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Background and Purpose: Esophageal cancer-related gene-4 (ECRG4) participate in inflammation process and can interact with the
innate immunity complex TLR4-MD2-CD14 on human granulocytes. In addition, ECRG4 participate in modulation of ion channel
function and electrical activity of cardiomyocytes. However, the exact mechanism is unknown. This study aimed to test our hypothesis
that ECRG4 contributes to inflammation-induced ion channel dysfunctions in cardiomyocytes.

Methods: Human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) generated from three donors were treated with
lipopolysaccharide (LPS) to establish an endotoxin-induced inflammatory model. Immunostaining, real-time PCR, and patch-clamp
techniques were used for the study.

Results: ECRG4 was detected in hiPSC-CMs at different differentiation time. LPS treatment increased ECRG4 expression in hiPSC-
CMs. Knockdown of ECRG4 decreased the expression level of Toll-Like-Receptor 4 (TLR4, a LPS receptor) and its associated genes
and inflammatory cytokines. Furthermore, ECRG4 knockdown shortened the action potential duration (APD) and intercepted LPS-
induced APD prolongation by enhancing Igx (small conductance calcium-activated K channel current) and attenuating Incx (Na/Ca
exchanger current). Overexpression of ECRG4 mimicked LPS effects on Isx and Incx, which could be prevented by NF«kB signaling
blockers.

Conclusion: This study demonstrated that LPS effects on cardiac ion channel function were mediated by the upregulation of ECRG4,
which affects NF«B signaling. Our findings support the roles of ECRG4 in inflammatory responses and the ion channel dysfunctions
induced by LPS challenge.

Keywords: esophageal cancer-related gene-4, arrhythmias, lipopolysaccharide, human-induced pluripotent stem cell-derived

cardiomyocytes, inflammation

Introduction
Sepsis, caused by severe infection, may result in multiple organ dysfunction, such as heart failure and arrhythmias.'~
Lipopolysaccharide (LPS), a key component of the outer membrane of Gram-negative bacteria, is an important
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pathogenic factor in sepsis. Heart dysfunction is commonly documented in patients with sepsis and LPS-treated
animals.>* LPS in circulation can stimulate the innate immune system and, in turn, leads to a regional or systemic
inflammatory reaction. In addition, LPS may activate non-immune cells and evoke inflammation. The LPS receptor, Toll-
like receptor 4 (TLR4), has been detected in cardiomyocytes.”® Hence, the innate inflammatory reaction can be
stimulated in cardiomyocytes by LPS, without the participation of immune cells. Despite the advancements in the
investigation of infection and sepsis, the exact mechanisms of cardiac dysfunctions, particularly arrhythmias, remain to
be clarified.

As hiPSC-CMs can be a good platform for modeling cardiac diseases including myocarditis, in our previous study, we
established a model of inflammation using hiPSC-CMs challenged by LPS.” In this model, we demonstrated that hiPSC-
CMs responded to LPS-challenging. The hiPSC-CMs possess LPS-receptor, TLR4, and its associated signaling proteins,
including TIRAP, RelA, MyD88 and NFkB1. LPS-treatment induced an increase in proinflammatory factors and
chemotactic cytokines in a dose-dependent manner. These results suggested that hiPSC-CMs can be used as a model
of inflammation in cardiomyocytes. We also found that hiPSC-CMs challenged by LPS exhibited a prolonged action
potential duration (APD). Decreased Ik and increased Iycx contributed to the ADP prolongation. Enhanced Iycx may
cause delayed afterdepolarization (DAD), which may lead to tachyarrhythmias. Nevertheless, it is unknown whether LPS
directly induces ion channel dysfunction or whether other factors are involved in this process.

ECRG4 was cloned by mRNA differential display between normal and cancerous epithelium of esophagus. It was
originally recognized as a tumor suppressor gene.® Studies have shown that ECRG4 is constitutively expressed in normal
epithelium of esophagus and downregulated in esophageal cancer, and ECRG4 levels are directly correlated with
prognosis.” Besides epithelium, ECRG4 has been reported to be widely expressed in many other types of cells, including
skeletal muscle, cardiomyocytes, pancreatic exocrine cells and hepatocytes.'® Similar to mouse and rat, in adult human
heart, the ECRG4 expression is higher in atrial myocardium than in left ventricular myocardium.'"'?

ECRG4 expression was documented to be downregulated after injury and infection, similar to its downregulation in
tumors."*"'> Nonetheless, upregulation of ECRG4 gene was observed in chronic inflammation as well.'®'” In adult
human heart, Huang et al detected that the ECRG4 expression level was largely reduced in atrial appendages of atrial
fibrillation (AF) patients compared with the sinus rhythm (SR) group. In rat neonatal cardiomyocytes, the knockdown of
ECRG4 significantly shortened the APDs and upregulated genes involved in proinflammatory cascades and heart
remodeling. These data indicate that ECRG4 may play an important role in the pathogenesis of AF.'® In agreement
with the possible role of ECRG4 in atrial electric remodeling, a significant decrease in ECRG4 level in HL1 cells was
observed after 24 hours of rapid electric stimulation.'® Taken together, ECRG4 may participate in the modulation of ion
channel function and electrical activity of cardiomyocytes, but the electrophysiological mechanism is unclear.

