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Congenital long QT syndrome (LQTS) is a heart channel disease associated with fatal ventricular arrhythmias
or cardiac arrest. Human ether-a-go-go-related gene (HERG) mutation is one of the main causes in type 2
LQTS since it may lead to abundant immature HERG channel protein accumulate in the endoplasmic reticulum
(ER). In our study, we have successfully constructed the G604S-HERG mutation in HEK293 cells and
demonstrated that the immature HERG protein on ER via Western blot and immunoﬂuorescence. Herein we
found that unfolded protein reaction (UPR) process has been activated in order to counter this endoplasmic
reticulum stress (ERS) since the main sensors got upregulated. Meanwhile, autophagy was also observed in
this process and veriﬁed by Western blot and transmission electron microscopy. To explore the relationship
underlying autophagy and UPR in the condition of ERS, we found that PERK-EIF2a-CHOP axis was activated. Our ﬁndings provides insight for G604S-HERG mutation in type 2 LQTS.
Keywords. Autophagy; congenital long QT syndrome; endoplasmic reticulum stress; human ether-à-go-gorelated gene

1. Introduction
Long QT syndrome (LQTS) is a cardiac electrophysiologic condition induced by myocardial ion channels
disorder. The main electrocardiogram characteristics
are QT interval prolongation and T-wave abnormalities.
It is associated with an increased risk for Torsade de
Pointes (TdP), which can cause syncope or sudden
cardiac arrest (Smith et al. 2016). KCNQ1, KCNH2
and SCN5A are the three key gene mutation which
account for 85% * 95% of LQTS cases in clinical
practice (Priori et al. 2013). KCNH2 or HERG gene
encodes the pore-forming a-subunits (Kv11.1) of
voltage-gated K? channels on the cell plasma membrane (Stansfeld et al. 2006; Trudeau et al. 1995) and
loss of function mutations in KCNH2 can reduce the
rapidly activating delayed rectiﬁer potassium current
(IKr) in type 2 LQTS (LQT2) (Smith et al. 2016). To
date, missense mutation has been identiﬁed as the
dominant gene mutation type in LQT2 patients through
genetic analyses and majority of HERG gene missense
mutation can generate trafﬁcking impaired, which will
http://www.ias.ac.in/jbiosci

result in abundant immature HERG protein accumulates in the endoplasmic reticulum (ER) (Anderson
et al. 2006).
The ER is a multifunctional organelle responsible for
several key bioactivity in cells, such as post-translational modiﬁcation and folding newly synthesized
proteins (Burggraaf and Ram 2016). The unfolded
protein response (UPR) is a cellular stress response
related to the ER stress and is usually activated when
the incorrectly folded proteins accumulate in the ER
lumen (Hetz and Papa 2018). The UPR is regulated by
three distinct proteins, activating transcription factor 6
(ATF6), double-stranded RNA-activated PKR-like
endoplasmic reticulum kinase (PERK) and inositol-requiring enzyme 1 (IRE1), to keep ER homeostasis and
alleviate endoplasmic reticulum stress (ERS) (Doroudgar and Glembotski 2013). During ERS, improperly folded proteins can induce dissociation of glucoseregulated protein 78 kDa (GRP78)/BIP, a protein that
usually binds and inactivates IRE1, PERK, or ATF6,
which will in turn to alleviate ERS and rescue cells
(Ogata et al. 2006).
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Autophagy is another complex protein degradation
process in eukaryotes through double-membrane
autophagosomes and lysosomes, which can degrade
or recycle the cytoplasmic components (Hsu et al.
2018). Since both autophagy and UPR are playing a
role to keep cell homeostasis, it has also been indicated that the UPR may trigger autophagy, and
autophagy can in turn to alleviate the UPR (Senft
and Ronai 2015). Previous study has investigated
that PERK- eukaryotic translation initiation factor 2a
(EIF2a)-C/EBP homologous protein (CHOP) (PERKEIF2a-CHOP) pathway is critical for UPR-induced
autophagy after ERS (B’Chir et al. 2013). The
phosphorylated EIF2a (p-EIF2a), activated by phosphorylated PERK, promotes the expression of CHOP,
an effective transcription factor, which is a key
molecule in autophagy induction via the UPR (Yan
et al. 2015). Microtubule-associated protein 1A/1Blight chain3 (LC3), the mammalian homolog of Atg8
essential for autophagy in yeast, makes a vital part in
autophagosome membranes (Klionsky et al. 2016).
LC3 protein can be divided into two forms, one is
cytosolic form LC3I, and the other is a membranebound form LC3-phosphatidylethanolamine conjugate
(LC3II) (Mizushima et al. 2002). It has also been
demonstrated that the transformation of these two
forms of LC3 depends on PERK/EIF2aactivation and
the LC3II/I ratio has a remarkable reduction after
blocking this pathway (Rzymski et al. 2010).
Besides, PERK-EIF2a-CHOP pathway can also
enhance the expression of p62, an essential marker
of autophagy ﬂux (B’Chir et al. 2013).
In our previous study, we have demonstrated that
G604S-HERG is a missense mutation and with this
mutation we also conﬁrmed the accumulation of
immature channel protein in the ER (Zhang et al.
2007). Thus, in this study, we would like to investigate whether the immature HERG protein accumulated in the ER can cause the UPR and also we
are curious about the possible link between UPR and
autophagy in the G604S-HERG mutation even
though the HERG gene and HERG channel have
been widely studied. In the present study, the LQTS2
cell model was constructed by using the G604SHERG plasmid in HEK293 cell lines with three
different G604S-HERG mutation status. These different mutation status allow us to carefully investigate the possible induction of UPR and autophagy in
G604S-HERG mutation and the potential relationship between UPR and autophagy.

