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Anti-Ro52 antibody acts on the S5-pore linker of
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Aims The human ether-a-go-go-related gene (hERG) encodes the rapidly activating delayed rectifier potassium channel
(IKr). Malfunction of hERG/IKr is the primary cause of acquired long QT syndrome (LQTS), an electrical disorder of
the heart that can cause arrhythmias and sudden death. Patients with autoimmune diseases display a high incidence
of LQTS. While dysfunction of hERG channels induced by autoantibodies such as anti-Ro52 may play a role in this
pathology, the underlying mechanisms are not well understood. Here, we investigated the acute and chronic effects
of anti-Ro52 antibody on hERG channels stably expressed in human embryonic kidney (hERG-HEK) 293 cells as
well as IKr in neonatal rat ventricular myocytes.

....................................................................................................................................................................................................
Methods
and results

Using whole-cell patch clamp, western blot analyses, and immunocytochemistry, we found that a 12-h treatment of
hERG-HEK cells with patients’ sera containing anti-Ro52 autoantibody decreased the hERG current (IhERG) by 32%
compared to cells treated with autoantibody-negative patients’ sera. Commercial anti-Ro52 antibody at 100mg/mL
did not acutely block IhERG. Instead, a 12-h treatment with anti-Ro52 antibody at a concentration of 4 mg/mL signifi-
cantly reduced mature hERG protein expression and IhERG. Specifically, anti-Ro52 antibody did not acutely block
hERG current but chronically facilitated hERG endocytic degradation. The extracellular S5-pore linker of hERG,
which forms the turret of the channel on the outside of the cell, is the target region for anti-Ro52-mediated hERG
reduction since its replacement with the analogous region of EAG abolished the anti-Ro52 effect. In neonatal rat
ventricular myocytes, 100 mg/mL anti-Ro52 antibody did not acutely block IKr, but a 12-h treatment of cells with
4mg/mL anti-Ro52 antibody selectively reduced IKr and prolonged the action potential duration.

....................................................................................................................................................................................................
Conclusions Our results indicate that anti-Ro52 antibody acts on the hERG S5-pore linker to chronically decrease hERG expres-

sion and current. These findings provide novel insights into hERG regulation and anti-Ro52 antibody-associated
LQTS.
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1. Introduction

A high incidence of QT interval prolongation and ventricular arrhythmias
have been reported in patients with autoimmune diseases such as sys-
temic lupus erythematosus and Sjögren’s syndrome.1–3 A prolonged QT
interval on an electrocardiogram (ECG), a reflection of delay in ventricu-
lar repolarization, is known as long QT syndrome (LQTS). LQTS predis-
poses individuals to a polymorphic ventricular tachycardia known as
torsades de pointes that can lead to sudden cardiac death due to ventric-
ular fibrillation.4 LQTS can be either congenital due to mutations in

cardiac ion channels, or acquired due to medical conditions or drugs that
decrease the rapidly activating delayed rectifier potassium current (IKr).
The cardiac channel that conducts IKr is encoded by the human ether-a-
go-go related gene (hERG).5,6 While mechanisms for autoimmune
disease-related long QT are not well understood, autoantibodies have
been implicated as a cause. To date, the anti-Ro52 autoantibody has re-
ceived the most attention for its association with QTc prolongation.7–12

While anti-Ro52 antibody is most commonly found in patients with sys-
temic lupus erythematosus and other autoimmune diseases, it is also
present in the general population with reported rates from 0.6% to

* Corresponding author. Tel: (613) 533-3348; fax: (613) 533-6412, E-mail: shetuan.zhang@queensu.ca

Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2018. For permissions, please email: journals.permissions@oup.com.

Cardiovascular Research (2019) 115, 1500–1511
doi:10.1093/cvr/cvy310

Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text: <sup>-</sup>
Deleted Text: .


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
2.7%.13–15 In 2006, Nakamura et al.9 reported a study related to an anti-
Ro52 positive female patient who presented with LQTS and torsades de
pointes. They demonstrated that application of the patient’s serum to a
hERG-expressing human embryonic kidney (HEK) 293 cell line reduced
hERG expression. They also found that the serum did not acutely block
the hERG current (IhERG). This report was contradicted by other publica-
tions by Yue et al.11 and Lazzerini et al.12 which showed that purified anti-
Ro52 IgG from autoimmune patients directly blocked IhERG. In the pre-
sent study, we investigated the effects of anti-Ro52 IgG on hERG
expressed in HEK cells and IKr in neonatal rat ventricular myocytes.
Using a chimeric channel made between anti-Ro52 antibody-sensitive
hERG and insensitive human ether-a-go-go (EAG), we show that anti-
Ro52 antibody targeted the extracellular S5-pore linker of hERG to
chronically reduce hERG expression in the plasma membrane rather
than blocking the channel.

2. Methods

2.1 Human serum collection
The study was reviewed and approved by the Queen’s University Health
Sciences and Affiliated Teaching Hospitals Research Ethics Board
(HSREB, #6017982). Patient consents were obtained before com-
mencement of the study which conforms to the principles outlined in
the Declaration of Helsinki. Sixteen patients were recruited during their
routine visits to the Kingston Health Sciences Centre (KHSC). Five of
them were anti-Ro52 positive, six were anti-Ro52 negative but positive
for one or more other autoantibodies (dsDNA, SSA/Ro60, SSB, centro-
mere B, Sm RNP, RNP A, anti-Scl-70), and five were negative for all auto-
antibodies tested. All patients were under the care of the Division of
Rheumatology. Patients were first sorted into their appropriate groups
after their serum was analysed for the presence of autoantibodies by the
BioPlex 2200 ANA Screen with MDSS (Laboratory Reference Centre,
Hamilton General Hospital). The ages of the patients were between 47
and 74 years old. Five were male and 11 female. They were not receiving
drugs known to interfere with hERG function, and no cardiac arrhyth-
mias were present during the study. These patients were sent for surface
12-lead ECG recordings. Blood was drawn from the patients into red-
capped 15 mL BD Vacutainer Serum Tubes. The whole blood samples
were centrifuged at 1000 � g for 10 min at room temperature to frac-
tionate the blood so that the serum could be manually extracted. The
extracted sera were either immediately used or stored at -80�C. Cell
treatments and patch clamp experiments were performed by indepen-
dent researchers. 0.5 mL of serum from each patient was applied to
hERG-HEK cells cultured in 24-well plates for 12 h. Serum was then
washed out and cells were subjected to patch clamp analysis performed
by researchers who were blinded to the antibody content of each
sample.

