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Summary 
The potassium channel protein KCNH2 is encoded by 
KCNH2 gene, and there are more than 300 mutations of KCNH2. 
Unfolded protein response (UPR) is typically initiated in response 
to an accumulation of unfolded and/or misfolded proteins in the 
endoplasmic reticulum (ER). The present study aimed to explore 
the UPR process and the role of activating transcription factor 6 
(ATF6) in the abnormal expression of potassium voltage-gated 
channel subfamily H member 2 (KCNH2)A561V. The wild-type (wt) 
KCNH2 and A561V mutant KCNH2 was constructed with his-tag. 
The 293 cells were used and divided into KCNH2wt+KCNH2A561V, 
KCNH2wt and KCNH2A561V groups. The expression levels of ATF6 
and KCNH2 in different groups were detected by Western 
blotting, reverse transcription-quantitative PCR, immunofluo-
rescence and immuno-coprecipitation assays. The protein types 
and abundance of immuno-coprecipitation samples were 
analyzed by mass spectrometry. The proteomic analysis of the 
mass spectrometry results was carried out by using the reactome 
database and GO (Gene Ontology) tool. The mRNA expression 
levels of KCNH2 and ATF6 in the KCNH2wt+KCNH2A561V group 
were higher compared with the KCNH2A561V group. However, the 
full-length protein expression of ATF6 was inhibited, indicating 
that ATF6 was highly activated and a substantial number of ATF6 
was sheared in KCNH2wt+KCNH2A561V group compared with 
control group. Furthermore, A561V-KCNH2 mutation leading to 
the accumulation of the immature form of KCNH2 (135 kDa 
bands) in ER, resulting in the reduction of the ratio of 
155 kDa/135 kDa. In addition, the abundance of UPR-related 

proteins in the KCNH2A561V group was higher compared with the 
KCNH2wt+KCNH2A561V group. The ‘cysteine biosynthetic activity’ of 
GO:0019344 process and the ‘positive regulation of cytoplasmic 
translation activity’ of GO:2000767 process in the KCNH2A561V 
group were higher compared with the KCNH2wt+KCNH2A561V 
group. Hence, co-expression of wild-type and A561V mutant 
KCNH2 in 293 cells activated the UPR process, which led to the 
inhibition of protein translation and synthesis, in turn inhibiting 
the expression of KCNH2. These results provided a theoretical 
basis for clinical treatment of Long QT syndrome. 
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Introduction 
 

Long QT syndrome (LQTS) refers to a group of 
clinical syndromes caused by an abnormal repolarization 
or the phase III of action potential of the heart [1]. LQTS is 
attributed to a decrease in the number of functional 
potassium channels on the cardiac cell membrane, which 
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weakens the rapid activation of the delayed rectifier 
potassium current. LQTS includes hereditary long QT 
syndrome (hLQTS) and acquired LQTS (aLQTS), hLQTS 
and aLQTS have similar clinical manifestations [2,3].  
QT interval prolongation and arrhythmia can be detected 
via electrocardiogram and torsade de pointes; clinical 
syncope and cardiac arrest can be observed [4]. Currently, 
hLQTS have 13 pathogenic genes, which can be divided 
into LQT1-LQT13 subtypes [5]. LQT2 [potassium 
voltage-gated channel subfamily H member 2 (KCNH2) 
mutation] is the main type of mutations in patients with 
LQTS in China [6]. The potassium channel protein 
KCNH2 is encoded by KCNH2, which has >300 mutations 
[7]. The LQT2 caused by the mutations of KCNH2 
accounts for ~45 % of the total mutations [8,9], and the 
main mutation type is missense mutation. A561V is  
a common and classical dominant LQTS pathogenic 
mutation of KCNH2 [10]. A561V mutation causes the 
misfolding of KCNH2, and the mutant and wild-type 
proteins form a heterozygous ion channel with a reduced 
function, it also inhibits the protein expression of the 
mature KCNH2 [11-13]. However, studies on the role of 
endoplasmic reticulum stress (ERS) or unfolded protein 
response (UPR) in the dysfunction of the A561V mutation 
of KCNH2 are limited [14]. 

