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Abstract

Rationale—Heart failure is characterized by electrical remodeling that contributes to arrhythmic 

risk. The unfolded protein response (UPR) is active in heart failure and can decrease protein levels 

by increasing mRNA decay, accelerating protein degradation, and inhibiting protein translation.

Objective—Therefore, we investigated whether the UPR downregulated cardiac ion channels that 

may contribute to arrhythmogenic electrical remodeling.

Methods—Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) were 

used to study cardiac ion channels. Action potentials (APs) and ion channel currents were 

measured by patch clamp recording. The mRNA and protein levels of channels and the UPR 

effectors were determined by quantitative RT-PCR and Western blotting. Tunicamycin (TM, 50 

ng/mL and 5 μg/mL), GSK2606414 (GSK, 300 nmol/L), and 4μ8C (5 μmol/L) were utilized to 

activate the UPR, inhibit protein kinase-like ER kinase (PERK) and inositol-requiring protein-1 

(IRE1), respectively.

Results—TM-induced activation of the UPR caused significant prolongation of the AP duration 

(APD) and a reduction of the maximum upstroke velocity (dV/dtmax) of the AP phase 0 in both 

acute (20-24 h) and chronic treatment (6 days). These changes were explained by reductions in the 

sodium, L-type calcium, the transient outward and rapidly/slowly activating delayed rectifier 

potassium currents. Nav1.5, Cav1.2, Kv4.3, and KvLQT1 channels showed concomitant reductions 

in mRNA and protein levels under activated UPR. Inhibition of PERK or IRE1 shortened the APD 
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and reinstated dV/dtmax. The PERK branch regulated Nav1.5, Kv4.3, hERG, and KvLQT1. The 

IRE1 branch regulated Nav1.5, hERG, KvLQT1, and Cav1.2.

Conclusions—Activated UPR downregulates all major cardiac ion currents and results in 

electrical remodeling in hiPSC-CMs. Both PERK and IRE1 branches downregulate Nav1.5, 

hERG, and KvLQT1. The PERK branch specifically downregulates Kv4.3, while the IRE1 branch 

downregulates Cav1.2. Therefore, the UPR contributed to electrical remodeling, and targeting the 

UPR might be anti-arrhythmic.
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Introduction

The cardiac action potential (AP) is a complicated event that relies upon highly regulated 

active and passive ion transport through Na+, K+, Ca2+ and other channels and transporters. 

The cardiac Na+ channel (Nav1.5) governs phase 0 of depolarization of the AP. The K+ and 

Ca2+ channels determine the characteristic plateau of phase 2. K+ channels are also 

responsible for the phases 3 and 4 (the resting membrane potential) of the AP. Any 

disturbance of these ion channels can alter the delicate balance between depolarizing and 

repolarizing ionic currents, leading to slow conduction and prolongation of the AP duration 

(APD) that are observed in human heart failure and animal cardiomyopathic models. For 

example, Nav1.5 protein and the macroscopic Na+ current (INa) are reduced and contribute 

to a decreased upstroke velocity (dV/dtmax) of the AP phase 0 in cardiomyopathy [1-5]. 

Animal model studies reveal reductions in K+ currents including the transient outward (Ito, 

conducted by rapidly inactivating K+ channel Kv4.3), inward rectifying (IK1, conducted by 

Kir2.1), and slow delayed rectifying (IKs, conducted by slowly inactivating K+ channel 

KvLQT1) potassium currents that are responsible for prolonged APD, afterdepolarizations, 

heterogeneous repolarization patterns and ventricular arrhythmias (Table S1) [6-12]. 

Nevertheless, the reasons for these changes are unknown, and reversing these changes could 

represent a new anti-arrhythmic therapy.