In human granulocytes, ECRG4 was found to exist in the innate immunity complex TLR4-MD2-CD14 and
modulated inflammation through non-canonical, NFkB signal transduction.”” Given that LPS can induce arrhythmia
through TLR4 receptor, we hypothesize that ECRG4 may contribute to inflammation-induced ion channel dysfunctions
in cardiomyocytes. The objective of this study was to evaluate the effects of ECRG4 on LPS-induced ion channel
dysfunctions in hiPSC-CMs.

Methods

Ethics Statement

Written consents for skin biopsies, blood and urine were obtained from three healthy donors, from whom three human-
induced pluripotent stem cell (hiPSC) lines were generated, respectively. One hiPS cell line was obtained from the
University Medical Center Gottingen, and the study plan was approved by the Ethical Committee of the Medical Faculty
Mannheim, University of Heidelberg (approval number: 2018—565N-MA), and by the Ethical Committee of University
Medical Center Géttingen (approval number: 10/9/15). The other two hiPS cell lines were obtained from Beijing Cellapy
Biotechnology Co., LTD with informed consent for scientific research and commercial provision (Cat. No.: CA4025106;
CA4027106). The study was performed in accordance with the approved guidelines and fulfilled following the Helsinki
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Declaration of 1975, as revised in 1983. The participants gave their written informed consent prior to the study
commencing.

Generation of Human iPS Cells

The first cell line UMGi014-B clone 1 (ipWT1.1) of hiPSCs was generated from primary human fibroblasts derived from
a skin biopsy. This hiPSC line was generated under feeder-free culture conditions using the integration-free episomal
4-in-1 CoMiP reprogramming plasmid (Addgene, #63726) with the reprogramming factors OCT4, KLF4, SOX2,
¢-MYC, and short hairpin RNA against p53, as previously described with modifications.?' The second (B1) and third
(U2) hiPS cell lines were generated from primary human blood cells and epithelial cells in urine, respectively. These two
hiPSC lines were generated under feeder-free culture conditions using lentiviral particles carrying the transactivator (TA)
and an inducible polycistronic cassette containing the reprogramming factors OCT4, SOX2, KLF4 and c-MYC.
Generated hiPSCs were cultured under feeder-free conditions and were validated for pluripotency.

Generation of hiPSC-CMs

Frozen aliquots of hiPSCs were thawed and cultured under feeder cell-free condition and differentiated into cardiomyo-
cytes (hiPSC-CMs). Culture dishes and wells were coated with Matrigel (Corning, USA). Culture medium for hiPSCs
was TeSR-E8 (Stemcell Technologies, USA), and the medium for hiPSC-CMs was RPMI 1640 GlutaMax (Thermo
Fisher Scientific, USA) containing Penicillin/Streptomycin and B27 with and without insulin (Thermo Fisher Scientific,
USA). After the third passaging, hiPSC colonies were passaged by Versene solution (Thermo Fisher Scientific, USA) and
transferred to feeder-free 24 well plates. When cells were cultured for expansion to 90% —95% confluence, the
cardiomyocyte differentiation was initiated. Application of CHIR99021 (Stemcell Technologies, USA) and IWP-2
(Stemcell Technologies, USA) at different time points induced the cells to differentiate into hiPSC-CMs in the first
two weeks after the start of differentiation. Beating cardiac colonies can be observed as early as eight days later. In the
third week, a selection medium of lactate (Sigma, USA) containing RPMI 1640 medium without glucose and glutamine
(WKS, Germany) was used to select cardiomyocytes. From days 40 to 60, the cells were cultured with basic culture
medium and were used for further experiments. For patch-clamp measurements, the cardiomyocytes were dissociated
from 24 well plates by Collagenase I and plated on Matrigel-coated 3.5 cm petri dishes as single cells.

Real-Time PCR Assays

To measure the mRNA expression in hiPSC-CMs, total RNA was extracted using GeneJET RNA Purification Kit
(Thermo Fisher Scientific, USA) which includes DNAse. The RNA was reversed transcribed to cDNA using a high-
capacity cDNA reverse transcription kit (Applied Biosystems, USA). cDNA was amplified by real-time PCR on ABI
real-time cycler (Applied Biosystems, USA) using QuantiNova™ SYBR Green PCR Kit (Qiagen, Germany) in the
presence of forward and reverse PCR primers. Real-time PCR was performed at 95°C for 2 min, followed by 40 cycles of
95°C for 15 sec and 60°C for 30 sec, then followed by melting-curve analysis to verify the specificity of the PCR
product. Relative quantification of mRNA expression was calculated by the AACt method. Three replicate wells were
used for each sample and at least three biological replicates were used for the calculation.