2. Materials and methods
2.1 Plasmids acquisition and sequencing
Plasmid pcDNA3.0-WT-HERG and the recombinant
plasmid pcDNA3.0-G604S-HERG with full-length
G604S-HERG gene were kind gifts from Professor Jianhua Huo, Xi’an Jiaotong University, China. Plasmids
were ampliﬁed in Escherichia coli competent cells and
extracted using the high purify plasmid extraction kit
(TianGen, China). The plasmids concentration was measured by a spectrophotometer (BIO-RAD, USA). The
recombinant plasmid pcDNA3.0-G604S-HERG was sent
to Shanghai Sangon Biotech and subjected to sequencing.

2.2 Cell culture and transfection
We used Dulbecco’s modiﬁed Eagle’s medium (DMEM)
(HyClone, SH30022.01B, USA) with 10% fetal bovine
serum (Sijiqing Biological Engineering Materials,
S9000, China) to culture HEK293 cells, and the cells
were maintained in a humidiﬁed 5% CO2 incubator at
37°C. In accordance with the manufacturer’s protocol
(Invitrogen), HEK293 cells were transiently transfected
using Lipofectamine TM 2000. The empty vector group
was transfected with 4 lg empty vector, the wild type
(WT) group was constructed with 4 lg WT-HERG
plasmid, the homozygous mutation group was built with
4 lg G604S-HERG plasmid, and the heterozygous
mutation group was transfected with 2 lg G604SHERG plasmid and 2 lg WT-HERG plasmid. After
adding reagent, the cells were incubated 24 h at 5% CO2
and 37°C.

2.3 Treatment with inhibitor
Transfected cells were treated by ERS inhibitor
4-phenyl butyric acid (4-PBA) (Sigma-Aldrich,
P21005, Germany). 4-PBA were added into the cell
medium after transfection at a concentration of 40 lM
and harvested 24 h after the treatment. GSK2606414
(MedChemExpress, 1337531-36-8, USA), a pharmacological inhibitor of PERK, was also added into the
cell medium with a concentration of 0.5 lM for 24 h at
5% CO2 and 37°C (X Jiang et al. 2017). These reagents
were dissolved in dimethyl sulfoxide (DMSO, ThermoFisher) and stored them at 4°C.

