is shown in Fig. 8.
To study the role of the chaperone proteins CNX, CRT and
ERP57 in the process of A561V trafficking and defects, the
present study examined the expression levels of HERG protein
and CNX/CRT/ERP57 in WT, A561V and WT/A561V cells.
The data revealed that immature HERG protein expression
was significantly increased in A561V and WT/A561V cells
compared with its expression in WT cells and the expression
of molecular chaperones CNX and CRT was also signifi‑
cantly increased compared with their expression in WT cells,
and ERP57 was significantly increased in WT/A561V cells
compared with WT cells. This result indicated that molecular
chaperones CNX, CRT and ERP57 serve a role in the A561V
transport process. Furthermore, the CNX/CRT chaperone role
in the A561V mutant was consistent with the results obtained
for E637K‑HERG and G572R‑HERG mutants (24).
To the best of our knowledge, the present study demon‑
strated for the first time that folding and maturation of A561V
were controlled by cytoplasmic chaperone ERP57 and verified
the key domains of ERP57 protein and its specific mechanism
of action. Currently, ERP57 protein is primarily used in tumor
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Figure 6. In WT/A561V cells, the expression levels of the immature form of HERG in the CRT‑overexpressing group were significantly increased, and the
mature form of HERG protein did not increase significantly. The expression levels of immature and mature forms of HERG in the knockdown of CRT protein
group were significantly lower than those of the control group. (A) Relative CRT mRNA expression in cells overexpressing CRT. ***P<0.001. (B) Expression
levels of HERG and CRT in WT/A561V cells after CRT overexpression. Optical density analysis of CRT in cells overexpressing CRT. *P<0.05. In cells over‑
expressing CRT, optical density analysis was performed on the immature form of HERG protein (135 kDa; *P<0.05) and on the mature form of HERG protein
(155 kDa; P>0.05). (C) Relative CRT mRNA expression in cells transfected with CRT‑shRNA. *P<0.05. (D) Expression levels of HERG and CRT proteins
in WT/A561V cells after knockdown of CRT. Optical density analysis of CRT protein in cells with knockdown of CRT. **P<0.01. In cells with knockdown of
CRT, optical density analysis was performed on the immature form of HERG protein (135 kDa; **P<0.01) and on the mature form of HERG protein (155 kDa;
*
P<0.05). (E) Optical density analysis of the immature form of HERG protein (135 kDa) in the cytoplasm of cells overexpressing CRT. *P<0.05. (F) Optical
density analysis of the mature form of HERG protein (155 kDa) in the cell membrane of cells overexpressing CRT (P>0.05). (G) Optical density analysis of
the immature form of HERG protein (135 kDa) in the cytoplasm of cells with knockdown of CRT. *P<0.05. (H) Optical density analysis of the mature form of
HERG protein (155 kDa) in the cell membrane of cells with knockdown of CRT. **P<0.01. Data are presented as the mean ± SD; n=3 in each group. An unpaired
Student's t‑test was used to analyze the data. CRT, calreticulin; HERG, human ether‑a‑go‑go‑related gene; shRNA, short hairpin RNA; WT, wild‑type.

research. ERP57 is abnormally dysregulated in a number of
cancer types, including cervical cancer and laryngeal cancer,
and abnormal ERP57 expression has been evaluated as a
clinical prognostic indicator (35). Upregulation or downregu‑
lation of ERP57 may be associated with poor prognosis (36).
Furthermore, CRT protein, the key molecular chaperone in the
CNX/CRT protein cycle, is one of the main calcium‑binding
proteins in the ER (37). In addition to coordinating membrane
surface and exocrine proteins in the ER, CRT can also help the
folding and trafficking of misfolded proteins retained in the
ER (38). However, a recent study has revealed that CRT is not
only present in the ER but also localizes to the cell membrane
and is secreted to the outside of the cell to perform its specific
functions (39). In the future, it will be necessary to conduct
experiments to determine whether these functions are also
involved in folding and transportation of HERG protein.
Accumulating misfolded proteins is a major feature of
pathology of numerous neurodegenerative diseases, including

frontotemporal dementia, amyotrophic lateral sclerosis,
Parkinson's disease, Alzheimer's Mer's disease, Huntington's
disease and Creutzfeldt‑Jakob disease (16). ER stress and
activation of unfolded protein response after misfolding
and/or nascent protein accumulation are common features in
the cytopathology of these diseases, which is the pathology of
accumulating mutant proteins or misfolded proteins in the ER
caused by mutations in HERG gene features (40). However, the
cumulative effect of activating the unfolded protein response
depends on integrating cell survival time and the duration
of apoptosis signals (41). Activation of the unfolded protein
response will increase the recruitment of PDI family members
to promote protein folding or trigger cell apoptosis (42). In
Creutzfeldt‑Jakob disease, ERP57 upregulation is consid‑
ered a defense response against toxicity of misfolded prion
virus protein (43). However, characterization of the role of
ERP57 in mediating the steady‑state levels of WT and prion
virus‑associated disease related mutant proteins suggests that
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Figure 7. Overexpression of CRT and ERP57 can increase the tail current density of WT/A561V. (A) Confocal imaging of WT/A561V channel in 293 cells (60X
confocal special oil lens). (B) Confocal imaging of WT/A561V channel in 293 cells overexpressing CRT protein (60X confocal special oil lens). (C) Confocal
imaging of WT/A561V channel in 293 cells overexpressing ERP57 protein (60X confocal special oil lens). Co‑staining with anti‑HERG antibody (green),
DAPI‑stained nuclei (blue) and phalloidin (red). (D) Tail current amplitudes of WT/A561V group. (E) Tail current amplitudes of CRT overexpression group.
(F) Tail current amplitudes of ERP57 overexpression group. (G) Current density‑voltage relationship for tail currents amplitudes of WT, WT/A561V, overexpres‑
sion of CRT and overexpression of ERP57 groups. (H) Statistical graph of tail current amplitudes. The tail current amplitudes of the CRT group were increased by
46% compared with the WT/A561V group (n=6; *P<0.05). The tail current amplitudes of the ERP57 group were increased by 53% compared with the WT/A561V
group (n=6; *P<0.05). (I) Amplitudes of tail currents of WT, WT/A561V, WT/A561V+CRT, WT/A561V+ERP57 channel plotted as a function of the test potential
and ﬁtted to a Boltzmann function (n=6). CRT, calreticulin; ERP57, endoplasmic reticulum protein 57; HERG, human ether‑a‑go‑go‑related gene; WT, wild‑type.