The ER is essential for intracellular calcium 
storage, lipid biosynthesis, protein folding and assembly. 
ERS can be induced by the imbalance of protein and 
calcium homeostasis caused by the accumulation of 
misfolded or unfolded proteins in the ER [15]. In 
addition, ERS can trigger UPR [16]. The UPR-related 
signaling pathway is mainly mediated by pancreatic ER 
kinase (PKR)-like ER kinase (PERK), consequently 
activating transcription factor 6 (ATF6) and inositol 
requiring enzyme 1 (IRE-1), which are 3 important UPR 
sensors [17]. UPRs can feedback the protein folding in 
ER lumen to the cytoplasm and the nucleus, stimulate the 
expression of ER-resident proteins and folding-related 
enzymes such as PERK and ATF6 and enhance the 
ability of the ER lumen to process protein folding. UPRs 
can also reduce protein biosynthesis in the ER by 
temporarily downregulating or causing cessation of 
protein synthesis-related transcription and translation 
[18,19], or by increasing the ability of unfolded protein 
clearance by enhancing the degradation of ER proteins, 
hence restoring the internal balance of cells [20]. 
Activated ATF6 is a transcription factor upregulating 
UPRs [21]. KCNH2A561V may prevent the efficient 
folding of KCNH2, causing UPRs induction and reducing 

the level of mature KCNH2 [22-24]. 
The present study aimed to explore the UPR 

process and the role of ATF6 in the abnormal expression 
of KCNH2A561V, which could provide a therapeutic 
pathway for Long QT syndrome, and theoretical basis for 
clinical treatment of Long QT syndrome. 
 
Materials and Methods 
 
Cell culture and transfection 

293 cells (American type culture collection, 
ATCC) were cultured using MEM medium supplemented 
with 10 % FBS (Gibco; Thermo Fisher Scientific, Inc.), 
1 % penicillin and 1 % streptomycin at 37 °C and 5 % 
CO2 for 24 h. The cells were divided into control (normal 
293 cells), KCNH2 (wild-type) wt (transiently expression 
of wild-type KCNH2 in 293 cells), KCNH2A561V 
(transfection of A561V mutant KCNH2 in 293 cells), and 
KCNH2wt+KCNH2A561V groups (transfection of A561V 
mutant KCNH2 and wild-type KCNH2 in 293 cells). 
Lentiviral plasmids KCNH2 (wild-type) wt and 
KCNH2A561V were purchased from General Bio Co., Ltd. 
and 2.5 µg plasmid was used for transfection. 
Transfection was performed using a Lipofectamine 
3000® kit (Invitrogen; Thermo Fisher Scientific Inc.) in 
accordance with the manufacturer’s instructions. After 
4 h of transfection, 2 ml of complete medium with 10 % 
serum was added into the plate and cultured for 48 h. 
 
Reverse transcription-quantitative (RT-q) PCR 

Total RNA was extracted from cells using 
a TRIzol® (Invitrogen; Thermo Fisher Scientific Inc.) 
reagent kit. The purity and concentration of RNA were 
detected using a NanoDrop™ 1000 spectrophotometer 
(Thermo Fisher Scientific Inc.). RT2 First Strand kit 
(Qiagen GmbH) was used to reverse transcribe RNA into 
cDNA and qPCR was performed using a SYBR Green 
PCR kit (Qiagen GmbH) in accordance with the 
manufacturer’s protocol with an ABI StepOne Plus 
system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The PCR conditions were as follows: 95 °C for 
10 min, followed by 40 cycles of 95 °C for 10 s and 
60 °C for 40 s. Quantification was performed using the 
2-ΔΔCq method [25]. GAPDH was used as the internal 
control. The primers used were listed in Table 1. 
 
Western blotting 

Proteins were extracted from the cells in all 
groups. In brief, after being rinsed with PBS for 3 times,  
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Table 1. RT-qPCR primers. 
 