Immunofluorescence Staining

Cardiomyocytes were dissociated from 24 well plates by Collagenase I and TrypLE reagents and plated on Matrigel-
coated 8 chamber glass slides (Ibidi, Germany). After at least 48 h, the cells were washed with PBS. For proteins in the
intracellular, the cells were fixed with 4% paraformaldehyde (Thermo Fisher Scientific, USA) for 10 min and washed
again by PBS. Then, the cells were permeabilized for 10 minutes with 0.5% Triton X-100 (Sigma, USA) and washed
with PBS. For cell surface immunofluorescence, Triton X-100 was not used. PBS containing 1% bovine serum albumin
(Sigma, USA) was used to block cells for 30 min. After washing with PBS, cells were incubated with primary antibodies
in 4°C overnight kept under wet conditions. The next day, cells were washed twice with PBS, and incubated with
fluorescent secondary antibodies (Invitrogen, USA). After incubation for 1 h at room temperature, cells were washed
twice with PBS. Nuclear staining was performed with ProLong™ gold antifade mountant with DAPI (Invitrogen, USA).
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Wheat Germ Agglutinin (WGA) with Alexa Fluor 488 was used for plasma membrane labeling. The antibodies used in
this study were a-actinin antibody (Invitrogen, USA), ¢TnT antibody (Invitrogen, USA), ECRG4 antibody (Sigma, USA)
and TLR4 antibody Proteintech, China). Images were taken with Leica DMRE fluorescence microscope (DFC3000G/
DFC 450c) camera equipped with the Leica Application suite 4.4 software.

Construction of Adenovirus for ECRG4 Knockdown and Overexpression

Small RNAs targeting human ECRG4 were designed and used for the ADV1 plasmid (GenePharma, China). The three
oligos containing the core siRNA sequences (designated as 230, 388 and 502), targeting ECRG4 coding sequence, were
annealed with their corresponding reverse complementary strands and cloned into ADV1, an adenovirus vector co-
transcribing GFP downstream of the siRNA precursor. The identity of each plasmid was confirmed by DNA sequencing.
Knockdown efficiency was determined by infection with hiPSC-CMs, and the expression of ECRG4 was evaluated by
real-time PCR. The siRNA sequence 502 had a better knockdown efficiency and was used in the future experiments. An
ADV1 plasmid carrying the full sequence of ECRG4 was used for ECRG4 overexpression. Virus containing a negative
siRNA targeting shame RNA was used as a control.

Western Blot Analysis

Following treatment of ECRG4-siRNA and negative control adenovirus to hiPSC-CMs for 48 hours, the cells were
lysed at 4°C using lysis buffer containing 25 mm Tris-HCI, pH 8.0, 137 mm NaCl, 2.7 mm KCI, 1% Triton X-100 and
protease inhibitor mixture (Thermo, USA) for 1h followed by brief sonication. After 10 min centrifugation at
14,000 rpm at 4°C for removing insoluble materials, supernatants were collected, and the protein concentrations
were measured by Pierce™ BCA Protein Assay Kit (Thermo, USA). Equal amounts of whole cell lysates were boiled
for 5 min in an SDS-sample buffer, separated by a 10% SDS-PAGE, and electro-transferred onto Immobilon-P
membranes (Millipore, Bedford, MA), which were blocked after saturation by TBS-T containing 5% BSA at room
temperature for 1 h, and subsequently incubated with the anti-IKK and anti-Phospho-IKK alpha/beta (Affinity, China),
anti-NF-kB p65 and Phospho-NF-kB p65 (Affinity, China), anti-GAPDH (Invitrogen, USA) primary antibody,
followed by incubation with a secondary horseradish peroxidase (HRP)-conjugated antibody (Cell Signaling, USA).
After being washed by TBS-T, the membranes were developed using an enhanced chemifluorescence detection system
(Thermo, USA).

Patch-Clamp

Standard patch-clamp whole-cell recording techniques were employed to measure ion channel currents and action
potentials (AP). Patch electrodes from borosilicate glass capillaries (MTW 150F; World Precision Instruments, Inc.,
USA) were pulled by a DMZ-Universal Puller (Zeitz-Instrumente Vertriebs GmbH, Martinsried, Germany). The
resistance of pipette electrodes ranged from 4 to 5 MQ. After the electrode was moved into bath solution, its offset
potential was zero-adjusted. After a giga-seal was formed, the fast capacitance of pipette was first compensated, and
then the membrane under the pipette tip was broken by negative pressure to establish the configuration of whole-cell
recording. To measure the cell capacitance, a 50 ms-voltage pulse from —80 to —85 mV was applied to record the
capacitance transient current. The area under the transient current curve was then integrated and divided by 5 mV to
obtain the whole-cell capacitance in pF. Next, the series resistance (Rs) and membrane capacitance (Cm) were
compensated. The liquid junction potential was not considered. Recording signals were sampled at 10 kHz and
filtered at 2 kHz by the Axon 200B amplifier and Digidata 1440A digitizer hardware plus pClampl10.6 software
(Molecular Devices, Canada). Depending on features of recorded currents, different voltage clamp protocols were
used. To obtain the current density, measured currents were normalized to the membrane capacitance. Current—
voltage (I-V) curves were obtained by plotting the current density against voltages. The TTX (tetrodotoxin)
sensitive late Iy, was measured as the average current from 250 to 400 ms of the depolarization pulse. To separate
one type of ion channel current from others, a specific channel blocker was used, and the blocker-sensitive current
was analyzed.
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AP and Potassium Channel Current Recording
The extracellular solution for the AP and potassium channel current measurements consisted of (mmol/l): 127 NaCl, 5.9
KCl, 2.4 CaCl,, 1.2 MgCl,, 11 glucose, 10 HEPES, pH 7.4 (NaOH). For measuring I,, 10 pM nifedipine, 10 pM TTX
and 1 pM E-4031 were given into the solution for blocking Ic,., Ina and Ig,. For measuring I, and Ig,, 10 uM
nifedipine, 10 uM TTX and 5 mm 4-AP were applied. The intracellular pipette solution consisted of 10 mm HEPES,
126 mm NaCl, 6 mm KCI, 1.2 mm MgCl,, 5 mm EGTA, 11 mm glucose and 1 mm MgATP, pH 7.4 (KOH). To measure
SK channel currents, appropriate amount of CaCl, was added to obtain the free-Ca>" concentration of 0.5 uM from the
calculation by using the software MAXCHELATOR. An ATP-free intracellular pipette solution was used to measure the
ATP-sensitive K -channel current (Ixarp)- To measure Ixg, 1 uM of E-4031 was added to block Iy,.