2.2 Molecular biology
hERG cDNA was provided by Dr Gail Robertson (University of
Wisconsin-Madison). Kv1.5 cDNA was provided by Dr Michael Tamkun
(Colorado State University, Fort Collins, CO, USA); human ether-a-go-go
(EAG) cDNA was provided by Dr Luis Pardo (Max-Planck Institute of
Experimental Medicine, Göttingen, Germany). bEAG and hERG-EAG
S5-pore plasmids (hERG with its S5-pore linker replaced by the bEAG
S5-pore linker, hERG-EAGS5P) were obtained from Dr Eckhard Ficker
(Rammelkamp Center for Education and Research, MetroHealth
Medical Center, Cleveland, OH16). hERG S620T mutation was created

using overlapping PCR. hERG, Kv1.5, EAG, S620T hERG, hERG-EAGS5P
stable cell lines were created using Lipofectamine 2000 (Invitrogen,
Burlington, ON) for transfection of their respective plasmids into HEK
293 cells, and using G418 for selection (1 mg/mL) and maintenance (0.4
mg/mL). Various stable cell lines were cultured in Minimum Essential
Medium (MEM, Invitrogen) supplemented with 10% foetal bovine serum
(FBS), 1� non-essential amino acids, and 1 mM sodium pyruvate
(Invitrogen).

2.3 Neonatal rat ventricular myocyte
isolation
Experimental protocols used for animal studies were approved by the
Animal Care Committee of Queen’s University (Approval no. 1633) and
performed in conformity with the NIH guidelines (Guide for the Care
and Use of Laboratory Animals). Ten to sixteen 1-day-old Sprague-
Dawley rats of either sex were decapitated with sharp scissors. Their
ventricles were collected, and single cardiomyocytes were isolated using
enzymatic dissociation methods as described previously.17 Cells were
cultured in DMEM/F12 medium (Invitrogen) with 10% foetal bovine se-
rum. Cardiomyocytes were cultured on glass coverslips for electrophysi-
ological studies.

2.4 Patch clamp recording method
The whole-cell patch clamp method was used.17 Details of solution com-
positions and voltage protocols are provided in the Supplementary ma-
terial online. Patch clamp experiments were conducted at room
temperature (22 ± 1�C).

2.5 Western blot analysis
Whole-cell protein lysates were extracted from stable cell lines in con-
trol and treatment groups. Protein concentration was determined using
the Bio-Rad DC Protein Assay Kit (Bio-Rad). 15mg of protein from each
sample was loaded and separated on 8.0% polyacrylamide gels for 2 h.
Separated proteins were electroblotted overnight at 4�C onto a PVDF
membrane. Membranes were blocked using 5% skim milk in 0.1% Tween
20-containing Tris-buffered saline (TBS) for 1 h. Blocked membranes
were immunoblotted for 1 h using appropriate primary antibodies.
Immunoblotted membranes were then incubated with corresponding
horseradish peroxidase (HRP)-conjugated secondary antibodies. Protein
signals were detected using an enhanced chemilumescent (ECL) detec-
tion kit (GE Healthcare). The BLUeye prestained protein ladder
(FroggaBio) was used to identify band sizes. For quantification of western
blot data, intensities of proteins of interest in each gel were first normal-
ized to their respective actin intensities; the normalized intensities were
then compared to the control and expressed as values relative to the
control.

2.6 Immunocytochemistry
For detection of a potential cross-reaction between hERG and anti-
Ro52 antibody, live hERG-HEK cells grown on glass coverslips were ex-
posed to medium containing mouse anti-hERGS5P (targeting S5-pore
linker of hERG, 4mg/mL) or rabbit anti-Ro52 antibody (4mg/mL) for
30 min on ice (0�C). Afterwards, cells were washed and fixed with ice
cold 4% paraformaldehyde for 15 min. Alexa Fluor 594-conjugated don-
key anti-mouse or donkey anti-rabbit secondary antibody was used to
recognize anti-hERG or anti-Ro52 antibody, respectively. To test the hy-
pothesis that anti-Ro52 antibody interacts and is internalized with hERG,
we cultured hERG, EAG or hERG-EAGS5P-expressing HEK cells with
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rabbit anti-Ro52 antibody (4mg/mL) for 4 h. The cells were then washed,
fixed, and permeabilized. Alexa Fluor 594-conjugated donkey anti-rabbit
secondary antibody was used to detect anti-Ro52 antibody. Goat anti-
hERG primary antibody targeting the C-terminus (C-20) and Alexa Fluor
488-conjugated donkey anti-goat secondary antibodies were used to
detect hERG and hERG-EAGS5P. Cell membranes were stained
using Oregon Green 488-conjugated Wheat Germ Agglutinin (WGA,
5mg/mL).

2.7 Reagents and antibodies
Rabbit anti-Ro52 antibodies from two suppliers, Santa Cruz
Biotechnology (catalogue no. sc-20960 and lot number F0503) and
Sigma-Aldrich (catalogue no. AV38248 and lot number QC10839), were
used in the present study and produced similar results. Mouse anti-
hERGS5P antibody was purchased from DI.V.A.L. Toscana S.R.L.,
Florence, Italy (catalogue no. DT-331). Recombinant human Ro52 (SSA-
52/Ro) protein was purchased from Alpha Diagnostic International (San
Antonio, TX, USA). Mouse anti-actin antibody (A4700), electrolytes,
HEPES, and brefeldin A (BFA, B6542) were purchased from Sigma-
Aldrich. Goat anti-hERG (C-20, sc-15968), as well as mouse-anti goat
(sc-2354), goat anti-rabbit (sc-2004), and goat anti-mouse (sc-2005) IgG-
HRP secondary antibodies were purchased from Santa Cruz
Biotechnology. Minimal essential medium (MEM), G418, FBS, Alexa
Fluor 488-conjugated donkey anti-goat (A11055), Alexa Fluor 594-con-
jugated donkey anti-mouse (A21203), and donkey anti-rabbit (A21207)
secondary antibodies, as well as Oregon Green 488 conjugated WGA
(W6748) were purchased from Thermo Fisher Scientific.