Gene Sequence (5’→3’) 
Primer length, 

bp 
Product length, 

bp 
Annealing 

temperature, °C 

KCNH2 F ACTACTTCAAGGGCTGGTTCC 20 
313 59.1 

KCNH2 R GGTTTGCCTATCTGGTCGC 19 
ATF6 F GCTGGATGAAGATTGGGATT 20 

220 57.2 
ATF6 R TGGAGAAAGTGGCTGAGGTT 20 
GAPDH F AGCCACATCGCTCAGACAC 19 

66 58.2 
GAPDH R GCCCAATACGACCAAATCC 19 

 
KCHN2, potassium voltage-gated channel subfamily H member 2; ATF6, activating transcription factor 6; R, reverse; F, forward; RT-q, 
reverse transcription-quantitative. 
 
 
the cells were harvested and proteins were extracted 
using RIPA buffer (Thermo Fisher Scientific Inc.). 
Proteins were quantified using a bicinchoninic acid 
(BCA) kit and loaded in 10 % SDS-PAGE gels 
(20 μg/lane). The proteins were then electrotransferred to 
a PVDF membrane. The PVDF membrane was rinsed 
with Methanol for 5 min and placed in TBST blocking 
buffer containing 5 % (w/v) skimmed milk powder  
at room temperature for 1 h. The samples were incubated 
at 4 °C overnight with the following primary antibodies: 
Mouse Monoclonal Anti-GAPDH (1:2,000; Cat. no. TA-08; 
Origene Technologies Inc.); Mouse Monoclonal  
Anti-ATF6 (1:1,000; Cat. no. ab122897; Abcam); and 
Rabbit Anti-KCNH2 (1:400; Cat. no. APC-062; Alomone 
Labs). The membrane was then rinsed with TBST 4 times 
and then incubated at room temperature for 2 h with 
horseradish peroxidase-labeled goat anti-mouse IgG 
(H+L) secondary antibody (1:10,000; Cat. no. 32260; 
Thermo Fisher Scientific, Inc.). Images were collected 
using an ImageQuant LAS 4000 imaging station  
(GE Healthcare) and quantification was performed using 
Quantity One software (v4.6, Bio-Rad Laboratories, Inc.). 
 
Immunofluorescence 

293 cells were harvested when they were  
80-90 % confluent (104/ml) and washed with  
PBS 3 times. The cells were then fixed with 4 % parafor-
maldehyde for 15 min at room temperature. Subse-
quently, 0.5 % Triton X-100 was added for 20 min at 
room temperature. After 30 min of blocking with  
5 % BSA at 37 °C, the cells were incubated with a FITC-
conjugated primary antibody goat anti-rabbit IgG (1:500; 
Cat. no. CW0114S; CWBio) at 4 °C overnight. The 
Cy3 conjugated secondary antibody goat anti-mouse IgG 
(1:200; Cat. no. CW0145S; ComWin Biotech Co., Ltd.) 
diluted with blocking buffer was used to stain sections at 

37 °C for 30 min. DAPI was added and incubated in dark 
for 5 min. The samples were sealed with 50 % glycerol 
and observed under a fluorescence microscope (Leica 
Microsystems GmbH; magnification, ×200) with ImageJ 
software (v1.37; National Institutes of Health). Red 
fluorescence indicated the target protein and blue 
fluorescence indicated the nucleus. 
 