To separate Iy, from other potassium currents, the Cs" currents conducted by the KCNH2 (HERG) channels were
measured as Ig,. Both the extracellular and intracellular solutions were composed of (mmol/L): 140 CsCl,, 2 MgCl,,
10 HEPES, 10 Glucose, pH 7.4 (CsOH).

Sodium and Calcium Current Recording

The extracellular solution used for measuring peak sodium current was composed of (mmol/l): 20 NaCl, 130 CsCl,, 1.8
CaCl,, 1 MgCl,, 10HEPES, 10 glucose, 0.001 nifedipine, pH 7.4 (CsOH). The intracellular solution was composed of
(mmol/): 10 NaCl, 135 CsCl,, 2 CaCl,, 3 MgATP, 2 TEA-CI, 5 EGTA, 10 HEPES, pH 7.2 (CsOH).

The extracellular solution used for measuring late sodium current was composed of (mmol/l): 135 NaCl, 20 CsCl,,
1.8 CaCl,, 1 MgCl,, 10 HEPES, 10 glucose, 0.001 nifedipine, pH 7.4 (CsOH). The intracellular solution was composed
of (mmol/l): 10 NaCl, 135 CsCl,, 2 CaCl,, 3 MgATP, 2 TEA-CI, 5 EGTA, 10 HEPES, pH 7.2 (CsOH).

The extracellular solution used for recording I, was composed of (mmol/l): 140 TEA-CI, 5 CaCl,, 1 MgCl,, 10
chromanol 293B, 10 HEPES, 0.01 TTX, 2 4-AP, pH 7.4 (CsOH). The intracellular solution was composed of (mmol/l):
10 NacCl, 135 CsCl,, 2 CaCl,, 3 MgATP, 2 TEA-CI, 5 EGTA, 10 HEPES, pH 7.2 (CsOH).

Sodium-Calcium Exchange Current Recording

The extracellular solution used for measuring Ixcx was composed of (mmol/l): 135 NaCl, 10 CsCl,, 2 CaCl,, 1 MgCl,,
10 HEPES, 10 glucose, 0.01 nifedipine, 0.1 niflumic acid, 0.05 lidocaine, 0.02 dihydroouabain, pH 7.4 (CsOH). The
intracellular solution was composed of (mmol/l): 10 NaOH, 150 CsOH, 2 CaCl,, 1 MgCl,, 75 aspartic acid, 5 EGTA,
pH7.2 (CsOH).

Drugs

E-4031, chromanol 293B, nifedipine, NiCl,, niflumic acid, apamin, LPS, lidocaine and dihydroouabain were from Sigma
Aldrich, 4-AP was from RBI, TTX was from Carl Roth, TPCA-1 and QNZ (EVP4593) were from Selleck. E-4031,
NiCl,, TTX, 4-AP, apamin, LPS, niflumic acid and dihydrooubain were dissolved in H,O. Nifedipine, chromanol 293B,
TPCA-1 and QNZ (EVP4593) were dissolved in DMSO, and lidocaine was dissolved in ethanol. Stock solutions were
stored at —20 °C.

Statistics

All the data were displayed as mean £ SEM and were analyzed by the InStat© software (GraphPad, San Diego, USA).
Kolmogorov Smirnov test was analyzed to decide whether parametric or non-parametric tests were used. To compare
parametric data from multiple groups, one-way ANOVA with Holm-Sidak post-test for multiple comparisons was
performed. For non-parametric data, the Kruskal-Wallis test with Dunn’s multiple comparisons post-test was used.
Unpaired Student’s #-test was performed to compare two independent groups with normal distribution. P <0.05 (two-
tailed) was considered significant.

Results

ECRG4 Was Detected in hiPSC-CMs
To investigate whether ECRG4 is expressed in hiPSC-CMs, we generated hiPSC-CMs from healthy donors and collected
total mRNA at different differentiation time. ECRG4 expression on human cardiac muscle cell line AC16 and mice
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cardiomyocytes was detected as positive control. Expression levels of ECRG4 were analyzed by real-time PCR. The
results showed that ECRG4 was highly expressed in hiPSCs (d0) and mesoblastemas on day 5 of differentiation, and the
expression level was largely decreased from day 10, when hiPSC-CMs were generated (cells started to beat). Then, the
expression of ECRG4 in hiPSC-CMs increased slightly and was sustained until the maturation stage (Figure 1A).