Figure 8. CNX/CRT cycle is an important part of the ERQC system, and its key proteins are CNX, CRT, ERP57, UGGT1, Glu II, ER‑man I and EDEM,
all of which are involved in the process of protein folding and transport. CNX, calnexin; CRT, calreticulin; ERP57, endoplasmic reticulum protein 57; ER,
endoplasmic reticulum; ERQC, ER quality control; ERAD, ER‑associated degradation; GluI/II, glucosidases I/II; UGGT1, UDP‑glucose: Glycoprotein
glucosyltransferase 1; ER‑man Ⅰ, endoplasmic reticulum‑mannosidase Ⅰ; EDEM, ER degradation‑enhancing α‑mannosidase‑like protein.
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ERP57 deficiency may cause prion virus protein folding but
may not contribute to resistance to ER stress sensitivity (44).
The ability to inhibit mutant huntingtin‑mediated toxicity by
inhibiting ERP57 and/or PDI highlights that PDI can promote
apoptosis by stimulating mitochondrial outer membrane
permeability (MOMP) to stimulate neurodegenerative
diseases with abnormal cytoplasmic protein aggregation char‑
acteristics (45). In the present study, upregulation of ERP57
promoted the correct folding and transportation of misfolded
and unfolded proteins. ERP57 may be upregulated during ER
stress as part of a protective response to promote the folding
of aggregated proteins and restore cellular protein stability.
Simultaneously, excessive ERP57 can stimulate cell apoptosis
through MOMP. Notably, ERP57 is a selective folding enzyme
that only interacts with a part of potential protein aggre‑
gates (46). It is unclear whether ERP57 can protect HERG
mutant protein or other aggregation‑prone proteins involved in
misfolding in vivo, or if ERP57 can directly rescue the mutant
conformation of HERG protein. Investigation of this will
reveal the potential of ERP57 as a possible therapeutic target
for LQTS caused by mutations in the HERG gene.
The present study detected no IKr current in A561V cells
in which A561V was transported from the ER to the cell
membrane. This result may be due to mutations in the channel
pore area and channel opening, preventing potassium ions from
passing through the channel. The function of the WT/A561V
heterozygous channel was not completely abolished. An IKr
current was detected; however, it was weaker than the tail
current of the WT HERG channel, so it would be important
to correct the IKr current of the heterozygous HERG channel.
For this reason, the expression of molecular chaperones was
adjusted to interfere with folding and transportation of the
WT/A561V channel protein. It was revealed that knockdown
of CRT protein did not promote HERG protein transport to the
membrane, while CRT and ERP57 overexpression promoted
the correct folding and transport of the protein. Knockdown of
CRT can lead to non‑apoptotic cell death, leading to complete
cell disintegration (47), consistent with reduced expression
levels of mature and immature HERG protein forms after
knockdown of CRT protein. In the overexpression group, the
amounts of immature (135 kDa) and mature forms (155 kDa) of
HERG protein were increased to varying degrees in the cyto‑
plasm and membrane. To verify the impact of overexpression
of CRT and ERP57 in the WT/A561V cell model, whole‑cell
patch‑clamp technology was used to detect the IKr current in
cells from each group, indicating that overexpression of CRT
and ERP57 further corrected the WT/A561V trafficking defect.
The present study clarified the specific role of the
CNX/CRT cycle in mediating the folding and transport of WT
and mutant HERG and analyzed the regulatory roles of key
factors CNX, CRT and ERP57 in binding HERG protein and
HERG channel function. It was revealed that these factors can
change the transport process of proteins, especially heterozy‑
gous mutant proteins, by improving HERG channel protein
transport and increasing HERG channel protein function,
suggesting novel avenues for developing treatments for LQTS
from the perspective of correcting protein transport defects.
The present study demonstrated that the three chaperone
proteins, CNX, CRT and ERP57, block the mutant protein
in the ER and refold it into its correct conformation, which
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serves a crucial role in trafficking the A561V mutant protein.
Additionally, overexpression of CRT and ERP57 promoted
the correct transport of WT/A561V and restored its function.
This potential therapeutic method may also provide ideas for
treating other clinically relevant protein trafficking diseases.
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