Co-immunoprecipitation and proteomic analysis 

KCNH2A561V and KCNH2wt+KCNH2A561V group 
lysates were used as samples, and immunoprecipitation 
was carried out using the mouse anti-His tag antibody 
(Cat. no. TA-02; Origene Technologies Inc.) and A561V 
mutant KCNH2 protein as a bait protein. Plasmid 
backbone was pCDNA3.1(+) (Miaoling Bio Ltd., Wuhan, 
China). Lipofectamine®3000 (Invitrogen; Thermo Fisher 
Scientific Inc.) was used for transfection at 37 °C for 48 h 
in accordance with the manufacturer’s instructions, and 
then subsequent experimentation was performed. In brief, 
the cells were split (RIPA lysis buffer, Sigma-Aldrich), 
and 20 μl of the cell lysate was diluted with co-IP buffer 
10 times as an input. A co-immunocoprecipitation system 
was prepared with 200 μl of cell lysate, 5 μl mouse anti-
His tag antibody (Cat. no. TA-02; Origene Technologies 
Inc.), 20 μl of immunomagnetic suspension and 5 μl of 
the mixed protease inhibitor and co-IP buffer in a 1.5 ml 
Eppendorf tube and they were mixed on a rotary mixer 
overnight. The tube was placed on a magnetic tube rack. 
The Protein A/G Agarose beads (Cat. 36403ES03, 
Yeasen Biotech Co., Ltd., Shanghai, China) were 
attached onto the tube wall and the supernatant was 
removed. The beads were washed with co-IP buffer  
(Cat. no. 26149; Thermo Fisher Scientific, Inc.) and PBS, 
200 μl of elution buffer was added and the sample was 
mixed for 10 min at room temperature, 50 μl of Tris 
buffer was added to eluent to the neutralize the pH value 
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and co-IP protein samples were obtained. SDS-PAGE 
electrophoresis was performed. The target band was cut 
off and fixed with 40 % ethanol and 10 % acetic acid for 
30 min at room temperature. The sample was stained with 
R250 Coomassie brilliant blue at room temperature for 
10 min. The band was cut into rubber particles with 
a diameter of 1-2 mm with a blade and placed into 1.5 ml 
EP tubes. The particles were washed thrice with 200 μl 
MilliQ (EMD Millipore) for 10 min at each time. 
Subsequently, 100 μl of ACN was added for dehydration 
and 10 mM DTT was added for reduction at 37 °C for 
1 h. The particles were alkylated with 30 mM IAA and 
the peptides were extracted. The protein types and 
abundance were analyzed by LC-MS (Thermo EASY 
nLC, Thermo Scientific Orbitrap Fusion Lumos, USA, 
positive ionization; resolution: 120,000, AGC target: 4e5, 
Maximum IT: 50 ms, scan range: 350 to 1550 m/z, 
nitrogen gas temperature 350 °C, nebulizer pressure 
40 psi and flow rate 10 l/min. The mass spectrometry 
results were subjected to proteomic analysis by using the 
reactor database and Gene Ontology (GO) tool. 
Thermogram of UPR and cardiac production related 
proteins could be obtained. 
 
Differentially expressed gene 

There were 92 UPR (R-HSA-380994) related 
proteins and 140 cardiac conduction-related  
proteins (R-HSA-5576891) in reactome database 

(https://reactome.org/) screened in the present study.  
The screened differentially expressed genes were 
enriched by gene ontology (GO) analysis. 
 
Statistical analysis 

Statistical analysis was performed using 
SPSS 19.0 (IBM Corp.) software. All experiments were 
repeated three times. All data are presented as the 
mean ± standard deviation. One-Way ANOVA test and 
post hoc Sidak’s multiple comparisons test were 
performed. P<0.05 was considered to indicate 
a statistically significant difference. 
 
Results 
 
ATF6 and KCNH2 expression levels in different groups 
of treated 293 cells 

As shown in Figure 1A, KCNH2 expression in 
different groups of 293 cells was evaluated using  
RT-qPCR. In particular, the mRNA expression level of 
KCNH2 in the 293 cells (control group) was extremely 
low. However, in the other groups, this expression 
increased, the highest and a significant difference was 
observed in the KCNH2wt+KCNH2A561V group (P<0.05; 
Fig. 1A). Additionally, ATF6 mRNA expression 
increased and only the changes seen in the 
KCNH2wt+KCNH2A561V group were significant compared 
with that of the control group (P<0.05; Fig. 1B). As 

 
 

 
 