For verification of the PCR results, we further performed an immunofluorescence study. hiPSC-CMs were stained
with a-actinin, cTnT and ECRG4 antibodies with different fluorescent dyes. Nuclear staining was performed with DAPI.
Adult mice cardiomyocytes were stained as positive control. As shown in Figure 1B, ECRG4-positive immunofluores-
cence signal was detected localized to peri-nucleus and cytoplasm and together with cardiomyocytes marker a-actinin

and c¢TnT in hiPSC-CMs, which is the same as adult mice cardiomyocytes (Figure S1A). These results suggest that
hiPSC-CMs express ECRG4.

A
ECRG4

1.2 -

0.8 -

0.4 -

0.2 -

Relative mRNA level
o
[+)]

0Od 5d 10d 15d 20d 25d 30d 40d 51d 73d 83d ACl6 MC

hiPSC-CM at different time

Figure | Expression of ECRG4 in hiPSC-CMs (hiPSC-CM-WT 1.1) at different differentiation time and immunostaining of hiPSC-CMs for ECRG4. (A) Relative mRNA levels
(normalized to GAPDH) of ECRG4 were analyzed by real-time PCR in hiPSC-CMs at different differentiation time as well as human cardiac muscle cell line AC16 and mice
cardiomyocytes (MC). (B) Immunostaining of hiPSC-CMs at day 60 after differentiation with a-actinin, cTnT and ECRG4 antibody, showing the expression of ECRG4 in
hiPSC-CMs. Nuclear staining was induced with DAPI (blue).
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LPS Treatment Enhanced ECRG4 Expression Level in hiPSC-CMs

Studies have demonstrated that ECRG4 is present both on the surface and in the cytoplasm of human monocytes and
granulocytes, and a physical interaction between ECRG4 and TLR4-MD2-CD14 on human granulocytes has been detected.
However, whether ECRG4 had an interaction with TLR4 in hiPSC-CMs was unclear. Therefore, we investigated the localization
of ECRG4 and TLR4 by immunocytochemistry and changes in the expression of ECRG4 after LPS treatment at different
concentrations and different times in hiPSC-CMs. The results showed that ECRG4 was localized on the surface of non-
permeabilized hiPSC-CMs (Figure 2A), and the co-localization of ECRG4 and TLR4 was detected by co-staining of ECRG4 and
TLR4 in hiPSC-CMs (Figure 2B). The expression of ECRG4 in hiPSC-CMs was increased by LPS at concentrations from
0.1 pg/mL to 10 pg/mL and at treatment times from 1 h to 24 h in all three cell lines (Figure 2C and D, S1B), suggesting ECRG4
may involve in LPS-induced inflammatory process.

ECRG4 DAPI Merge
ECRG4 TLR4 DAPI Merge
C %k %k D 3k %k %k
* % % %k %k
- 257 — = 4+ * %k
3 20] _** 2
< T <_t 34 T
< <t
8 E 1.5 D E I
o E S E 27 T
w g 107 w2
8 g.5- 5 11
0.0- T T 0- T T
0 01 1 5 10 NC 1h 3h 6h 24h

LPS (ng/mi) LPS 1ug/ml

Figure 2 Immunostaining of ECRG4 and TLR4, and expression of ECRG4 in hiPSC-CMs after LPS treatment. (A) Immunostaining of non-permeabilized hiPSC-CMs with
ECRGH4 (red) antibody and WGA (green). Nuclear staining was induced with DAPI (blue). (B) Immunostaining for TLR4 (green) and ECRG4 (red) suggest co-localization of
TLR4 and ECRG4, which is supported by merged yellow signaling (red + green). Nuclear staining was induced with DAPI (blue). (C and D) Relative mRNA levels
(normalized to GAPDH) of ECRG4 were assessed by real-time PCR in hiPSC-CMs after challenge by LPS at different concentrations for 24 h and different time. Values given
are mean + SEM. ** P<0.01, *** P<0.001.
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ECRG4 Knockdown Changed Expression Level of Toll-Like Receptor 4 Signaling and
lon Channels

To further explore the effect of ECRG4 on inflammatory responses, we first constructed ECRG4-siRNA adenovirus to
knock down the ECRG4 expression in hiPSC-CMs, and the knockdown efficiency was verified by real-time PCR. The
mRNA level of Toll-like receptor 4 and its associated signaling genes and inflammatory cytokines were analyzed using
real-time PCR after ECRG4 knockdown. The result showed that ECRG4-siRNA adenovirus could inhibit about 90% of
the ECRG4 mRNA expression (Figure 3A). After ECRG4 knockdown, the expression level of TLR4 and its associated
genes, TIRAP, MyD88, MAPK 14, MAPK 1, MAPKS, IKK2, IKKy, NF«kB1, RelA and inflammatory cytokines IL-1f, IL-
6 were decreased (Figure 3B and C, S2). Furthermore, Western blot result showed that ECRG4 knockdown decreased the
protein level of IKK and NF«kB P65 as well as the level of phosphorylated IKK and NFxB P65 (Figure 3D). To
investigate the effect of ECRG4 on the ion channels, the mRNA expression of the main ion channels involved in the
action potential was measured by qPCR after ECRG4 knockdown. The results showed that the KCNH2 and NCX levels
were decreased, but KCNN2 level was increased after ECRG4 knockdown (Figure 3E). These results suggested that
ECRGH4 is involved in the Toll-like receptor 4 signaling.