HERG mutation induce autophagy via UPR-related pathway

2.4 Western blotting
HEK293 cells were washed with PBS and lysed in
RIPA buffer (Beyotime, China) supplemented with
1 mM PMSF. Cell pellets were incubated on ice and
centrifuged at 15000 g for 30 min. Analysis the electrophoresis of different samples (30 lg) by using
sodium dodecyl sulfate-polyacrylamide gel (SDSPAGE) and immunoblot. The methanol-pre-treated
polyvinylidene diﬂuoride (PVDF) membranes were
incubated overnight at 4°C with the following speciﬁc
antibodies: GAPDH (Santa Cruz, sc-25778, 1:1000),
HERG (Santa Cruz, sc-15968, 1:500), GRP78,
ATF6,p-EIF2a, p62 (Cell Signaling Technology, Cat.
3183, 65880, 5199, 5114, 1:1000), p-PERK (Bioss, bs23340R, 1:700), p-IRE1a (Novus Biologicals, NB1002323, 1:700), CHOP (Wanleibio, WL00880, 1:1000) or
LC3B(Sigma, L7543, 1:1000). Secondary antibodies
were donkey anti-goat and goat anti-rabbit IgG (Santa
Cruz; 1:5000), and signals were detected with
BeyoECL plus kit (Beyotime, P0018, China). After
imaging, QuantityOne software (Bio-Rad) was used to
quantify band intensity.
2.5 Transmission electron microscopy
Autophagosome was tested by transmission electron
microscopy (TEM). Concisely, HEK293 cells were
transfected as described above and ﬁxed by 2.5%
glutaraldehyde at 4°C for 2 h. Then the cells were
incubated with 1% osmic acid at 20°C for 2 h, and
dehydrated with a continuous ethanol gradient. Next,
they were embedded for 48 h before cut the sample
into 60–80 nm slices using an ultramicrotome (Leica,
Germany). The slices were stained with 0.2% lead
citrate solution and 1% uranyl acetate solution
according to manufacturer’s protocol and ran on a
Hitachi TEM system.
2.6 Immunoﬂuorescence
Fluorescence microscopy was applied to observe cells
ﬂuorescence as described previously (Wachowskaab
et al. 2016). Brieﬂy, HEK293 cells were evenly spread
on glass slides(Corning, USA)and transfected with
plasmids. After 24 h, - 20°C methanol was used to ﬁx
cells before using 2% BSA and 0.5% Triton-X to
block. HEK293 cells were washed with PBS, and
cultured overnight with antibody HERG or LC3B at 4
°C. After washing with PBS, cells were counterstained
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with Alexa Fluor-555 anti-rabbit antibody (Betotime,
P0179, China) for 1 h at room temperature. Then we
used the Nikon imaging system to capture images
(NIKON DS-U3).
2.7 Statistics
All values are presented as means ± standard deviation, and all statistical analyses were performed using
SPSS version 21.0 software (IBM Corp, Armonk, NY,
USA). Statistical comparisons among more than two
groups were performed with one-way analysis of
variance. The LSD test was used to conduct pairwise
comparisons. Probabilities of P \ 0.05 were considered statistically signiﬁcant.
3. Results
3.1 Construct G604S-HERG cell model and verify
the expression of HERG protein
It has also been proved that wild type HERG protein
expressed both on the cell membrane (mature form,
155 kDa on Western blotting) and the endoplasmic
reticulum (immature form, 135 kDa) (Zhou et al. 1998),
while G604S-HERG mutation could result in only one
band expressing at 135 kDa (Huo et al. 2008). A previous study from our lab showed a roughly 40%–50%
transfection efﬁciency base on our protocol (Ma et al.
2019a). To test if plasmids pcDNA3.0-G604S-HERG or
pcDNA3.0-WT-HERG were transfected successfully,
HERG channel protein was detected by Western blotting
and immunoﬂuorescence. The immunoﬂuorescence
result in current study also reveals that all of plasmids we
used have a transfection efﬁciency around 40%. We can
see from ﬁgure 1A that the WT-HERG protein has two
bands, the mature form at 155 kDa and the immature
form at 135 kDa. However, the G604S-HERG only
shows the 135 kDa protein band, and the 155 kDa one is
absent. The heterozygosis mutation group expresses
both 135 kDa protein and 155 kDa protein but in a
dimmer band than the WT group. Further protein quantitative analysis showed the expression level of 155 kDa
protein from heterozygosis cells was lower than those
from cells transfected with WT-HERG plasmids (ﬁgure 1A). Next, we use immunoﬂuorescence to visualize
the localization of HERG protein in cells as shown in
ﬁgure 1B. In the G604S-HERG cells, there is a strong
yellowish color in the merged image which indicates a
strong cytoplasmic staining and little can be seen on the
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Figure 1. Analysis of HERG protein expression in the treated HEK293 cells. (A) Expression of HERG protein detected by
Western blotting and the results of the relative expression rate of HERG protein. Each experiment was repeated three times.
(B) Fluorescent microscopy scanning of the HERG protein distribution under x600 magniﬁcation. Immunoﬂuorescence
staining of HERG and the ﬂuorescence of pDsRed2-ER plasmid in ER. The red ﬂuorescence represents the ER structure
transfected with pDsRed2-ER plasmid; the green ﬂorescence represents HERG protein stained with anti-HERG antibody.
The yellow ﬂorescence in the merged images is the overlapping color of green and red ﬂorescence.