Fig. 1. KCNH2 mRNA and ATF6 mRNA expression in different groups. (A) KCNH2 mRNA expression. (B) ATF6 mRNA expression. 
KCNH2 mRNA expression level in 293 cells was very low. Compared with the control group, KCNH2 mRNA expression increased in the 
KCNH2wt, KCNH2A561V and the KCNH2wt+KCNH2A561V groups. ATF6 mRNA expression increased in the KCNH2wt, KCNH2A561V and the 
KCNH2wt+KCNH2A561V groups. * P<0.05, KCNH2wt+KCNH2A561V vs. KCNH2wt; # P<0.05, KCNH2wt+KCNH2A561V vs. KCNH2A561V. KCHN2, 
potassium voltage-gated channel subfamily H member 2; ATF6, activating transcription factor 6; control, normal 293 cells; KCNH2wt, 
293 cells with transiently expression of wild-type KCNH2; KCNH2A561V, transfection of A561V mutant KCNH2 in 293 normal cells; 
KCNH2wt+KCNH2A561V groups, transfection of A561V mutant KCNH2 and wild-type KCNH2 plasmids into 293 cells; wt, wild-type; RT-q, 
reverse transcription-quantitative. 
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shown in Figure 2A, the protein expression of ATF6 
decreased in the KCNH2wt, KCNH2A561V and 
KCNH2wt+KCNH2A561V groups and the lowest value was 
observed in the KCNH2wt+KCNH2A561V group compared 
with the control group. Furthermore, the KCNH2 protein 
has two bands, the mature form at 155 kDa and the 
immature form at 135 kDa. Compared with the 

KCNH2wt group, the mature form of KCNH2 increased 
slightly in KCNH2wt+KCNH2A561V group and almost 
disappeared in KCNH2A561V group, however, the protein 
expression level of immature KCNH2 increased, and the 
highest value was detected in the KCNH2wt+KCNH2A561V 
group (Fig. 2C). 

 
 
 

 
 
Fig. 2. KCNH2 and ATF6 protein expression in different groups detected by Western blotting. (A) Western blot of ATF6 in the indicated 
groups. (B) Quantitative Western blot analysis. The protein expression of ATF6 decreased in the KCNH2wt, KCNH2A561V and 
KCNH2wt+KCNH2A561V groups. (C) Western blot of KCNH2 in the indicated groups. (D) Quantification of densitometries of Western blot 
bands. Compared with the KCNH2wt group, the expression of immature KCNH2 (135 kDa bands) increased significantly in the 
KCNH2A561V and KCNH2wt+KCNH2A561V groups. However, the mature form of KCNH2 (155 kDa bands) almost disappeared in KCNH2A561V 
group, and has a slightly increase in KCNH2wt+KCNH2A561V group, but has a minimum function due to dominant negative suppression as 
reported previously. Furthermore, the ratio of 155 kDa to 135 kDa decreased significantly in KCNH2A561V and KCNH2wt+KCNH2A561V 
groups compared with KCNH2wt. * P<0.05, KCNH2wt+KCNH2A561V vs. KCNH2wt; # P<0.05 KCNH2wt+KCNH2A561V vs. KCNH2A561V. KCHN2, 
potassium voltage-gated channel subfamily H member 2; ATF6, activating transcription factor 6; control, normal 293 cells; KCNH2wt, 
293 cells with transiently expression of wild-type KCNH2; KCNH2A561V, transfection of A561V mutant KCNH2 in 293 normal cells; 
KCNH2wt+KCNH2A561V groups, transfection of A561V mutant KCNH2 and wild-type KCNH2 plasmids into 293 cells. 

 
 
The immunofluorescence results for KCHN2 

demonstrated no significant difference in the fluorescence 
between the control group and the KCNH2wt groups 
(Fig. 3). The growth state of the cells in the 
KCNH2A561V group and the KCNH2wt+KCNH2A561V 
group was lower compared with the control and 
KCNH2wt groups (Fig. 3). 

The mRNA expression level of KCNH2 
increased significantly in KCNH2wt+KCNH2A561V and 
KCNH2A561V groups compared with the KCNH2wt group, 
whereas our study showed that a large amount of 
immature KCNH2 was accumulated in ER, resulting in  
a reduction of mature and functional KCNH2 on plasma 
membrane in KCNH2wt+KCNH2A561V and KCNH2A561V 
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groups. Besides, the expression of the uncut ATF6 was 
lower in the KCNH2A561V and KCNH2wt+ KCNH2A561V 

groups, which suggested that the UPR activity increased 
in these two groups. Hence, the mature form of 
KCNH2 protein expression was inhibited in 
KCNH2wt+KCNH2A561V and KCNH2A561V groups, 
indicating the presence of a strong UPR. UPRs can 
become cytotoxic and induce apoptosis [26]. Overall, 
strong UPRs in these cell models may promote  
apoptosis. 
 