ECRG4 Knockdown Shortened Action Potential Duration (APD) and Intercepted LPS
Effect

To further investigate the effects of ECRG4 on the electrophysiological properties of cardiomyocytes and to examine
whether ECRG4 is involved in the LPS induced electrophysiological abnormalities, the membrane potentials of hiPSC-
CMs with and without ECRG4 knockdown and the negative control were measured in the absence and presence of LPS.
In hiPSC-CMs without ECRG4 knockdown, LPS prolonged APD90 (Figure 4C, S3 and S4). ECRG4 knockdown
shortened the action potential durations at 90% repolarization (APD90) and prevented the LPS-induced APD-
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Figure 3 ECRG4 knockdown changes the expression level of TLR4-associated signaling genes, inflammatory cytokines and ion channels in hiPSC-CMs (hiPSC-CM-WT I.1). (A)
Relative mMRNA (normalized to GAPDH) levels of ECRG4 were analyzed by real-time PCR after infection of ECRG4-siRNA adenovirus and negative control (N.C). (B) The
relative mRNA levels of LPS-signaling associated genes after ECRG4 knockdown. (C) The relative mRNA levels of different cytokines after ECRG4 knockdown. (D) The
Western blot results of total IKK and NFkB P65 (normalized to GAPDH) as well as phosphorylated IKK and NF«B P65 (normalized to total protein) after transfection of
ECRG4-siRNA adenovirus and negative control. (E) Relative mRNA levels (normalized to GAPDH) of ion channels were analyzed by real-time PCR after transfection of
ECRG4-siRNA adenovirus and negative control. Values given are mean + SEM. *P<0.05, **P<0.01, *** P<0.001 versus control (N.C), ns, not significant.
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Figure 4 ECRG4 knockdown shortened potential duration and intercepted LPS effect on APD in hiPSC-CM-WTI.1. (A) Representative traces of action potentials (AP) in
control, LPS, ECRG4 knockdown and ECRG#4 knockdown plus LPS-treated hiPSC-CMs. (B) Mean values of APD at 50% repolarization (APD50). (C) Mean values of APD at
90% repolarization (APD90). (D) Mean values of resting potentials (MP). (E) Mean Values of action potential amplitude (APA). (F) Mean values of maximal upstroke velocity
of AP (Vmax). Values given are mean + SEM. *P<0.05, **P<0.01, ns, not significant.

prolongation (Figure 4C, S3 and S4) but did not affect the resting membrane potential (MP), action potential amplitude
(APA), the maximal upstroke velocity (V,.x) and APD50 (Figure 4B—F, S3 and S4). These results indicate that ECRG4

is involved in the LPS induced electrophysiological abnormalities.

ECRG4 knockdown increased small conductance calcium-activated K* channel currents (Isg) and decreased

Na/Ca-exchanger current (Inycx)
For analyzing the ion channel currents responsible for the observed changes in APs caused by ECRG4 knockdown,

ion channels that may influence APs were assessed. We found that the apamin-sensitive small conductance calcium-
activated K+ channel current (Isx) was significantly increased by ECRG4 knockdown (Figure 5 A-C). After ECRG4
knockdown, Igx at 40 mV was increased from 0.4163 + 0.08 pA/pF to 0.8197+ 0.14 pA/pF (P<0.05). We also
observed that the Ni'-sensitive Na/Ca exchanger current (Iycx) was significantly reduced by ECRG4 knockdown
(Figure 5 D-F). ECRG4 knockdown reduced Incx at +60 mV from 1.4363 £+ 0.25 to 0.5496 + 0.06 pA/pF (P<0.05)
and reduced the current at —100mV, although the change was not statistically significant owing to the large
deviation.

Other ion channels that may influence APs, including inward and outward currents, were also assessed. We found that
ECRG4 knockdown failed to change the sodium channel currents (peak Iy,, Figure S5 A and B), late Iy, (Figure S5 C),
or L-type calcium channel currents (Ic,, Figure S5 D and E). The outward currents of rapidly activating delayed
rectifier current (Ig,, Figure S6 A and B), slowly activating delayed rectifier current (Ixs, Figure S6 C and D), transient
outward current (I, Figure S6 E and F), and ATP-sensitive K" channel current (Ixatp, Figure S6 G and H) did not
change significantly after ECRG4 knockdown. These results suggested that ECRG4 influence APs through changing Isk

and INCX~
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Figure 5 ECRG4 knockdown enhanced small conductance calcium-activated K* channel currents (lsk) and attenuated Na/Ca-exchanger current (Iycx) in hiPSC-CM-WTI.
|. Membrane currents were recorded in hiPSC-CMs after transfection of ECRG4-siRNA adenovirus and negative control (N.C). 100 nM apamin, a blocker of SK channels
was used to isolate Isk from other currents. The apamin-sensitive currents were analyzed as Isk. Incx Was recorded by ramp pulses from —30 to +60 mV, then to —100 mV
(100 mV/s) at 0.5 hz with the holding potential of =30 mV. NiCl, (5 mm) was applied to separate Iycx from other currents. (A) Representative traces of apamin sensitive lsk
in control and ECRG4 knockdown. (B) -V curves of apamin sensitive Isx from —80 to +80 mV with the holding potential of ~50 mV. (C) Averaged values of apamin sensitive
Isk at +40 mV. (D) Representative traces of Incx in control and ECRG4 knock-down. (E) Mean values of peak Iycx at +60 mV. (F) Mean values of peak Incx at =100 mV.
Values given are mean * SEM. *P<0.05, ns, not significant.