The endoplasmic reticulum (ER) is the location for protein translation, folding and 

assembling before trafficking to the plasma membrane. Recently, we observed that human 

heart failure is associated with activation of the ER unfolded protein response (UPR), a 

mechanism that responds to ER protein overload [5]. When under ER stress, glucose-

regulated protein/78 kDa (Grp78) dissociates from the three main UPR sensors, protein 

kinase-like ER kinase (PERK), inositol-requiring protein-1 (IRE1), and activating 

transcription factor-6α (ATF6α), leading to their activation. Activation of the UPR sensors 

initiates complicated signal transduction (Fig. 1) to increase protein folding capacity by 

increasing UPR genes expression and translation (such as chaperone proteins Grp78, Grp94, 

calreticulin, and GADD34). To reduce ER protein burden, the UPR enhances mRNA decay, 

inhibits protein translation, and accelerates protein degradation mainly through the PERK 

and IRE1 branches. The signaling cascades of the three branches have been investigated 

mainly in neural degeneration diseases and diabetes mellitus [13-16], although a wide 

variety of cardiovascular diseases have been associated with the UPR activation, such as 
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ischemia/reperfusion, myocardial infarction, hypertension, and heart failure (reviewed in 

[17-23]). When Grp78 dissociates, PERK and IRE1 oligomerize, become phosphorylated, 

and induce activation of downstream effectors: phosphorylation of eukaryotic initiation 

factor 2α (eIF2α) and X-box binding protein 1 (XBP1) splicing, respectively. 

Phosphorylated eIF2α (p-eIF2α) inhibits ribosomal-mRNA interactions, leading to 

subsequent mRNA degradation and nascent protein translation reduction. Phosphorylation of 

eIF2α also enhances gene expression of activating transcription factor 4 (ATF4), which in 

turn increases the gene expression of chaperone proteins. Spliced XBP1 (sXBP1) degrades 

mRNA, upregulates gene expression of ER chaperones, and enhances ER-associated protein 

degradation. The activated form of ATF6α, ATF6N (cleaved N-terminus of ATF6α), 

translocates to the nucleus to enhance the gene expression of UPR targets such as ER 

chaperones.

Our group has reported that PERK is activated in human heart failure and decreases 

expression of the Nav1.5 α subunit encoded by SCN5A. This phenomenon contributes 

significantly to cardiac INa reduction.

This UPR effect is not specific to Nav1.5 and does not affect all ion channels [5]. In this 

study, we used human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) 

to investigate whether and how activated UPR regulates major cardiac ion channels and 

contributes to arrhythmogenic electrical remodeling similar to that observed in heart failure 

patients. We focused on the PERK and IRE1 branches, since the ATF6α branch is not 

known to alter mRNA decay, protein translation, or protein degradation.

Materials and Methods

Compounds and reagents were purchased from Sigma (St. Louis, MO) except as stated 

otherwise. Detailed methods are in the “Supplementary Materials.”

Cell culture

Episomally reprogrammed human induced pluripotent stem cells (ThermoFisher Scientific, 

Watham, MA) were cultured in fully chemically defined conditions on truncated 

recombinant human vitronectin (VTN-N; Life Technologies, Carlsbad, CA) in Essential 8 

medium (Life Technologies) as colonies. Cells were replated onto Matrigel growth factor 

reduced basement membrane matrix (ThermoFisher Scientific) for chemically defined 

cardiac differentiation into hiPSC-CMs, according to previously published methods [24-27]. 

Although we have considerable experience with human embryonic stem cells and hiPSCs 

[5,28-33], we recognized that variation in the key reagents can affect results. Therefore, we 

took several precautions to ensure reliability and repeatability of the cell preparations (see 

“Supplementary Materials”). After day 30 of differentiation, hiPSC-CMs were considered 

“mature” and were cultured in maintenance medium (RPMI 1640, B27, 1% pen/strep) for 

real-time PCR quantification and Western blot of protein [33]. For patch clamp recording, 

mature cells (30-60 days differentiation) were replated at low density to have single cells on 

0.1% gelatin coated coverslips [28]. We also used iCell® Cardiomyocytes2 (Cellular 

Dynamics, Madison, WI) for patch clamp recording and obtained similar results for action 

potentials and channel currents.
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Activation of the UPR and inhibition of PERK and IRE1

hiPSC-CMs were treated with tunicamycin (TM, 5 μg/mL) [34-36] to activate the UPR. 

