
Jansen et al. 
Cell Communication and Signaling          (2024) 22:422  
https://doi.org/10.1186/s12964-024-01795-4

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Cell Communication
and Signaling
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cardiac Kv4 channel SUMOylation
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Abstract 

Post-translational SUMOylation of nuclear and cytosolic proteins maintains homeostasis in eukaryotic cells 
and orchestrates programmed responses to changes in metabolic demand or extracellular stimuli. In excitable 
cells, SUMOylation tunes the biophysical properties and trafficking of ion channels. Ion channel SUMOylation status 
is determined by the opposing enzyme activities of SUMO ligases and deconjugases. Phosphorylation also plays 
a permissive role in SUMOylation. SUMO deconjugases have been identified for several ion channels, but their cor-
responding E3 ligases remain unknown. This study shows PIAS3, a.k.a. KChAP, is a bona fide SUMO E3 ligase for Kv4.2 
and HCN2 channels in HEK cells, and endogenous Kv4.2 and Kv4.3 channels in cardiomyocytes. PIAS3-mediated 
SUMOylation at Kv4.2-K579 increases channel surface expression through a rab11a-dependent recycling mechanism. 
PKA phosphorylation at Kv4.2-S552 reduces the current mediated by Kv4 channels in HEK293 cells, cardiomyocytes, 
and neurons. This study shows PKA mediated phosphorylation blocks Kv4.2-K579 SUMOylation in HEK cells and car-
diomyocytes. Together, these data identify PIAS3 as a key downstream mediator in signaling cascades that control ion 
channel surface expression.
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Background
Post-translational SUMOylation fine-tunes the functional 
expression of ion channels [1, 2], thereby shaping the 
intrinsic properties of excitable cells [3–8]. SUMOyla-
tion levels are dynamically adjusted by re-balancing the 
activities of several enzymes [9, 10]. SUMO peptides 
are conjugated to lysine (K) residues on target proteins 
by the single conjugating enzyme, ubc9. The majority of 
SUMOylation (~ 65%) occurs within identifiable consen-
sus sequences [11]. Under certain conditions, ubc9 can 

by itself effect SUMOylation at a consensus sequence, 
but more often, it cooperates with a SUMO E3 ligase 
[12]. A SUMO E3 ligase has two functions: it links ubc9 
to the target protein, and it optimizes the orientation of 
the donor SUMO loaded onto ubc9 so that it can be effi-
ciently conjugated to the K on the target protein. SUMO 
E3 ligase activity is opposed by SUMO deconjugases, like 
Sentrin-specific proteases (SENPs), that remove SUMO 
from target proteins [13]. Ion channel regulation by 
SENPs has been investigated in multiple cell types [5–7, 
14, 15]. In contrast, no bona fide SUMO E3 ligase has 
been identified for any ion channel to date.

Protein inhibitor of activated stat proteins (PIAS1-
4) belong to the siz/PIAS (SP)-really interesting gene 
(RING) family of SUMO E3 ligases. All PIAS proteins 
contain a SP-RING domain and two SUMO interaction 
motifs (SIM1 & SIM2) [16–19]. The SP-RING domain 
binds a charged ubc9 (loaded with a donor SUMO) and 
locks it in an active conformation. The SIM domains bind 
the donor SUMO and a second SUMO conjugated to the 
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backside of ubc9; this properly orients the enzyme for 
conjugation of the donor SUMO to the target. All three 
domains are thought to be necessary for PIAS catalytic 
activity. Decades-old investigations suggest that PIAS3 
may be a SUMO E3 ligase for several ion channels. 
The protein, KChAP, was initially identified in a yeast 
2-hybrid screen using a rat heart library and a voltage-
gated potassium (Kv) channel β-subunit (Kvβ1) as bait 
[20]. KChAP not only interacted with Kvβ1 and Kvβ2, but 
also with Kv α-subunits including Kv1 isoforms (Kv1.1-5), 
Kv2 isoforms (Kv2.1/2), and the Kv4.3 channel [20–22]. 
KChAP had diverse effects when co-expressed with ion 
channels in heterologous systems. It altered currents 
mediated by several Kv α-subunits and prevented inter-
actions between some Kv α- and β-subunits. The authors 
eventually realized that KChAP was identical to PIAS3, 
which at that time had not yet been identified as a SUMO 
E3 ligase. Studies on KChAP terminated before that dis-
covery was made in 2001 [23, 24]. As a result, the idea 
that PIAS3 is a SUMO E3 ligase for cardiomyocyte Kv 
channels has never been tested; however, it is noteworthy 
that PIAS3 is known to associate with the SUMO sub-
strate, GluR6a, in neurons [25].