ECRG4 Knockdown Could Intercept the LPS Effect on Isx and Incx

To further assess whether inhibition of ECRG4 could reverse the effects of LPS on Igx and Incx, we applied 1 pg/mL
LPS for 24 hours to hiPSC-CMs with and without ECRG4 knockdown and then recorded apamin-sensitive Igx and NiCl,
-sensitive Iycx. We found that LPS increased Iycx and decreased Igk, and ECRG4 knockdown could intercept the effects
of LPS on Isk and Incx (Figure 6 A—D, S7 and S8). These results indicated that the effects of LPS on both currents are
ECRG4-dependent.

NF«B Signaling Blockers Inhibited the ECRG4 Effect on sk and Iycex

We observed that ECRG4 knockdown decreased the expression level of TLR4 and its associated genes. This suggested
that ECRG4 may mediate the effects of LPS through NF«kB signaling. To test this hypothesis, a selective blocker,
5-(4-fluorophenyl)-2-ureidothiophene-3-carboxamide (TPCA-1), an inhibitor of the nuclear factor kappa-B kinase sub-
unit beta (IKK,) and a NFkB blocker, QNZ (EVP4593) were used together with ECRG4 overexpression adenovirus to
detect the effect of ECRG4 on Igk and Incx. As reported before, 0.5 pM TPCA-1 was applied in hiPSC-CMs infected
with ECRG4 overexpression adenovirus for 1 hour before current recording,?? and 100 nM QNZ(EVP4593) was applied
in hiPSC-CMs infected with ECRG4 overexpression adenovirus for 24 hours before current recording.”> The results
showed that ECRG4 overexpression significantly increased ECRG4 expression level in hiPSC-CMs (Figure S9).
Overexpression of ECRG4 mimicked the effects of LPS on Igx and Iycx. TPCA-1 and QNZ(EVP4593) could reverse
the ECRG4 overexpression-induced changes in Igx and Iycx at 60 mV in hiPSC-CMs derived from all three donors
(Figure 7 A-D, S9 and S10), which indicated that the effect of ECRG4 on Isk and Incx were through IKK?2 and NFxB
signaling.
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Figure 6 ECRG4 knockdown intercepted the LPS effect on Isk and Incx in hiPSC-CM-WTI.1. (A) Current-voltage (I-V) relationship curves of Isk. (B) Mean values of
apamin sensitive Isk at +40 mV. (C) Mean values of peak Incx at +60 mV. (D) Mean values of peak Iycx at =100 mV. Values given are mean + SEM. *P<0.05, *¥P<0.01, ns, not
significant.

Discussion

The connection between inflammation and arrhythmias has been detected for a long time.?* Severe infections, such as
sepsis, may lead to heart dysfunctions, including arrhythmias. Aoki et al reported the role of ion channels in sepsis-
induced atrial tachyarrhythmias in guinea pigs.”> Another study observed that LPS prolonged the action potential
duration with enhanced Iycx in isolated rat cardiomyocytes.”® In HL-1 cells, inflammatory cytokines like TNF can
reduce I, and increase I, and I, >’ In our previous study, we demonstrated that LPS prolonged APD in hiPSC-CMs
and the APD prolongation was induced by decreased Iskx and increased Incx, but the mechanism underlying the effects of
LPS on both currents was not clarified.

ECRG4 was identified as a tumor suppressor gene. During tumorigenesis, ECRG4 expression is reduced due to
hypermethylation of the CpG island in its promoter.”®2° In addition to traditional epithelial cells, many other cell types,
such as chondrocytes, hematopoietic cells, working cardiomyocytes, and atrial-ventricular node also express ECRG4,*%!
suggesting that ECRG4 has other important functions besides its tumor suppressing role. In fact, it is well-known that an
increase in ECRG4 expression has a wide range of effects beyond its antitumor effect, like influencing apoptosis, cell
migration, inflammation, injury, and infection responsiveness.