GSK2606414 (GSK, 300 nmol/L, MilliporeSigma, Burlington, MA) or 4-methyl 

umbelliferone 8-carbalde-hyde (4μ8C, 5 μmol/L, Millipore Sigma) was applied to cells to 

inhibit the PERK and IRE1 branches, respectively. GSK is an orally available, potent, and 

selective inhibitor for PERK phosphorylation with IC50 of 0.4 nmol/L [37]. The selective 

inhibitor for IRE1 RNase activity, 4μ8C, has an IC50 of 62 nmol/L [38]. Isoproterenol (ISO, 

1 μmol/L) [39,40] was also used to treat hiPSC-CMs to compare with TM for the extent of 

UPR activation. All treatments were in a 95% O2/5% CO2 incubator at 37°C for 20-24 h. 

For chronic UPR effect, we treated hiPSC-CMs with TM at 50 ng/mL [41-44], GSK at 300 

nmol/L, and 4μ8C at 5 μmol/L for 6 days, together or respectively and measured action 

potentials.

Electrophysiology

Channel currents were measured using the whole-cell patch clamp technique in the voltage 

clamp mode at room temperature, as we have done previously [1,45]. Nifedipine (10 

μmol/L) was used to block ICaL when measuring K+ currents [46]. IKr and IKs in hiPSC-

CMs were small, and we did not measure them seperately. Because hiPSC-CMs have been 

reported to express very low levels of Kir2.1 [47,48], we therefore did not measure IK1. APs 

were recorded under current clamp mode. Standard pulse protocols were used to determine 

the current-voltage, steady state availability, steady state inactivation, and other gating 

behaviors appropriate to the channels studied [1,46,49,50]. All electrophysiological 

measurements were carried out with an Axopatch 200B amplifier driven by a pCLAMP 

system (Digidata A/D and D/A boards and pCLAMP 9.2, Axon Instruments, Burlingame, 

CA). Data were analyzed with Clampfit.

Real-Time PCR quantification of mRNA levels

hiPSC-CMs were collected from three wells of 12-well plates for each group as three 

individual samples for total RNA measurements. Total RNA was isolated from hiPSC-CMs 

using the RNeasy Mini Kit (Qiagen, Valencia, CA) following the manufacturer's 

instructions. Primers for the target genes were made by Invitrogen (Thermo Fisher 

Scientific). The primers sequences are listed in Table S2.

Western blot of proteins

hiPSC-CMs were collected from three wells of 6-well plates for each group as three 

individual samples for Western blot. TGX Stain-Free™ precast gels (Bio-Rad, Hercules, 

CA) were used to confirm if the loading control GAPDH was altered under UPR activation 

by comparing GAPDH with the total protein levels. Protein levels of ion channels and the 

UPR sensors and effectors were measured by standard Western blot. Antibodies were 

purchased from Alomone Labs (Jerusalem, Israel), Cell Signaling Technology (Danvers, 

MA), Proteintech (Rosemont, IL), Santa Cruz Biotechnology (Dallas, TX), or ThermoFisher 

Scientific. Horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG secondary 

antibodies were used with dilution of 1:5000. GAPDH was used as a loading control.

Liu et al. Page 4

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical analysis

Values are presented as mean ± SEM. The t test, one-way analysis of variance with post hoc 

tests of significance, the Tukey's honest significant difference test, and the Fisher exact test 

for 2 × 2 tables were used when appropriate, and a P value of < 0.05 was considered 

statistically significant (P=NS indicated no significant difference).