2.8 Statistical analysis
All data are expressed as the mean ± the standard error of the mean
(S.E.M.). A one-way ANOVA with Tukey post hoc test or two-tailed
Student’s t-test was used to determine statistical significance between
the control and test groups. For comparison of I–V data between con-
trol and Anti-Ro52, 2-way ANOVA was used with Bonferroni post hoc
comparison of the data at each voltage to determine statistical signifi-
cance. A P-value of 0.05 or less was considered significant.

3. Results

3.1 Anti-Ro52 antibody-positive human
sera chronically reduced IhERG

In order to assess whether anti-Ro52 and other antibodies affect IhERG,
sera were collected from 5 patients positive for anti-Ro52, 6 patients
negative for anti-Ro52 but positive for other autoantibodies, and 5
patients negative for all autoantibodies. 0.5 mL of serum from each pa-
tient was applied to hERG-HEK cells cultured in 24-well plates for 12 h.
Serum was then washed out and cells were subjected to patch clamp
analysis. Each patient’s serum was randomly assigned a number, regarded
as a separate sample, and the data on 7–17 cells from each sample were
treated as technical replicates (Figure 1Aa). Experimenters were blinded
to the patient serum groups until all experiments were completed. Mean
of data from each patient serum was then pooled based on patient
groups (Figure 1Ab). Cells treated with sera containing anti-Ro52 autoan-
tibody (anti-Ro52) displayed a 32% reduction in IhERG compared to cells
treated with sera from autoantibody-negative patients (CTL, P < 0.01,
Figure 1Ab). IhERG in cells treated with anti-Ro52 sera was smaller than
IhERG in cells treated with sera containing autoantibodies other than

anti-Ro52 (Other Ab, P < 0.05, Figure 1Ab). There was no significant dif-
ference in IhERG between cells treated with sera containing autoantibod-
ies other than anti-Ro52 (Other Ab) and cells treated with autoantibody
negative sera (CTL; NS: Not Significant; Figure 1Ab). We compared the
effects of incubating hERG-HEK cells with 2mg/mL commercial anti-
Ro52 antibody and anti-SSB antibody for 12 h. Anti-SSB antibody treat-
ment did not affect IhERG (P > 0.05). However, anti-Ro52 antibody

Figure 1 Anti-Ro52 antibody-positive human sera as well as com-
mercial anti-Ro52 antibody chronically reduced IhERG. (A) 0.5 mL of se-
rum from each patient was added to culture plates of hERG-HEK cells
for 12 h. 7–14 cells were recorded using the voltage protocol shown
above the representative currents to determine IhERG from each patient
serum treatment. Peak hERG tail current upon -50 mV repolarization
after a 50 mV depolarization was used for the amplitude of IhERG. (a)
Distribution plots of current amplitudes for each serum treatment.
Black, control (CTL); Red, anti-Ro52. Blue, other Ab. (b) Mean data
from each patient were pooled into their respective antibody content
groups and summarized beneath representative current traces. (B)
Effects of treating hERG-HEK cells with 2mg/mL anti-Ro52 antibody or
anti-SSB antibody for 12 h on IhERG. 19–29 cells from each group were
examined from three independent experiments. *P < 0.05, **P < 0.01.
One-way ANOVA with Tukey post hoc test. NS, not statistically
significant.
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.treatment decreased IhERG compared with control (CTL, P < 0.01) or
anti-SSB antibody treatment (P < 0.05, Figure 1B).

Acute application of anti-Ro52 positive sera did not affect IhERG (data
not shown). Clinical ECG recordings did not identify any patients with
prolonged (>480 ms) QTc intervals during the study (Table 1). Other
details of patient information are summarized in Table 1. Notably, a pa-
tient in the anti-Ro52 positive group had pre-existing arrhythmia includ-
ing paroxysmal atrial fibrillation and 3rd degree heart block which was
being treated with a DDDR pacemaker. Two additional patients in the
anti-Ro52 positive group had ventricular ectopies with one patient pos-
sessing a history of presyncope. These incidences were not present in
autoantibody-negative patients (Table 1).

3.2 Anti-Ro52 antibody did not block IhERG

but chronically reduced hERG expression
We investigated the acute effects of anti-Ro52 antibody on IhERG

recorded with the whole-cell voltage clamp method in hERG-HEK cells.
Rabbit anti-Ro52 antibodies were purchased as 200mg/mL stock dis-
solved in Phosphate-Buffered Saline (PBS) from Santa Cruz
Biotechnology. We mixed equal amounts of stock solution with the
Tyrode (standard bath) solution to achieve a 100mg/mL concentration
for experiments. The control bath solution was also a mixture of PBS
and Tyrode solution at a 1:1 ratio. IhERG was elicited using the voltage
protocol shown above the current traces every 15 s (Figure 2A). The tail

current amplitude from each recording was plotted against recording
time. Control experiments were performed with a change of bath solu-
tion that did not contain antibody. As shown in Figure 2A, IhERG in control
displayed a rundown to 79 ± 4% of the initial value after 10 min of contin-
uous recording (n = 9). IhERG in 100mg/mL anti-Ro52 antibody-containing
solution displayed a similar rundown; after 10 min of continuous record-
ing, IhERG was 76± 3% of the initial value (n = 6, P > 0.05 compared with
IhERG in control). To investigate whether anti-Ro52 antibody affects the
current–voltage relationship of hERG, families of IhERG were recorded
from cells in control or 100mg/mL anti-Ro52 antibody-containing bath
solution (Figure 2B). Anti-Ro52 antibody neither reduced the current
amplitude nor affected the current-voltage relationships. The activation–
voltage (g–V) relationship was obtained by plotting tail currents upon
the -50 mV repolarization step against the depolarization voltages.
When the g–V curves were fitted to the Boltzmann function, the half ac-
tivation voltages and slope factors were -14.6± 1.9 mV and 6.5± 0.3 mV
in control cells (n = 9), and -16.5± 1.7 mV and 6.2 ± 0.2 mV in anti-Ro52
antibody-perfused cells (n = 9, P > 0.05).