Functions of ECRG4 are also dependent on its cellular localization, secretion, and post-translational processing.
Human ECRG4 protein possesses a hormone-precursor-like structure that is sensitive to proteolytic processing. The
process can produce different ECRG4-derived peptides, and as many other neuropeptide precursors, each peptide may
possess individual, shared, and biologically distinct features depending on proteolytic processing. Previous studies have
demonstrated that ECRG4-derived peptides were detectable in lysates of normal tissues, in serum and cerebrospinal fluid,
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Figure 7 NF«B signaling blockers inhibited the ECRG4 effect on Isk and Iycx. ECRG4 was overexpressed in hiPSC-CMs (hiPSC-CM-WTI.1). TPCA-1 (0.5 pM) was
applied | hour and QNZ (EVP4593) of 100 nM was applied 24 hours before current recordings in hiPSC-CMs infected with ECRG4 overexpression adenovirus or
control virus (N.C). (A) Current-voltage (I-V) relationship curves of Isx. (B) Mean values of sk at +40mV. (C) Mean values of peak Iycx at +60 mV. (D) Mean values of
peak Inycx at —100 mV. Values given are mean = SEM. *P<0.05, *¥P<0.01, ***P<0.001, ns, not significant.

and in the culture media of cells overexpressing ECRG4.'"**2? Although ECRG4 is secreted outside the cell, in some
cells it is tethered to the cell surface. Upon cell stimulation, peptides produced by ECRG4 processing perform various
functions in different types of cells. For example, ECRG4 can participate in both pro- and anti-inflammatory activities, as
well as pro- and anti-apoptotic responses.?®>*-*

Open reading frame mining has identified the interaction of the C-terminal 16 amino acid domain of ECRG4 with the
TLR4 immune complex in human granulocytes and may contribute to its effects on inflammation.?® In hiPSC-CMs, we
also identified that ECRG4 was present on the cell surface and the co-localization of ECRG4 and TLR4, suggesting that
the ECRG4 may contribute to the inflammation process. Although several reports have shown that ECRG4 is down-
regulated in some models of acute injury, we found that ECRG4 was enhanced after LPS treatment at different
concentrations in hiPSC-CMs, and the increase occurred shortly after LPS treatment. Tadross et al found proinflamma-
tory functions of ECRG4 peptides, showing that the injection of amino acids 71-148 of ECRG4 into cerebral ventricle
elevated the plasma level of adrenocorticotropic hormone and corticosterone in rats.>> It was also demonstrated that the
C-terminal of ECRG4 peptide activated the NFkB signaling in macrophages and interacted with the innate immunity
receptor complex (TLR4/CD14/MD2 complex).'**" These findings, together with our data showing the upregulation of
ECRG4 by LPS stimulation, suggest that ECRG4 can participate in some inflammation relating processes. After
knockdown of the ECRG4 in hiPSC-CMs, the expression levels of TLR4 and its associated genes, TIRAP, MyD88,
MAPK 14, MAPK1, MAPKS, IKK2, IKKy, NFkB1, RelA and inflammatory cytokines IL-1p and IL-6, were decreased,
which indicated that ECRG4 may contribute to gene regulation of LPS/TLR4 signaling.
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To explore the role of ECRG4 in ion channel dysfunctions, the expression of ECRG4 was measured at first to prove
the existence of ECRG4 in cardiomyocytes. Next, APD and ion channel currents were assessed following ECRG4
knockdown. With ECRG4 knockdown, the expression of KCNH2 and NCX was inhibited, and KCNN2 was enhanced,
APD90 was shortened, Igx was increased but Iycx was deceased. These results showed that ECRG4 may participate in
the regulation of ion channel functions, and inhibition of ECRG4 may attenuate the LPS effects on ion channel function.
In agreement with this hypothesis, the application of LPS in ECRG4-siRNA treated cells failed to prolong the APD and
change the Igx and Incx.

Since LPS treatment increased ECRG4 level, we overexpressed ECRG4 in hiPSC-CMs by transfection with
adenovirus carrying ECRG4 gene and measured Igk and Incx again. Indeed, the overexpression of ECRG4 mimicked
the effects of LPS on Igk and Incx, confirming the contribution of ECRG4 to LPS effect on the channel currents.

Next, we attempted to elucidate the mechanism underlying the effects of ECRG4 on LPS-induced ion channel
dysfunctions. IKK2 and NFkB blocker was applied to ECRG4 overexpressing cells. Blockade of NFkB signaling by
either an IKK?2 blocker or an NF«B blocker could reverse effects of ECRG4 overexpressing adenovirus on Igx and Incx.
These results indicated that ECRG4 effect on ion channels can occur via the NFkB pathway in hiPSC-CMs. IKK2
(IKKp) is an enzyme that is a component of the cytokine-activated intracellular signaling pathway, the NFkB pathway,
which is involved in inflammation and immune responses. It is known that two NF«B pathways exist, depending on the
activation of signaling and the cell type, the canonical (IKKB-dependent) and the noncanonical pathway (IKKa-
dependent).*® Our study shows that the canonical NFkB pathway is involved in ECRG4 affected signaling. Whether
the noncanonical pathway is involved needs to be examined in future studies.

In summary, LPS elevated ECRG4 expression level. ECRG4 increased the expression of NCX and decreased the
expression of SK channels through TLR4/NFkB/IKKf signaling. Increased Incx and decreased Isk contributed to the
APD prolongation caused by LPS-ECRG#4 signaling.

Conclusion

This study demonstrated that LPS effects on APD, Isk and Incx were mediated by upregulation of ECRG4, which affects
NF«B signaling. Our findings support the roles of ECRG4 in inflammatory responses and the ion channel dysfunctions
induced by LPS challenge.
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