Results

TM and ISO induced UPR activation

UPR activation by TM (5 μg/mL) was confirmed by the elevated activated forms of the UPR 

effectors (Fig. 2A and Table S3), including Grp78 (1.8±0.3-fold increase over untreated), p-

PERK/p-eIF2α/ATF4 for the PERK branch (2.1±0.3-, 2.8±0.2-, and 3.8±0.5-fold increases 

over untreated, respectively), p-IRE1/sXBP1 for the IRE1 branch (2.6±0.4- and 14.1±5.2-

fold increases over untreated, respectively), and ATF6N for the ATF6 branch (1.7±0.2-fold 

increase over untreated) (P<0.05 vs. untreated for all). Fig. 2B presents representative 

protein bands of these UPR effectors with and without TM treatment. To evaluate the extent 

of TM-induced UPR activation, we also treated hiPSC-CMs with ISO (1 μmol/L for 24 h) 

[39,40], which induced similar UPR activation as shown in Fig. 2C and 2D. By comparing 

the GAPDH amount with the total protein amount, we verified that the loading control was 

not altered under UPR activation induced by either TM or ISO.

Activated UPR altered APs and downregulated cardiac ion channels

As shown in Fig. 3A and 3B, TM-induced activation of UPR prolonged the APD and slowed 

down dV/dtmax. The APD at 90% of repolarization (APD90) was prolonged from 477±23 ms 

in untreated cells to 1575±154 ms by TM (P<0.05). The dV/dtmax was significantly 

decreased from 77±4 V/s in untreated myocytes to 66±1 V/s by TM (P<0.05). Therefore, 

activated UPR induced electrical remodeling similar to that seen in heart failure.[51]

All major cardiac ion channels' currents that contribute to the AP were reduced significantly 

by UPR activation, including INa, ICaL (conducted by L-type Ca2+ channel Cav1.2), and 

three prominent K+ currents Ito and IKr+IKs (conducted by hERG and KvLQT1, 

respectively). The peak currents were reduced to 27±7%, 36±7%, 42±14% and 29±9% of 

untreated cells, respectively (P<0.05 vs. untreated, Table 1 and Fig. 3C). These current 

reductions were consistent with the changes of the dV/dtmax and APD.

With evaluation of the electrophysiological properties of steady state activation (SSA) and 

inactivation of channel currents, we found that only the V1/2 of INa SSA were positively 

shifted from -43±2 mV of untreated cells to -33±3 mV by TM (Fig. 3E-3F, P<0.05), perhaps 

explaining some reduction of INa observed with UPR activation. Steady state inactivation of 

L-type Ca2+, transient outward K+, and rapid and slow delayed rectifying K+ currents was 

unaffected.

The mechanism of UPR effects on ion channels

UPR can reduce protein levels by activating mRNA decay, translation inhibition, or protein 

degradation. In order to understand at which levels the channels were regulated by the UPR, 
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we evaluated the mRNA and protein levels of cardiac ion channels in TM-treated hiPSC-

CMs. As shown in Fig. 4, significant concurrent reductions of mRNA and protein levels 

were observed with SCN5A-Nav1.5, CACNA1C-Cav1.2, KCND3-Kv4.3, KCNH2-hERG, 

and KCNQ1-KvLQT1 with TM treatment (see Table S4 for values), consistent with the 

reduction of corresponding currents. However, the mRNA and protein levels of KCNIP2-

KChIP2 and KCNA4-Kv1.4 were not affected by TM treatment (Table S4). This indicated a 

certain specificity of UPR regulation of the cardiac ion channels. Fig. 4C shows 

representative Western blot protein bands of cardiac ion channels obtained with or without 

TM present.