cell membrane (ﬁgure 1Bc). Figure 1Bg-i shows that in
WT group, the HERG protein can be seen both on ER
and the cell surface (white arrowhead), however, when
compared with the heterozygosis group (ﬁgure 1Bd-f),
there is less mature HERG protein presented on cell
membrane. Based on the results, G604S-HERG mutation results in the immature HERG protein accumulating
in the ER, which is consistent with previous studies (Huo
et al. 2008) and also demonstrated the cell model construction was successful.
3.2 G604S-HERG mutation activates the UPR
Our previous experiment has demonstrated when
G604S-HERG mutation occurs, there is immature

HERG protein can be found in the ER. In a bid to
further verify whether these accumulated mutant
HERG protein can result in the UPR, key sensors in
the process of UPR have been tested and shown in
ﬁgure 2. In ﬁgure 2A, the expression of GRP78/BIP,
ATF6, p-PERK, p-EIF2a and p-IRE1a in G604SHERG are higher than the other two groups and
further quantiﬁcation of each band also conﬁrms that
the expression of these ﬁve markers are signiﬁcantly
higher than the WT group and heterozygous group
(ﬁgure 2B–F). Moreover, the expression of these
proteins are the least in WT group. Judging from the
above results we believe that G604S-HERG mutation
can upregulated the expression of key regulators
of the process of UPR which will in turn activate
UPR.
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Figure 2. Western blotting analysis results for ER stress-associated proteins. The representative blotting images (A) and bar
graphs (B–F) quantiﬁed data demonstrated elevated GRP78, ATF6, p-PERK, p-eIF2aand p-IRE1a in G604S-HERG, WTG604S-HERG and WT-HERG cells. Each experiment was repeated at least three times. *P\0.05 between the two groups,
P\0.05 was considered to be statistically signiﬁcant.

3.3 G604S-HERG induces cell autophagy
Autophagy is a major catabolic process that delivers
proteins, cytoplasmic components and organelles to
lysosomes for degrading and recycling. Besides, it
also plays a vital role in maintaining ER homeostasis. Previous studies on autophagy has been
demonstrated that it can be activated by UPR as
aggregated misfolded proteins accumulated (Deegan
et al. 2013). Since our result has indicated that
immature HERG protein can upregulate the key
sensors in UPR process, we assume that this G604SHERG mutation may also cause autophagy. To verify
this hypothesis, we perform transmission electron
microscopy (TEM) and Western blotting to see if
autophagy occurred. TEM result shows the morphology of autophagosome and position among all
other cellular components (Klionsky et al. 2016;
Lucocq and Hacker 2013) as shown in ﬁgure 3A.
The transfected HEK293 cells lead to the formation

of autophagosome and autolysosome (white
arrowhead).
The ratio of LC3-II over LC3I is a commonly used
method to detect the autophagy ﬂux. During the process of autophagosome formation, LC3-I was converted to LC3II, which is strongly associated with the
autophagosomal membrane (Mizushima et al. 2010). In
the present study, the LC3II/I ratio increases dramatically in G604S-HERG group compare with the other
two group. As for the WT group and homozygous
group, the ratio is slightly higher in WT-G604S-HERG
than in WT-HERG (all P\0.05; ﬁgure 3B).
p62 is also an autophagy substrate and used as a
negative reporter for autophagy activity. In ﬁgure 3B,
the expression of p62 in G604S-HERG is the lowest
in these three groups, and the expression is the
highest in WT-HERG. Based on the morphology and
molecular result, we believe G604S-HERG mutation
could induce autophagy in the transfected HEK293
cells.
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Figure 3. Analysis of autophagy-associated protein expression in the treated HEK293 cells. (A) TEM images of
autophagosomes (white arrowhead) in G604S-HERG, WT-HERG/G604S-HERG and WT-HERG cells. Scale bar was 2 lm
and TEM magniﬁcation was x5.0 K. (B) Expression levels of LC3I, LC3II and p62 were detected by Western blotting
analysis. The LC3II/I ratios in each group and the relative expression rate of p62 protein. *P\0.05 between the two model
cell groups. P\0.05 was considered to be statistically signiﬁcant.