To examine whether anti-Ro52 antibody chronically affects hERG, we
cultured hERG-HEK cells for 12 h in medium containing anti-Ro52 anti-
body at a concentration of 4mg/mL, which is 25 times less than that used
for the acute block experiments. Western blot analysis was used to ex-
amine hERG expression in control (CTL) and anti-Ro52 treated cells.
Anti-Ro52 reduced the expression of the 155-kDa hERG protein, which
represents the mature, fully-glycosylated hERG channel in the plasma

..............................................................................................................................................................................................................................

Table 1 Patient information

Patient (test)

tracking number

Male (M) or

female (F)

Age Groupa QTc (ms) History of cardiac events

(1) 0484710 M 68 II N/A (patient had

a pacemaker)

1994 and 1999–acute non-Q wave myocardial infarction and multi-

vessel coronary disease

2000–3rd degree AV block; DDDR pacemaker

2001–paroxysmal atrial fibrillation

(2) 1082967 M 64 III 404 2013–premature supraventricular contractions

(3) 0340580 F 68 I 383.3 No history

(4) 0443665 F 48 III 438.2 No history

(5) 0551070 F 64 III 470.2 No history

(6) 0490914 F 62 II 400 2017–premature supraventricular contractions, supraventricular

ectopy, paroxysmal atrial tachycardia, ectopic atrial rhythm, and

isolated ventricular ectopy.

(7) 1133744 F 56 II 422.3 No history

(8) 0844058 F 54 II 431.5 2011–history of presyncope

2012–intermittent sinus arrhythmia, supraventricular ectopy, and ven-

tricular ectopy.

(9) 0115925 F 58 II 393.6 No history

(10) 0713785 M 68 I 385.3 No history

(11) 0834507 M 74 I 430.1 No history

(12) 0352647 F 47 I 443.1 No history

(13) 0426037 F 59 III 430.2 2013 – occasional premature ventricular complexes

(14) 0527448 M 60 I 361 No history

(15) 0961505 F 68 III 446 No history

(16) 0491346 F 68 III 436 No history

aGroup.
I. Negative for the presence of all autoantibodies tested.
II. Anti-Ro52 positive.
III. Anti-Ro52 negative but positive for another antibody (dsDNA, SSA/Ro60, SSB, centromere B, Sm RNP, RNP A, Scl-70).
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.
membrane (Figure 2C). On the other hand, anti-Ro52 antibody did not af-
fect the 135-kDa hERG protein, which represents the immature, core-
glycosylated hERG channels in the endoplasmic reticulum (Figure 2C).
For patch clamp analysis, after culture without (CTL) or with 4mg/mL
anti-Ro52 antibody for 12 h, hERG-HEK cells were transferred to the re-
cording chamber superfused with the standard (Tyrode) bath solution
to record IhERG. Anti-Ro52 antibody treatment significantly reduced
IhERG (Figure 2D). However, it did not affect the g–V relationship
(Figure 2D). The half activation voltage and slope factor were
-2.9 ± 2.1 mV and 7.2± 0.2 mV in control cells (n = 14). They were
-3.0 ± 2.4 mV and 7.7± 0.3 mV in anti-Ro52 antibody-treated cells
(n = 11, P > 0.05). It is noted that a difference exists between the half acti-
vation voltages of IhERG for control cells in the acute blockade experi-
ments (Figure 2B) and those in chronic experiments (Figure 2D). This
difference was caused by the reduced Ca2þ and Mg2þ concentrations in
the bath solution used in acute blockade experiments; in acute experi-
ments, the bath solution was a 1:1 mixture of a PBS solution that did not
contain Ca2þ or Mg2þ, and the Tyrode solution that contained 2 mM
Ca2þ and 1 mM Mg2þ. In chronic experiments, the bath solution was the

Tyrode solution (compositions of the PBS and Tyrode solutions are de-
scribed in Supplementary material online).

To investigate the specificity of the anti-Ro52 antibody to hERG, we
examined its effects on the hERG-related Kþ channel EAG as well as an-
other cardiac Kþ channel Kv1.5, stably expressed in HEK 293 cells. Cells
were cultured in medium without (CTL) or with anti-Ro52 antibody
(4mg/mL) for 12 h. The treatment with anti-Ro52 antibody had no effect
on EAG current (IEAG, SI Figure 1A) or Kv1.5 current (IKv1.5, SI Figure 1B).

3.3 Anti-Ro52 antibody interacts with the
hERG extracellular S5-pore linker
We hypothesized that anti-Ro52 antibody added to the culture medium
interacts with hERG at an extracellular site of the channel since antibod-
ies are membrane-impermeant. hERG has three extracellular linkers; the
S1–S2 linker, the S3–S4 linker, and the S5-pore linker which forms the
turret of the channel on the outside of the cell. While the S1–S2 linker
contains 24 amino acid residues and the S3–S4 linker contains 4 amino
acid residues, the S5-pore linker of hERG is unusually long and contains

Figure 2 Anti-Ro52 antibody did not acutely block IhERG but chronically decreased mature hERG expression and IhERG. (A) Relative IhERG during continu-
ous recordings from cells exposed to control (blue, n = 9) or 100mg/mL anti-Ro52 antibody-containing bath solution (red, n = 6). Example current traces at
time points of ‘a’ and ‘b’ are superimposed. (B) Families of hERG currents recorded in cells exposed to control (CTL) or anti-Ro52 antibody (100mg/mL)-
containing bath solution. The activation–voltage relationships for control (n = 9 cells) or anti-Ro52 antibody solution (n = 9 cells) are shown beneath the cur-
rent traces. (C) Chronic effects of anti-Ro52 antibody (4mg/mL, 12 h) on the expression of hERG channels. Actin was used as a loading control. The intensity
of 155-kDa hERG from anti-Ro52-treated cells was normalized to actin and then compared with that from control cells, and expressed as relative values be-
neath the western blot image (n = 5). **P < 0.01 vs. CTL, two-tailed Student’s t-test. (D) Chronic effects of anti-Ro52 (4mg/mL, 12 h) on IhERG.
Representative current traces in control (CTL) and anti-Ro52-treatment along with the activation–voltage relationships are shown (n = 14 cells for control
(CTL), and n = 11 for anti-Ro52 antibody). **P < 0.01 vs. CTL at voltages >_ -10 mV, 2-way ANOVA with Bonferroni post hoc comparison at each voltage.
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43 amino acid residues, whereas the S5-pore linkers of other voltage-
gated Kþ channels contain only 10-23 amino acid residues.18,19 To
examine the role of the S5-pore in anti-Ro52 antibody-mediated hERG
reduction, we used a chimeric channel in which the S5-pore of hERG
was replaced with that of the anti-Ro52 antibody-insensitive EAG chan-
nel (hERG-EAGS5P), and tested its response to chronic anti-Ro52
antibody treatment. As shown in Figure 3, while a 12-h treatment with
anti-Ro52 antibody (4mg/mL) reduced IhERG, it did not affect IEAG.
Interestingly, the hERG-EAGS5P current (IhERG-EAGS5P) was completely
resistant to the chronic anti-Ro52 antibody treatment. hERG-EAGS5P
current does not inactivate. To confirm that the insensitivity of hERG-
EAGS5P to anti-Ro52 antibody was due to the elimination of the anti-
body interaction site and not due to the absence of inactivation, we
tested the effect of anti-Ro52 on the non-inactivating hERG-S620T mu-
tant. Like WT hERG, the current of inactivation-deficient S620T mutant
hERG current (IS620T-hERG) was also reduced by anti-Ro52 antibody
treatment (Figure 3). Thus, we concluded that anti-Ro52 antibody acts
on the S5-pore linker to reduce hERG expression.