The role of PERK in electrical remodeling

We used a specific PERK inhibitor, GSK to investigate the role of the PERK branch in the 

UPR-dependent ion channel changes. As shown in Fig. 5, GSK suppressed activation of the 

PERK branch specifically by decreasing protein levels of p-PERK, p-eIF2α, and ATF4 

(1.2±0.2-, 1.7±0.2-, and 2.6±0.4-fold changes of untreated, respectively, P<0.05 vs. the TM 

group, Table S3). These results were similar to those reported previously [13,37]. GSK did 

not alter TM-induced elevation of p-IRE1, sXBP1, or ATF6N, confirming GSK specificity 

for the PERK branch. GSK alone showed no significant effects on the protein level of UPR 

effectors. Fig. 5B shows representative protein bands of these UPR effectors.

As shown in Fig. 6 and Table S5, GSK shortened TM-induced APD prolongation (APD90: 

627±20 ms of the TM+GSK group, #P<0.05 vs. 1575±154 ms of the TM group, and 

*P<0.05 vs. 477±23 ms of the untreated group) and prevented completely the TM-induced 

reduction of dV/dtmax (79±3 V/s of the TM+GSK group, #P<0.05 vs. 66±1 V/s of the TM 

group, and P=NS vs. 77±4 V/s of the untreated group). As shown in Fig. 6C-6F and Table 

S5, GSK co-application partially recovered INa (56±13% of the untreated, P<0.05 vs. 

untreated or TM) and shifted the V1/2 of INa SSA to -38±3 mV, compared to -33±3 mV for 

the TM only group (P<0.05 vs. TM). GSK restored Ito completely (84±16% of the untreated, 

P<0.05 vs. TM and P=NS vs untreated) and IKr+IKs partially (54±27% of the untreated, 

P<0.05 vs. untreated or TM), while the TM-induced ICaL reduction was not affected (TM

+GSK: 25±6% of the untreated, P<0.05 vs. the untreated, and P=NS vs. TM; Table S5). 

These changes help explain the partially corrected APD. The relation of dV/dtmax to peak 

INa is nonlinear [52], and the dV/dtmax overestimates Na+ channel availability. Therefore, 

fully recovered dV/dtmax may not indicate fully recovered INa, which is what we observed. 

GSK alone did not show significant effects on the currents or the AP.

The role of IRE1 in electrical remodeling

To distinguish the IRE1 effects on cardiac ion channels, we inhibited the IRE1 branch with a 

specific inhibitor, 4μ8C (5 μmol/L, 20-24 h at 37 °C) [38]. As shown in Fig. 7 and Table S3, 

4μ8C inhibited TM-induced activation of the IRE1 branch by decreasing protein levels of p-

IRE1 and sXBP1 (TM+4μ8C: 1.6±0.3- and 1.2±0.4-fold changes of the untreated cells, 

respectively, P<0.05 vs. the TM group, Table S3). Inhibition was also observed with Grp78 

(0.9±0.3-fold increase with the TM+4μ8C vs. 1.8±0.3-fold increase with the TM group, 

P<0.05). These data confirmed the specificity of 4μ8C for the IRE1 branch. Fig. 7B shows 

representative protein bands of the UPR effectors.
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IRE1 inhibition by 4μ8C shortened TM-induced APD prolongation (Fig. 8 and Table S5, 

APD90: 1166±75 ms of the TM+4μ8C group, #P<0.05 vs. 1575±154 ms of the TM group, 

and *P<0.05 vs. 477±23 ms of the untreated group). TM-induced reduction in dV/dtmax was 

completely reversed by 4μ8C (74±5 V/s of the TM+4μ8C group, #P<0.05 vs. 66±1 V/s of 

the TM group; P=NS vs. 77±4 V/s of the untreated group). As shown in Fig. 8C and Table 

S5, 4μ8C restored INa completely (100±21% of the untreated, #P<0.05 vs. the TM group, 

P=NS vs. the untreated group), and ICaL and IKr+IKs partially (50±6% and 43±11% of the 

untreated, P<0.05 vs the untreated or TM group). As shown in Fig. 8E-8F, the TM-induced 

positive shift of V1/2 of INa SSA (-33±3 mV) was restored fully to -45±5 mV with TM

+4μ8C (P<0.05 vs. the TM group and P=NS vs. the untreated group). IRE1 inhibition by 

4μ8C alone prolonged the APD (APD90: 750±12 ms of the 4μ8C group, P<0.05 vs. 477±23 

ms of the untreated group) and decreased ICaL and IKr+IKs (72±9% and 66±18% of the 

untreated group, P<0.05). This indicated that the IRE1 branch was important to maintain 

Cav1.2 and hERG/KvLQT1 channel function under control conditions.