Proteomic analysis results 

A total of 92 UPR (R-HSA-380994)-related 
proteins are listed in the reactor database. Among them, 
32 were detected in the present study. A total of 
7 RNA exosome complex proteins (EXOS1-9) were 
observed in the KCNH2A561V group, whereas only 
4 proteins were found in the KCNH2wt+ KCNH2A561V 
group (Fig. 4). Of the 140 proteins related to cardiac 
conduction (R-HSA-5576891), 11 were found in the 

present study (Fig. 4). The ratio of the abundance of the 
KCNH2 protein in the KCNH2wt+KCNH2A561V group and 
the KCNH2A561V group was 0.772. The abundance of the 
UPR-related protein in the KCNH2A561V group was 
higher compared with the KCNH2wt+KCNH2A561V group. 
No significant difference was observed in the  
proteins related to cardiac conduction between the 
KCNH2wt+KCNH2A561V group and the KCNH2A561V 
group (Fig. 4). 

Differentially expressed genes were screened 
under the condition that the abundance in the 
KCNH2A561V group was 8 times higher compared with 
the KCNH2wt+KCNH2A561V group. The highly prominent 
and specific biological processes and the corresponding 
enriched genes subjected to the gene ontology 
classification and enrichment analysis of differentially 
expressed genes were listed in Table 2. The ranking list 
of GO analysis according to the false discovery rate 
(FDR) were presented in Table 3. 

 
 

 
 
Fig. 3. KCNH2 and ATF6 expression detected by immunofluorescence. There was no significant difference in the fluorescence between 
the control and the KCNH2wt groups. The cells in the KCNH2A561V and the KCNH2wt+KCNH2A561V group had a lower growth state 
compared with the control group and KCNH2wt groups. Green fluorescence, KCNH2 detection; red fluorescence, ATF6 detection and 
blue fluorescence, nuclear detection. Magnification, ×200. KCHN2, potassium voltage-gated channel subfamily H member 2; ATF6, 
activating transcription factor 6; control, normal 293 cells; KCNH2wt, 293 cells with transiently expression of wild-type KCNH2; 
KCNH2A561V, transfection of A561V mutant KCNH2 in 293 normal cells; KCNH2wt+KCNH2A561V groups, transfection of A561V mutant 
KCNH2 and wild-type KCNH2 plasmids into 293 cells; wt, wild-type. 
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Fig. 4. Thermogram of UPR and cardiac conduction related proteins in immunocoprecipitation samples of KCNH2wt+KCNH2A561V group 
and KCNH2A561V group. (A) UPR; (B) cardiac-related proteins. The abundance of UPR related proteins in the KCNH2A561V group was 
higher compared with the KCNH2wt+KCNH2A561V group, there was no significant difference between the KCNH2wt+KCNH2A561V group and 
the KCNH2A561V group in cardiac conduction-related proteins. Scale value is the index with abundance value based on 2, the white 
squares indicate that the corresponding protein was not detected. Red represents the highest and green represents the lowest 
specificity of differentially expressed genes. KCHN2, potassium voltage-gated channel subfamily H member 2; ATF6, activating 
transcription factor 6; KCNH2A561V, transfection of A561V mutant KCNH2 in 293 normal cells; KCNH2wt+KCNH2A561V groups, transfection 
of A561V mutant KCNH2 and wild-type KCNH2 plasmids into 293 cells; wt, wild-type; UPR, unfolded protein response. 
 
 
Table 2. GO classification and enrichment analysis. 
 