3.4 Explore the relationship between UPR
and autophagy under G604S-HERG mutation
Both UPR and autophagy are major parts of the ERS
response and our data has shown G604S-HERG
mutation can induce both UPR process and autophagy.
Thus, we would like to investigate whether the UPR
process and autophagy are associated with ERS
response under G604S-HERG mutation. Therefore, we
use the ERS inhibitor 4-PBA to intervene the three
treated HEK293 cell groups in subsequent experiments. Following 4-PBA treatment, three groups
exhibit a decrease in the expression of GRP78 (ﬁgure 4A and B, all P\0.05). The data also indicate that
4-PBA treatment can signiﬁcantly reduce autophagy in
three groups as the LC3II/I ratio decrease notably and
the expression level of p62 became substantially
higher. These results combined indicate that the ERS
activation may associate with autophagy under G604SHERG mutation scenario while 4-PBA could reverse
the autophagy by blocking ERS. Next, we would like
to explore the pathway between UPR response and
autophagy under ERS response in the context of HERG
mutation. GSK2606414, a PERK-EIF2a-CHOP pathway inhibitor, is added into medium to test the

expression level of pathway-associated proteins and
autophagy proteins. Figure 4C–D shows that after
treating with GSK2606414, the autophagy ﬂux (LC3II/
I ratio) has decreased and the expression of p62
increased which indicates the process of autophagy is
being limited. Besides, the expression levels of CHOP,
p-PERK and p-EIF2a are all decreased in all three
groups (ﬁgure 4C and E, all P\0.05) compare with
non-treatment group. Based on our ﬁndings, we believe
that G604S-HERG-induced autophagy may be regulated by the PERK-EIF2a-CHOP pathway which is
one of the key pathways in the process of UPR.

4. Discussion
LQTS2 accounts for 54.5% of the genetically conﬁrmed LQT syndrome cases, and it is the most common type in China (Liu et al. 2006). In clinical
practice, patients with HERG mutation may suffer
severe arrhythmia or sudden death while most of them
may just be asymptomatic and abnormal ECG is often
used as one of the key diagnostic criteria. Previous
research on LQT syndrome pay more attention to
abnormal ECG and electrophysiological activity in the
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Figure 4. Western blotting analysis results for autophagy-associated proteins and PERK pathway-associated proteins. Three
model cell groups were transfected with plasmids, with or without 40 lmol 4-PBA/0.5 lmol GSK2606414. Each experiment
was repeated at least three times. (A and C) The representative blotting images. (B, D and E) Results of the relative
expression rate of associated proteins in experiment groups. *P\0.05 between the two subgroups treated with or without
inhibitor intervention; #P\0.05 between the three groups; P\0.05 was considered to indicate a statistically signiﬁcant
difference.

heart and little attention has been given to ER homeostasis. Just several studies have investigated pathways
related to LQTS-induced ER stress or the mechanisms
of LQTS-induced apoptosis (Ma et al. 2019b).
The endoplasmic reticulum (ER) is a complex
organelle with major functions include protein folding,
Ca2? storage and carbohydrate metabolism. The biogenesis of HERG channel protein mainly includes the
synthesis of immature glycosylated protein in the ER
(135KD), which is the precursor of HERG protein
(immature HERG protein), then transported to the

Golgi apparatus for complete glycosylation, forming a
155KD mature fully glycosylated protein (present in
the Golgi apparatus and cell membrane) (Foo et al.
2016). Because of the G604S-HERG mutation, the
precursor of HERG protein will not be transported
from the endoplasmic reticulum to the Golgi apparatus
and cell membrane. Thus, the accumulation of immature HERG protein will trigger the ER stress, which is
the key factor to break the ER homeostasis.
KCNH2 or HERG gene encodes voltage-gated K?
channels on the cell plasma membrane (Stansfeld et al.
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2006; Trudeau et al. 1995) and loss of function mutations in KCNH2 can cause abnormal potassium current
(IKr) in type 2 LQTS (LQT2). Previously, we have
identiﬁed the G604S-HERG mutation in a Chinese
LQT2 family. All ten family members carrying the
mutations showed QT interval prolongation, and seven
of them experienced multiple syncopal episodes when
they were young (Huo et al. 2008). Moreover, four
members of this family died unexpectedly at the age of
18, 19, 24, and 70. In the present study, we have successfully constructed three different HEK293 cell lines
under various HERG gene status and also validated
using Western blot and ﬂuorescent microscopy (ﬁgure 1). Besides, in G604S-HERG mutation group, the
accumulation of mutant HERG protein in the ER has
also been observed (ﬁgure 1B).
UPR is a process that can restore ER homeostasis
under the condition of ER stress with three ER membrane-embedded sensors- IRE1, PERK and ATF6.
GRP78 is a chaperone protein with a crucial regulator
of ERS sensors. When ERS is triggered, or misfolded
protein is abundant in the ER lumen, GRP78/BIP is
separated from transducers IRE1, PERK, or ATF6, and
these molecules are activated through auto-phosphorylation and homodimerization (Maurel et al. 2014). In
our study, we have demonstrated G604s-HERG mutation can induce misfolded protein to accumulate on ER
and further study conﬁrms that UPR process may have
involved in this ER stress condition because the key
sensors in this process upregulated signiﬁcantly in
G604S-HERG group than the WT group or heterozygous group. The expression of GRP78 increases signiﬁcantly in the G604S-HERG group than in the
heterozygous mutation group or the WT group. Similar
trends are also observed in other ERS-associated proteins, such as ATF6, p-EIF2a, p-PERK and p-IRE1a
(ﬁgure 2). These results combined shows the
homozygous mutant G604S-HERG channel protein
can activate the UPR. Meanwhile, WT-HERG/G604SHERG can also activate the UPR, but not stronger than
homozygous mutation.
Autophagy, a critical biological phenomenon, makes
a vital part in physiological and pathological processes
of body with more and more evidence suggest that
autophagy is associated with various diseases including
cardiovascular diseases (Cai et al. 2016). Since
autophagy can be induced by ERS, we apply transmission electron microscopy to see if autophagosome
can be found in G604S-HERG group. Besides, we also
test the expression of the autophagy-associated protein
(LC3II/I ratio reduced, and the expression of p62
decreased) (ﬁgure 3).