Comparison of the acute and chronic UPR effects on cardiomyocyte action potentials

To investigate the chronic effects of the UPR on cardiomyocytes, we treated hiPSC-CMs 

with TM (50 ng/mL) with or without GSK (300 nmol/L) or 4μ8C (5 μmol/L) for 6 days. As 

shown in Fig. 9A and 9B, chronic treatment of TM induced APD prolongation and dV/dtmax 

reduction, similar to the acute TM treatment (5 μg/mL, 20-24 h). GSK or 4μ8C shortened 

the APD in the chronic treatment (Fig. 9A), similar to their acute effects (Fig. 9C). GSK or 

4μ8C increased dV/dtmax similarly in the chronic or acute settings (Fig. 9B or Fig. 9D, 

respectively).

Discussion

Short-term activation of the unfolded protein response (UPR) triggers adaptive adjustments 

and promotes cell survival, while long-term and severe UPR activation triggers cell 

apoptosis. Activated UPR has been reported in heart diseases such as ischemia/reperfusion 

[53-56], dilated cardiomyopathy [57], atherosclerosis [18,19,58,59], myocardial infarction 

[34,60-63], hypertension [64-67], diabetic cardiomyopathy [68-70], and heart failure 

[5,21,51,65,71-73] with increased expression of ER chaperones (Grp78 and calreticulin 

[57,65,74]) and effectors from all three UPR branches [5,57,63,73,74]. In this study, 

tunicamycin (TM) activated all three branches of the UPR in hiPSC-CMs in both acute 

(20-24 h) and chronic (6 days) treatment, and UPR activation resulted in reduced current 

levels of all major cardiac ion channels: Nav1.5, Cav1.2, Kv4.3, hERG, and KvLQT1. These 

changes explained UPR-mediated dV/dtmx reduction and APD prolongation. These 

observations are consistent with the ion channel changes seen in cardiomyopathy (Table S1). 

Since these electrical remodeling changes are thought to underlie part of the arrhythmic risk 

in cardiomyopathy, we further investigated which branches of the UPR regulated these 

changes.

The specific inhibitor of the PERK branch, GSK, partially reversed UPR-induced electrical 

remodeling. This incomplete effect may represent the fact that GSK showed only partial 

inhibition of the PERK branch. There was PERK-dependent regulation of Nav1.5, Kv4.3, 
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hERG, and KvLQT1 but not Cav1.2 (Fig. 9). This suggests that PERK-mediated channel 

downregulation is specific for a certain set of channels. The determinants of this specificity 

are unknown currently. UPR induced a positive shift of the V1/2 of INa SSA that was 

reversed partially by GSK (Fig. 6D), suggesting that the UPR activation resulted in changes 

in post-translational modifications of the channel or possibly changes in associated subunits.

IRE1 inhibition with 4μ8C shortened the APD prolongation and restored the reduction of 

dV/dtmax. Inhibition of IRE1 showed specific regulation of Nav1.5, Cav1.2, hERG, and 

KvLQT1 but not of Kv4.3 (Fig. 9). These data imply some cross talk between branches of 

UPR. Application of 4μ8C alone decreased ICaL and IKr+IKs and prolonged the APD (Fig. 

8), indicating that certain IRE1 activity may be necessary to maintain these channels under 

physiological conditions.