3.4 Anti-Ro52 antibody does not interact
with hERG in an antibody-antigen fashion
It was previously proposed that anti-Ro52 antibody interacted with
hERG in an antibody-antigen fashion due to a presumed existence of ho-
mology between hERG and Ro52 protein11,20 (Figure 4A). However, in
our western blot analyses of proteins extracted from HEK cells (negative
control) and hERG-HEK cells, as well as a purchased pure Ro52 protein
(positive control), anti-Ro52 antibody recognized Ro52 protein but not
hERG (Figure 4B, right). On the other hand, an anti-hERGS5P antibody,
that targets the S5-pore linker of hERG (catalogue no. DT-331, DI.V.A.L.
Toscana S.R.L., Florence, Italy; Figure 4A), detected hERG but not anti-
Ro52 protein (Figure 4B, left). In addition, we stained live hERG-HEK cells
with anti-hERGS5P or anti-Ro52 antibody for 30 min on ice. After
washes and fixation, appropriate Alexa Fluor 594-conjugated secondary
antibodies (red) were used to detect the primary antibodies. While anti-
hERGS5P antibody was present on the cell membrane, anti-Ro52 anti-
body was not detected (Figure 4C). Thus, anti-Ro52 antibody does not
recognize hERG as an antigen in our experiments.

Figure 3 The S5-pore linker is involved in the anti-Ro52 antibody-mediated hERG reduction. Effects of 12-h anti-Ro52 treatment (4mg/mL) on the cur-
rents of hERG, EAG, hERG-EAGS5P, and S620T mutant hERG channels stably expressed in HEK cells. (Top) Amino acid sequence alignment of the S5-pore
linker and pore region of hERG, EAG and hERG-EAGS5P channels along with the channel topologies. hERG and EAG are illustrated in black and red, respec-
tively. S620T mutation is illustrated by the red dot. (Middle) representative current traces of hERG, EAG, hERG-EAGS5P, and S620T-hERG from cells cul-
tured in the absence or presence of anti-Ro52 antibody (4mg/mL) for 12 h. (Bottom) g–V relationships of IhERG (n = 11 in CTL, n = 11 in anti-Ro52), I–V
relationships of IEAG (n = 6 in CTL, n = 8 in anti-Ro52), IhERG-EAGS5P (n = 7 in CTL, n = 7 in anti-Ro52), and IS620T-hERG (n = 6 in CTL, n = 6 in anti-Ro52) in con-
trol (CTL) and anti-Ro52 antibody-treated cells. **P < 0.01 vs. CTL at voltages >_ -10 mV for hERG and >_ 10 mV for S620T-hERG, 2-way ANOVA with
Bonferroni post hoc comparison at each voltage.
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Since anti-hERGS5P antibody binds to the hERG S5-pore linker, we

examined whether such binding acutely blocks IhERG as previously pro-
posed for anti-Ro52 antibody.11,20 The anti-hERGS5P antibody came in
the DMEM solution with a concentration of 0.3 mg/mL. Thus, we
recorded hERG current using DMEM (SI, Table 1) as a bath solution. We
then changed bath solution to DMEM containing 100mg/mL anti-
hERGS5P antibody and recorded IhERG. Anti-hERGS5P antibody did not
acutely block hERG current (SI Figure 2A). However, it slightly increased
the pulse current while not affecting the maximal tail current amplitude

(Figure 4Da). The tail current amplitudes were plotted against the depo-
larizing voltages to obtain g–V curves which were fitted to the
Boltzmann function (Figure 4Da). Anti-hERGS5P antibody shifted the half
activation voltage of the g–V curve from -10.8± 3.6 mV (n = 8) in control
to -20.2 ± 2.5 mV (n = 8, P < 0.05). It did not affect the slope factor of the
g–V curve (7.5± 0.5 in control, 7.1 ± 0.3 in anti-hERGS5P antibody,
P > 0.05).

To examine the effects of anti-hERGS5P antibody on the steady-state
inactivation (availability) of hERG channels,21,22 a voltage protocol shown