GO biological process GO term 
BP 

Components 
Enrichment 

Score 
FDR Enriched Genes 

Cysteine biosynthetic process GO:0019344 4 2 0.0435 P35520, P0DN79 
Positive regulation of histone H2B 
ubiquitination 

GO:2001168 4 2 0.0431 O75150, Q5VTR2 

Hydrogen sulfide biosynthetic process GO:0070814 4 2 0.0428 P35520, P0DN79 
Positive regulation of cytoplasmic 
translation 

GO:2000767 11 3 0.0085 
P62633, P16989, 

Q9Y5A9 
Negative regulation of 
nucleocytoplasmic transport 

GO:0046823 21 3 0.0314 
P46060, P12270, 

P10599 

Mitotic spindle checkpoint GO:0071174 26 3 0.0429 
Q13123, P53350, 

P12270 
Negative regulation of mitotic 
metaphase/anaphase transition 

GO:0045841 28 3 0.0488 
Q13123, P53350, 

P12270 
Regulation of mRNA 3’-end 
processing 

GO:0031440 29 3 0.0509 
O75150, Q6P1J9, 

Q5VTR2 
 
FDR, false discovery rate; GO, gene ontology; BP, biological process. 
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Table 3. Ranking list of GO analysis according to FDR. 
 

GO biological process GO term 
BP 

Components 
Enrichment 

Score 
FDR Enriched Genes 

Positive regulation of cytoplasmic 
translation 

GO:2000767 11 3 0.0085 
P62633, P16989, 

Q9Y5A9 
Negative regulation of 
nucleocytoplasmic transport 

GO:0046823 21 3 0.0314 
P46060, P12270, 

P10599 
Hydrogen sulfide biosynthetic process GO:0070814 4 2 0.0428 P35520, P0DN79 

Mitotic spindle checkpoint GO:0071174 26 3 0.0429 
Q13123, P53350, 

P12270 
Positive regulation of histone 
H2B ubiquitination 

GO:2001168 4 2 0.0431 O75150, Q5VTR2 

Cysteine biosynthetic process GO:0019344 4 2 0.0435 P35520, P0DN79 
Negative regulation of mitotic 
metaphase/anaphase transition 

GO:0045841 28 3 0.0488 
Q13123, P53350, 

P12270 
Regulation of mRNA 3’-end 
processing 

GO:0031440 29 3 0.0509 
O75150, Q6P1J9, 

Q5VTR2 
 
FDR, false discovery rate; GO, gene ontology; BP, biological process. 
 
 
Discussion 
 

KCNH2 is transcribed into an mRNA in the 
nucleus, transferred to ribosomes in the ER for processing 
to form an original peptide chain, then core-glycosylated 
in the ER to produce a precursor with a size of 135 kDa 
[7]. The core-glycosylated KCNH2 channel protein 
transfers to contact with the ER-Golgi intermediate 
compartment and reaches the Golgi body to undergo 
complete glycosylation, as a result, a 155 kDa mature 
channel protein forms and enters the cell membrane to 
perform its function [27-29]. In the present study, the 
total protein expression of KCNH2 was high in the 
KCNH2A561V and KCNH2wt+KCNH2A561V groups 
compared with the KCNH2wt group. In addition, the 
bands representing the complete glycosylation of KCNH2 
with a molecular weight of 155 kDa almost disappeared 
in KCNH2A561V group, and has a slightly increase in 
KCNH2wt+KCNH2A561V group, but has a minimum 
function due to dominant negative suppression as 
reported previously. Consequently, the ratio of 155 kDa 
to 135 kDa decreased significantly in KCNH2A561V and 
KCNH2wt+KCNH2A561V groups compared with 
KCNH2wt. Furthermore, our previous electrophysio-
logical data showed that no tail current was observed in 
KCNH2A561V group but this was present in 
KCNH2wt+KCNH2A561V group, smaller compared to 
KCNH2wt group [30]. Hence, our study demonstrated that 

the A561V mutant of KCNH2 inhibited the glycosylation 
and maturation of the protein. 