Limitations of this study include the fact that, although similar, TM may not recapitulate all 

the UPR changes seen in cardiomyopathy. Nevertheless, the TM-induced changes were 

similar to the electrical remodeling reported in various forms of heart disease. In this work, 

TM induced elevation of UPR effectors in hiPSC-CMs by ∼2- to 4-fold for phospho-PERK, 

phospho-eIF2α, ATF4, phospho-IRE1 and ATF6N, and ∼14-fold for sXBP1 (Fig. 2). In 

human HF, phospho-PERK and phospho-eIF2α have been reported to be increased by ∼2.4- 

and 4.5-fold, respectively [75]. Significant elevation of sXBP1 (5.2±0.5-fold) is reported in 

failing human heart tissue [74]. In ischemic mouse heart [63], phospho-PERK and phospho-

eIF2α were increased ∼3- and 1.5-fold, respectively and ATF6N was significantly increased 

∼9-to 12-fold as well. These elevations of UPR effectors in human and animal models are 

comparable to our observation with TM-treated hiPSC-CMs. We also used ISO to treat the 

cells and observed similar UPR activation (Fig. 2), suggesting that our observation would be 

relevant to human disease. While hiPSC-CMs do not fully recapitulate all aspects of adult 

myocyte electrophysiology, they do exhibit a human-like profile of ion channels, 

transporters, and currents, excepting Kir2.1 and IK1 which are below native cardiomyocyte 

levels.[76] Nevertheless, hiPSC-CMs represent an accepted model for drug screening for 

electrophysiological effects and are used for the first time in the current study to evaluate the 

UPR. Both IRE1 and PERK inhibition showed partial reversal of electrical remodeling, 

suggesting that ATF6 may play a role in electrical remodeling or that there are overlapping 

effects of the UPR branches. Finally, it is possible that the UPR effects are chamber specific, 

necessitating further studies to fully understand the role of UPR in arrhythmogenesis.

In summary, our study showed that activated UPR downregulated all major cardiac ion 

currents and resulted in electrical remodeling in hiPSC-CMs. Activated PERK and IRE1 

branches showed distinct patterns of downregulation of cardiac ion channels. Electrical 

remodeling could be partially reversed by inhibition of either the PERK or IRE1 branch. Our 

study suggests that UPR inhibition may be anti-arrhythmic in cardiomyopathic states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The unfolded protein response mediates arrhythmic electrical remodeling

• Activated unfolded protein response downregulates all major cardiac ion 

currents

• Electrical remodeling results in action potential prolongation

• Electrical remodeling can be attenuated by inhibiting the unfolded protein 

response
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Fig. 1. 
The scheme of the UPR branches signaling cascades and functions and our hypothesis of 

UPR downregulation on cardiac ion channels, which could induce electrical remodeling and 

cause increased arrhythmic risk.
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Fig. 2. 
(A) TM (5 μg/mL, 20-24 h at 37 °-C) activated the UPR and elevated protein levels of the 

activated forms of UPR effectors. (B) The representative Western blot bands of the UPR 

effectors with or without TM treatment. (C) ISO (1 μmol/L, 24 h at 37 °-C) activated the 

UPR and elevated protein levels of the activated forms of UPR effects. (D) The 

representative Western blot bands of the UPR effectors with or without ISO treatment. 

*P<0.05 vs. the untreated control group.
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Fig. 3. 
TM treatment altered (A) the morphology of the action potential with (B) prolonged action 

potential duration (APD90) and decreased dV/dtmax of hiPSC-CMs. TM treatment 

downregulated (C) all major cardiac ion channel currents and positively shifted (D) the V1/2 

value of INa steady state activation. Up to 30 cells were used for data average for each group. 