Figure 4 Anti-Ro52 antibody did not recognize hERG as an antigen. (A) Amino acid sequence alignment of the S5-pore linker between hERG and rat ERG
(rERG) along with the epitope of the anti-hERGS5P antibody as well as a previously presumed homology between hERG and Ro52. (B) Western blots show-
ing detection of hERG or Ro52 with anti-hERGS5P or anti-Ro52 antibody. hERG proteins in whole-cell lysate extracted from hERG-HEK cells, as well as
pure Ro52 protein were used for detection. Whole-cell lysate extracted from HEK cells was used as a negative control (n = 5). (C) Confocal images of
hERG-HEK cells stained with anti-hERGS5P or anti-Ro52 antibody. Live hERG-HEK cells were exposed to anti-hERGS5P or anti-Ro52 primary antibody on
ice for 30 min, fixed, and stained with appropriate secondary antibody (n = 5). Scale bar: 10lm. (Da) Representative families of IhERG are shown above the
summarized I–V relationships of pulse currents, and g–V relationships of tail currents in the absence (CTL, n = 8) and presence of 100mg/mL anti-hERGS5P
antibody (n = 8). (b) The voltage protocol and an example of current traces along with the summarized steady-state inactivation curves in the absence (CTL,
n = 8) and presence of 100mg/mL anti-hERGS5P antibody (n = 6). The steady-state inactivation curves were not corrected for the deactivation which was
not obvious during 10-ms recovery pulses. (E) Effects of 12-h treatments of hERG-HEK cells with anti-hERGS5P antibody (4mg/mL) or anti-Ro52 antibody
(4mg/mL) on IhERG. Example current traces are shown above the summarized data in each group. **P < 0.01 vs. CTL, one-way ANOVA with Tukey post hoc
test.
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..in Figure 4Db was used to elicit hERG currents in the absence or pres-
ence of anti-hERGS5P antibody (100mg/mL). The current amplitudes
upon the third pulse to 40 mV were plotted against the test pulses be-
tween -150 mV and 30 mV in 10 mV increments to obtain steady-state
inactivation curves which were fitted to the Boltzmann function. The half
voltage of steady-state hERG inactivation was shifted from
-58.1± 2.1 mV in control (n = 8) to -43.7± 4.9 mV (n = 6, P < 0.05) in the
presence of anti-hERGS5P antibody. The slope factor was not changed
(22.4± 2.1 in control, 23.7 ± 1.6 in anti-hERGS5P antibody, P > 0.05).

We further examined the effects of anti-hERGS5P antibody on the
voltage dependence of time constants of hERG inactivation, recovery
from inactivation, and deactivation. Anti-hERGS5P antibody decreased

the time constants of hERG recovery from inactivation at -40 mV;
changed the voltage dependence of inactivation time constants (in-
creased at voltages 0–40 mV; decreased at 80–130 mV); and had a trend
in increasing the time constants of deactivation (SI Figure 2B,C).

We then examined the chronic effects of anti-hERGS5P antibody on
hERG channels. hERG-HEK cells were cultured with 4mg/mL anti-
hERGS5P antibody for 12 h. After culture, anti-hERGS5P antibody was
washed out and cells were transferred to the perfusion chamber con-
taining standard Tyrode solution for IhERG recording. Chronic treatment
with anti-hERGS5P (4mg/mL) had no effect on IhERG (Figure 4E). In con-
trast, chronic treatment with anti-Ro52 antibody (4mg/mL) significantly
reduced IhERG (Figure 4E).

Figure 5 Anti-Ro52 antibody increased the degradation rate of mature hERG channels. (A) Detection of anti-Ro52 antibody (red) in hERG- or EAG-
expressing HEK cells cultured at a 1:1 mixture with anti-Ro52 antibody (4mg/mL) for 4 h. hERG-expressing HEK cells are stained green. (B) Detection of
anti-Ro52 antibody (red) in hERG or hERG-EAGS5P-expressing HEK cells (both stained green) after a 4-h culture with anti-Ro52 antibody (4mg/mL). (C)
Localization of anti-Ro52 antibody (red) in hERG-expressing HEK cells. The cell membrane was stained using Oregon Green 488-conjugated WGA. Scale
bars in A–C: 10lm. (D) Effects of anti-Ro52 antibody (4mg/mL) on hERG expression in BFA (10mM)-treated hERG-HEK cells. Intensities of the 155-kDa
bands from cells treated with BFA without or with anti-Ro52 antibody for 3 h were normalized to that from control (CTL) cells and plotted as relative values
beneath the western blot image (n = 7). (E) Effects of anti-Ro52 antibody (4mg/mL) on IhERG in BFA (10mM)-treated hERG-HEK cells. IhERG in cells treated
with BFA without or with anti-Ro52 antibody for 3 h, as well as control (CTL) cells was plotted beneath the current traces. **P < 0.01, one-way ANOVA
with Tukey post hoc test.
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3.5 Anti-Ro52 antibody increased the
degradation rate of mature hERG
Although anti-Ro52 antibody did not recognize hERG in western blot
and immunocytochemical assays, it indeed selectively interacted with
hERG channels, since the expression of hERG, but not EAG, in HEK cells
allowed anti-Ro52 antibody to be internalized after a 4-h culture
(Figure 5A–C). First, we mixed hERG-HEK cells and EAG-HEK cells in a 1:
1 ratio and cultured them with anti-Ro52 antibody (4mg/mL) for 4 h.
Cells were washed, fixed, and permeabilized. Cells were stained with
Alexa Fluor 594 (red)-conjugated secondary antibody targeting anti-
Ro52 antibody, and stained with an anti-hERG primary antibody and
Alexa Fluor 488 (green)-conjugated secondary antibody to identify
hERG. Anti-Ro52 antibody was detected in hERG-HEK cells but not in
EAG-HEK cells (Figure 5A). Second, we compared anti-Ro52 antibody
signals between hERG-HEK cells and hERG-EAGS5P-HEK cells, both of
which were treated with anti-Ro52 antibody (4mg/mL) for 4 h. Anti-
Ro52 antibody was detected in hERG-HEK cells, but not in hERG-
EAGS5P-HEK cells (Figure 5B). Third, we stained the cell membrane with
Oregon Green 488-conjugated WGA and anti-Ro52 antibodies with the
Alexa Fluor 594-conjugated secondary antibody in hERG-HEK cells after
a 4-h culture with anti-Ro52 antibody (4mg/mL). Anti-Ro52 antibody
was localized intracellularly (Figure 5C).

We hypothesize that anti-Ro52 antibody acts on the S5-pore linker of
hERG to promote endocytic degradation of mature hERG channels. To
this end, we blocked forward trafficking with brefeldin A (BFA, 10mM)
and examined the effects of anti-Ro52 antibody on hERG expression
and IhERG. hERG-HEK cells were cultured in the presence of BFA without
(control, CTL) or with anti-Ro52 antibody for 3 h. In the presence of
BFA alone, the mature (155-kDa) hERG channel expression as well as
IhERG decreased slightly as a result of natural protein degradation.
However, presence of anti-Ro52 antibody (4mg/mL) significantly en-
hanced the reduction of 155-kDa hERG expression and IhERG (Figure
5D,E).