ATF6 is a type II ER transmembrane protein 
containing 670 amino acids. Its N-terminal is located in the 
cytoplasm and it is composed of a basic zinc finger 
structure DNA transcriptional activation domain [21]. The 
C-terminal is located in the ER and can sense ERS. It has 
multiple binding immunoglobulin protein (BIP/GRP78) 
binding sites and 2 Golgi localization signals (GLS) [31]. 
A BIP can form a stable complex by combining the 
GLS region of ATF6 to change its location into the ER and 
develop an inactive state under normal conditions [32]. 
However, BIPs bind to these proteins to prevent them from 
clustering and promote their correct folding when 
incompletely folded proteins accumulate in the ER and 
cause ERS; alternately, BIP and GLS are separated, 
resulting in the transfer of ATF6 out of the ER and into the 
Golgi complex [33]. In the Golgi apparatus, the N-terminal 
fragment of ATF6 with a size of ~50 kDa is cleaved and 
enters the nucleus to serve the role of a transcription factor; 
hence, the transcription levels of ERS-related proteins, 
protein-folding chaperones and folding enzymes, such as 
Bip, IRE1 and GRP78, improve [34]. 

In the present study, the mRNA expression 
levels of ATF6 in the KCNH2wt+KCNH2A561V group 
were higher compared with the KCNH2A561V group, but 
the full-length protein expression of ATF6 was inhibited. 
The N-terminal fragment of ATF6 with a UPR regulatory 
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activity activated by the ER was not detected in the 
present study. Hence, ATF6 was highly activated, and 
a large number of ATF6 were sheared in the 
KCNH2wt+KCNH2A561V group (Fig. 3). Consequently, 
although the ATF6 mRNA expression increased, the full-
length protein expression decreased. 

hLQTS is a cardiac electrophysiological 
condition induced by cardiac ion channels disorder that is 
closely associated with fatal ventricular arrhythmias. 
Reductions in these ion channels can lead to electrical 
remodeling and arrhythmias via cardiac conduction 
abnormality. Previous studies shown that inhibition of 
UPR reduces arrhythmias via cardiac conduction related 
proteins [35]. In our study, a total of 92 UPR (R-HSA-
380994)-related proteins are known. Among them, 
32 were detected in the present study. RNA exosome 
complex proteins (UPR-related proteins) are involved in 
numerous RNA cleavage and degradation activities in 
cells including the processing of ribosomal and small 
nucle(ol)ar RNAs and the degradation of mRNAs [36]. 
The expression level of the RNA exosome complex 
protein in the KCNH2A561V group was higher compared 
with the KCNH2wt+KCNH2A561V group in the present 
study. Of the 140 identified cardiac conduction-related 
proteins (R-HSA-5576891), 11 were detected in the 
present study, accounting for <0.08 of the total related 
proteins. In addition, proteomic analysis demonstrated 
that the abundance of UPR-related proteins in the 
KCNH2A561V group was higher compared with the 
KCNH2wt+KCNH2A561V group. The activity of 
GO:0019344 (Cysteine biosynthesis) and GO:2000767 
(Positive regulation of protein translation in cytoplasm) 
process in the KCNH2A561V group was higher compared 
with the KCNH2wt+KCNH2A561V group in the present 
study. 

PERK can inhibit protein translation by 
phosphorylating elf2 under ERS [37]. PERK activation 
can also promote the transfer of ATF4 into the nucleus 
and participate in transcriptional regulation, whereas the 

downstream gene of ATF4 (cystathionine γ-lyase) can 
regulate amino acid metabolism. It has been 
demonstrated that the PERK/elf2/ATF4 pathway is 
essential not only for translational control, but also for 
activation of ATF6 and its target genes. Thus, the PERK 
pathway facilitates both the synthesis of ATF6 and 
trafficking of ATF6 from the ER to the Golgi  
for intramembrane proteolysis and activation  
of ATF6 [38]. In the present study, although  
ATF6 activation level was higher and UPR was more 
active in the KCNH2wt+KCNH2A561V group compared  
with the KCNH2A561V group, the crosstalk between 
PERK/elf2/ATF4 signaling pathway and ATF6 has yet to 
be investigated. We will explore it through a variety of 
trials in the future. 
 
Conclusions 
 

The present study demonstrated that the 
activation level of ATF6 increased significantly and 
protein translation and synthesis were inhibited when the 
wild-type and A561V mutant of KCNH2 co-expressed. 
The A561V heterozygous mutation of KCNH2 inhibited 
the protein expression of mature KCNH2 through the 
UPR mediated by ATF6. These results provided 
a theoretical basis for clinical treatment of Long 
QT syndrome. 
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