*P<0.05 vs the untreated group.
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Fig. 4. 
TM-induced UPR activation downregulated cardiac ion channels at the mRNA and protein 

levels. (A) The mRNA and (B) protein levels of cardiac ion channels of TM-treated hiPSC-

CMs were measured by qRT-PCR and Western blot. (C) Representative Western blot bands 

of the ion channels were present with or without TM treatment. *P<0.05 vs. the untreated 

control group.
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Fig. 5. 
GSK specifically inhibited the PERK branch of the UPR. (A) GSK suppressed the elevation 

of the PERK branch protein levels induced by TM treatment, while showed no effect on the 

IRE1 and ATF6α branches. (B) Representative Western blot bands of the activated UPR 

effectors were present with or without TM, GSK, and 4μ8C treatment. *P<0.05 vs. the 

untreated control group; #P<0.05 vs. the TM group.

Liu et al. Page 19

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
PERK inhibition by GSK restored selective channel currents partially, shortened the APD, 

and completely reinstated dV/dtmax that were altered by TM in hiPSC-CMs. (A) 

Representative traces of the action potentials obtained with or without TM and GSK 

treatment. Untreated hiPSC-CMs, black thin line; +GSK, light gray line; +TM, black bold 

line; +TM+GSK, dark gray bold line. (B) The APD90 and dV/dtmax values of the action 

potentials and (C) whole-cell cardiac ion channel currents of hiPSC-CMs were obtained 

with patch clamp recording with treatments of TM and GSK. Currents were measured at 

different testing membrane potentials (as listed in Table 1) and normalized to the cell 

capacitances. (D) The TM-induced positive shift of INa steady state activation V1/2 was 

partially reinstated by GSK. Up to 30 cells were used for data average for each group. 

*P<0.05 vs. the untreated group; #P<0.05 vs. the TM group.
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Fig. 7. 
The IRE1 branch of the UPR was specifically inhibited by 4μ8C, which suppressed the 

elevation of the IRE1 branch protein levels of p-IRE1 and sXBP1 induced by TM treatment, 

while showed no significant effects on the PERK and ATF6α branches. *P<0.05 vs. the 

untreated control group; #P<0.05 vs. the TM group.
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Fig. 8. 
IRE1 inhibition by 4μ8C shorted the APD partially and restored dV/dtmax completely that 

were altered by TM in hiPSC-CMs. (A) Representative traces of the action potentials 

obtained with or without TM and 4μ8C treatment. Untreated hiPSC-CMs, black thin line; 

+4μ8C, light gray line; +TM, black bold line; +TM+4μ8C, dark gray bold line. (B) The 

APD90 and dV/dtmax values of the action potentials and (C) whole-cell cardiac ion channel 

currents of hiPSC-CMs were obtained with patch clamp recording with treatments of TM 

and 4μ8C. Currents were measured at different testing membrane potentials (as listed in 

Table 1) and normalized to the cell capacitances. (D) The TM-induced positive shift of INa 

steady state activation V1/2 was completely reinstated by 4μ8C. Up to 30 cells were used for 

data average for each group. *P<0.05 vs. the untreated control group; #P<0.05 vs. the TM 

group.
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Fig. 9. 
Comparison of the effects of chronic and acute UPR activation on the APD90 and dV/dtmax 

of hiPSC-CMs. Chronic UPR activation induced by TM (50 ng/mL for 6 days) resulted in 

(A) APD prolongation and (B) dV/dtmax reduction, which were partially reversed by co-

application of GSK or 4μ8C for 6 days. These changes are similar to (C) and (D) the acute 

UPR effects on hiPSC-CMs. For each group, 27 to 32 cells were tested for data average. 

*P<0.05 vs. the untreated control group; #P<0.05 vs. the TM group.
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Fig. 10. 
A summarized scheme of the UPR regulation on human cardiac ion channels. Activated 

UPR downregulates selective ion channels, leads to prolonged APD and reduced dV/dtmax, 

which can contribute to electrical remodeling and arrhythmias. The PERK branch 

downregulates Nav1.5, Kv4.3, hERG, and KvLQT1, while the IRE1 branch downregulates 

Nav1.5, Cav1.2, hERG, and KvLQT1.
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