3.6 Anti-Ro52 antibody did not acutely
block IKr but chronically reduced IKr and
prolonged the APD90 in neonatal rat
ventricular cardiomyocytes
To determine whether the findings we observed in cell lines also occur
in native cardiac myocytes, we isolated and cultured ventricular myo-
cytes from neonatal rats. We then acutely applied anti-Ro52 (100mg/
mL) to the bath solution of neonatal ventricular myocytes during patch
clamp recordings (Figure 6A). We used 5 mM Kþ-containing Tyrode bath

Figure 6 Anti-Ro52 antibody did not acutely block IKr in neonatal rat ventricular myocytes. (A) Potassium current (IK) was recorded from neonatal rat
ventricular myocytes before (CTL) and after anti-Ro52 antibody (100mg/mL) was added to the bath solution. Anti-Ro52 antibody did not acutely affect IK.
However, the selective IKr blocker E-4031 (1mM) eliminated the tail-current of IK, Itail. Subtraction of IK in the presence of E-4031 from that in the absence of
E-4031 gave the characteristic IKr (E-4031-sensitive current). Itail in control (CTL), and in the presence of anti-Ro52 antibody or E-4031 are summarized be-
neath the current traces. **P < 0.01 vs. CTL, one-way ANOVA with Tukey post hoc test. (B) Acute application of anti-Ro52 antibody (100mg/mL) did not,
but E-4031 (100 nM) did, prolong the action potential duration. Action potentials recorded from neonatal rat ventricular myocytes along with the summa-
rized action potential duration at 90% depolarization (APD90) in the absence and presence of anti-Ro52 (100mg/mL) or E-4031 (100 nM) are shown.
**P < 0.01 vs. CTL, two-tailed Student’s t-test.
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.solution and 135 mM Kþ-containing pipette solution to record Kþ cur-
rent (IK). We previously demonstrated that the tail current of IK in neo-
natal rat ventricular myocytes primarily represents IKr and that IKr

contributes significantly to repolarization in these cells.17 Acute applica-
tion of 100mg/mL anti-Ro52 antibody did not affect the IK tail-current
(Figure 6A). As a positive control, we washed out anti-Ro52 antibody and
applied the specific IKr blocker E-4031 (1mM), which abolished the tail
current of IK. Subtraction of IK in the presence of E-4031 from IK in con-
trol revealed the characteristic IKr (E-4031-sensitive current). These data
demonstrated that anti-Ro52 antibody did not block IKr. We also exam-
ined the acute effects of anti-Ro52 treatment on the action potential du-
ration at 90% depolarization (APD90). Anti-Ro52 antibody at a
concentration of 100mg/mL had no effect on APD90 when acutely ap-
plied during recordings of the action potentials (Figure 6B). On the other
hand, E-4031 (100 nM) significantly prolonged APD90 in neonatal rat ven-
tricular myocytes (Figure 6B), demonstrating that IKr contributes signifi-
cantly to repolarization in these cells. Due to the nature of our
experiments (prepared and cultured cells on Day 1, treated cells on Day
2, and performed recordings on Day 3), the majority of cultured neona-
tal rat ventricular myocytes displayed automatic firing of action poten-
tials. 100 nM E-4031 also decreased the automatic firing rate (66.3± 5.3
beats per minute (b.p.m.), n = 6, in control; 41.8 ± 2.7 b.p.m. with E-4031,
n = 6, P < 0.01; Figure 6B). While prolongation of the action potential in

itself would lead to a slower spontaneous rate due to the delayed time
to reach the repolarizing potential, a previous study also showed that IKr

contributes to pacemaker activity; blocking IKr with E-4031 prolonged
APD and slowed the spontaneous rate of Langendorff-perfused mouse
hearts.23

We then examined the chronic effects of anti-Ro52 antibody on IKr

and APD90 in neonatal rat ventricular myocytes. We treated the cul-
tured myocytes with anti-Ro52 antibody (4mg/mL) for 12 h (Figure 7).
After treatment, anti-Ro52 antibody was washed away, and patch clamp
experiments were performed to compare the amplitude of IKr (Csþ-me-
diated IKr, IKr-Cs) and action potential durations between control (CTL)
and antibody-treated ventricular myocytes. Anti-Ro52 treatment signifi-
cantly reduced IKr-Cs (Figure 7A) and prolonged APD90 (Figure 7B). The
spontaneous rate was also slowed down from 67.8± 5.4 b.p.m. in con-
trol (n = 10) to 53.8 ± 3.7 b.p.m. in the anti-Ro52 antibody-treated cardi-
omyocytes (n = 15, P < 0.05).

To investigate whether the anti-Ro52 antibody-mediated reduction is
specific to IKr, we examined the effects of anti-Ro52 antibody treatment
(4mg/mL, 12 h) on other currents in neonatal ventricular myocytes. As
shown in Figure 7C, anti-Ro52 antibody treatment did not affect the in-
ward rectifier Kþ current (IK1), the transient outward Kþ current (Ito),
Naþ current (INa), or L-type Ca2þ current (Ba2þ-mediated Ca2þ channel
current, ICa-Ba).

Figure 7 Chronic (12 h) treatment with anti-Ro52 antibody prolonged the APD90 and selectively decreased IKr in neonatal rat cardiomyocytes. (A)
Effects of anti-Ro52 antibody (4mg/mL, 12 h) on IKr isolated by using symmetric 135 mM Csþ-containing solutions (IKr-Cs). The inward tail currents upon re-
polarization to -80 mV were plotted against depolarization voltages in control (CTL, n = 10) and anti-Ro52 treated cells (n = 9). **P < 0.01 vs. CTL at vol-
tages >_ -30 mV, 2-way ANOVA with Bonferroni post hoc comparison at each voltage. (B) Effects of anti-Ro52 (4mg/mL, 12 h) on APD90. APD90 values of
individual cells from six independent experiments for control (CTL) and anti-Ro52 treatment are shown. **P < 0.01 vs. CTL, two-tailed Student’s t-test. (C)
Effects of anti-Ro52 (4mg/mL, 12 h) on inward rectifier Kþ current (IK1, n = 11 in CTL, n = 11 in anti-Ro52), transient outward Kþ current (Ito, n = 9 in CTL,
n = 9 in anti-Ro52), Naþ current (INa, n = 9 in CTL, n = 9 in anti-Ro52), or Ba2þ-mediated L-type Ca2þ current (ICa-Ba, n = 9 in CTL, n = 11 in anti-Ro52).
Representative current traces are displayed to the left of their respective summarized I–V relationships.
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4. Discussion