A link between autophagy and the UPR has been
further substantiated by the demonstration that the
PERK–EIF2a pathway is essential for autophagy
induction after ERS (B’Chir et al. 2013). In our study
the pathway is also veriﬁed to be related to G604SHERG-induced ERS-mediated cell autophagy. When
we used ERS inhibitor 4-PBA and PERK pathway
inhibitor GSK2606414 to intervene G604S-HERG
mutation group, the expression level of autophagy-associated proteins and PERK pathway-associated proteins changes (p-PERK, p-EIF2a, CHOP) (ﬁgure 4).
The above results demonstrated that the UPR was
induced by HERG mutant protein that retained in the
ER lumen, and the PERK-EIF2a-CHOP pathway may
play a role in the process of autophagy which induced
by G604S-HERG mutation. We believe that the UPR
link with autophagy via this pathway is one of the
important pathways that mediates pro-survival signals
in response to this misfolded proteins (ﬁgure 5).
As far as we know, the current study for the ﬁrst time
proves the correlation between the UPR pathway and
G604S-HERG-induced autophagy. In theory, autophagy inhibitors can block the autophagy-mediated
protein degradation pathway which will result in a
large number of misfolded proteins accumulated in the
ER. The increased misfolded proteins will further lead
to ER stress which can cause cell death. Another study
from our laboratory shows that blocking ER stress by
4-PBA can prevent cell death in L539fs/47-HERG
mutant cells (Ma et al. 2019b). In the present study, it is
not known the effect of 4-PBA on cell apoptosis by
reducing autophagy and the PERK-EIF2a-CHOP
pathway-mediated autophagy and apoptosis requires
further investigation. In the present study, HEK293
cells is a better choice to construct G604S-HERG
mutation models than cardiomyocytes, but this in-vitro
experiment cannot fully simulate the complicated
interaction like in the body. G604S-HERG-induced
autophagy may be affected by various cardiac ion
channels and other biological factors. In the future,
transgenic animal models will be used to investigate
the mechanism between autophagy and LQT2.
In summary, the current research ﬁrst investigates
G604S-HERG mutation in LQT2 can both induce UPR
and autophagy. Moreover, we have veriﬁed that the PERKEIF2a-CHOP pathway may play a role in relationship
between the UPR and autophagy under this mutation.
These results provide novel ideas into the pathophysiology
underlying LQT2 or other congenital heart diseases, and
these mechanisms of intracellular homeostasis abnormalities, induced by congenital LQT2, will become the intervention targets for patients with LQTS in the future.
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Figure 5. Proposed mechanisms of mutated HERG-induced cell autophagy. G604S-HERG mutation is one of the missense
mutations in LQTS2. Loss of function mutations in HERG gene reduce the rapidly activating delayed rectiﬁer potassium
current (IKr) in LQT2. This mutation lead to abundant immature HERG channel protein retaining in the endoplasmic
reticulum. The incorrectly folded proteins lead to the activation of the unfolded protein reaction (UPR) pathways to alleviate
endoplasmic reticulum stress. In the present study, it led to autophagy, which was activated through the UPR pathway.
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