LQTS is a dangerous cardiac electrical disorder, which occurs frequently
in patients with autoimmune diseases.1–3 The autoantibody anti-Ro52
has been implicated in the pathogenesis of LQTS in autoimmune
patients. Moreover, the clinical relevance of anti-Ro52 antibody extends
beyond autoimmune patients,12 as anti-Ro52 antibody is also found in
0.6–2.7% of the general population.13–15 A recent study showed that
anti-Ro52 antibody was present in 60% of patients who had experienced
torsades de pointes.12 While anti-Ro52 antibody appears to contribute
to QT prolongation, the mechanism remains to be determined.7,8,10,24 In
2015, Yue et al.11 reported that anti-Ro52 antibodies isolated from
patients’ sera blocked IhERG in hERG-HEK cells. This contradicted a study
reported by Nakamura et al.9 in 2007, which demonstrated that the se-
rum of an anti-Ro52 positive patient chronically reduced hERG expres-
sion without acutely blocking the channel.

The present study investigated the relationship between autoimmune
diseases and LQTS by studying the effects of anti-Ro52 antibody on na-
tive IKr and by generating chimaeras between hERG and the closely re-
lated EAG to define the region of the channel that is important for anti-
Ro52-mediated current reduction specific to hERG. Our data show that
compared to anti-Ro52 negative human sera, anti-Ro52 positive sera
chronically decreased IhERG (Figure 1). Commercial anti-Ro52 antibody
did not block IhERG in hERG-HEK cells (Figure 2A,B) or IKr in cultured
neonatal rat ventricular myocytes (Figure 6). Rather, it chronically re-
duced mature hERG expression and IhERG (Figure 2C,D), as well as IKr

(Figure 7). Furthermore, our data show that replacing the S5-pore linker
of hERG with that of EAG abolished the channel sensitivity to anti-Ro52
antibody (Figure 3). Thus, we provided evidence to support the notion
that anti-Ro52 antibody acts on the S5-pore linker of hERG to trigger
hERG internalization (Figures 3–5). These data reveal novel insights into
anti-Ro52 antibody-associated LQTS.

In addition to hERG expressed in HEK cells, cultured isolated neonatal
rat ventricular myocytes were used to study native IKr. Studying effects
on ion channel expression in cardiomyocytes from adult animals is diffi-
cult because of the slow protein turnover rate.17 However, ventricular
myocytes from neonatal rats represent a useful tool to study native IKr

function and trafficking.17,25 While IKr is not a major Kþ current in adult
rats, it is robust and prominent in neonatal rat ventricular myocytes, and
displays biophysical, biochemical, and pharmacological properties similar
to hERG.17 As well, the rat clone of ERG (gene for IKr) is 96% identical to
hERG at the amino acid level26 and can be detected with the anti-hERG
antibody.17 Among the 43 amino acids of the S5-pore linker, 42 of them
are identical between human and rat (Figure 4A; Uniprot: Q12809 vs.
O08962). In addition to Kþ-mediated IKr (Figure 6A), Csþ-mediated IKr

(IKr-Cs) can be robustly recorded (Figure 7A) because Csþ blocks other
Kþ channels but uniquely permeates through hERG/IKr.

17,25 Our data
show that anti-Ro52 antibody did not acutely block (Figure 6), but
chronically reduced IKr and prolonged ventricular action potentials
(Figure 7).

With regard to how anti-Ro52 antibody decreases IhERG, our data are
in line with the work of Nakamura et al.9 but appear to contradict the
work from the Boutjdir group.11,20 The reason for the discrepancy be-
tween our results and those from the Boutjdir group11,20 is unknown. In
the studies from the Boutjdir group, they isolated purified IgG containing
anti-Ro52 antibodies and affinity purified anti-Ro52 IgG from patients’
sera, and demonstrated that these solutions at concentrations of 75mg/
mL and 52mg/mL, respectively, acutely blocked IhERG in HEK 293 cells
stably expressing hERG.11 As their patients had prolonged QTc values,

while those in our experiment did not, it might be possible that the anti-
sera used by the Boutjdir group had a higher affinity for hERG so that
they could detect an acute effect.11 However, with commercial antibod-
ies from two independent suppliers (Santa Cruz Biotechnology, cata-
logue no. sc-20960, lot number F0503; and Sigma-Aldrich, catalogue no.
AV38248, lot number QC10839), our data show that anti-Ro52 anti-
body at a concentration of 100mg/mL did not acutely block IhERG or IKr

(Figures 2 and 6). Rather, anti-Ro52 antibody at a concentration of 4mg/
mL (25-fold less than the concentration used in the acute blockade
experiments) chronically reduced mature hERG expression and IhERG

(Figure 2C,D), as well as IKr (Figure 7). Yue et al. previously proposed that
a homology exists between amino acids 302-321 of Ro52 and 574-598
of hERG (Figure 4A). This was demonstrated through ELISA, in which
patients’ anti-Ro52 antibody interacted with a synthesized 31-amino acid
peptide corresponding to the pore-forming region (position 572-602) of
the hERG channel.11 However, we examined the effects of an anti-hERG
antibody (anti-hERGS5P, DT-331, DI.V.A.L. Toscana S.R.L., Florence,
Italy), which targets the amino acid sequence 575-588
(575EQPHMDSRIGWLHN588) of the extracellular S5-pore linker of
hERG (Figure 4A), on hERG expression and IhERG. Although it is evident
that the anti-hERGS5P antibody binds to the hERG channel (Figure 4B–
D), it neither acutely nor chronically decreased IhERG (Figure 4). These
observations are in line with data shown in Figure 4B,C, arguing against
the notion that anti-Ro52 antibody interacts with hERG in an antibody-
antigen fashion to block IhERG.

In conclusion, our data show that anti-Ro52 antibody specifically
reduces hERG channel density in the plasma membrane and thus IhERG.
The anti-Ro52 antibody acts on the S5-pore linker of the channel, result-
ing in enhanced endocytic degradation of the mature channel. These
findings provide novel insights into the regulation of ion channels and
mechanisms for autoimmune disease-associated LQTS.
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Supplementary material is available at Cardiovascular Research online.
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