Kv4 channels mediate a fast, transient outward cur-
rent called IA in neurons and Itof in cardiomyocytes. The 
SUMOylation sites on Kv4 α-subunits are conserved 
across isoforms and species [26]. Increasing KChAP and 
increasing SUMOylation seem to produce like effects 
on Kv4 channels. Early studies using heterologous co-
expression in Xenopus oocytes and mouse L-cells showed 
that KChAP co-expression significantly increased Kv4.3 
channel surface expression relative to Kv4.3 alone [22]. 
More recent work showed that enhanced SUMOylation 
at Kv4.2-K579 increased channel surface expression by 

augmenting rab11-dependent recycling of endocytosed 
channels [27, 28]. The parallel results from the two lines 
of study suggest that PIAS3 could be a SUMO E3 ligase 
for Kv4 channels, but there is one piece of the puzzle 
that does not fit this hypothesis. Early work on KChAP 
identified a 98 amino acid fragment of the KChAP pro-
tein, termed the M-fragment, that could not only bind to 
Kv α- and β-subunits, but could also increase α-subunit 
surface expression [21, 22]. The M-fragment lacked the 
SIM2 domain and most of the SP-RING domain but con-
tained the complete SIM1 domain. As previously stated, 
SIM1 is necessary for PIAS3 catalytic activity, but it was 
never shown to be sufficient [18, 19]. Since SUMO E3 
ligases can have SUMO-independent functions, some-
times mediated by the SIM1 domain [29–31], it is neces-
sary to provide compelling data to show that PIAS3 is a 
bona fide SUMO E3 ligase for ion channels. Here we used 
heterologous expression studies in HEK cells and inves-
tigations on endogenous Kv4 channels in rodent cardio-
myocytes to test the hypothesis that PIAS3 is a SUMO E3 
ligase for Kv4.2 and Kv4.3 channels and to examine cross 
talk between PIAS3 and PKA.

Materials and methods
Reagents
All chemicals and oligonucleotides were from Sigma 
unless otherwise indicated. All restriction enzymes were 
from NEB. All polymerases were from TAKARA. All sec-
ondary antibodies were from Jackson ImmunoResearch. 
Primary antibodies are indicated in Table  1. For siRNA 
experiments, siGenome Human UBE2I siRNA SMART-
pool and non-targeting siRNA pool #2 were purchased 
from Dharmacon.

Table 1  Antibodies

Antigen Species, Manufacturer, Catalog Number Concentration, protocol

Kv4.3 Rabbit, Alomone, APC-017 1:400, PLA

Kv4.2 Guinea Pig, Alomone Labs, APC-023-GP
Rabbit, Alomone Labs, APC-023
Mouse, NeuroMab, 75–361

5 µg/mL protein lysate, IP
1:400 PLA
1:2000, WB

Pan-KChIP Mouse, NeuroMab, 75 − 006 1:1000, WB

PIAS3 Mouse, Santa Cruz, sc-48,339 1:100 WB

SUMO1 Rabbit, Proteintech, 10329-1-AP
Mouse, Santa Cruz, Sc-130,275

1:500, WB
1:200, WB; 1:100, PLA

SUMO2 Rabbit, Proteintech, 11251-1-AP
Rabbit, Cell Signaling, 18H8
Mouse, Developmental Studies Hybridoma Bank, SUMO2-8A2

1:500, WB
1:1000, WB
1:70, PLA

HA Mouse, Invitrogen, 26,183 1:3000, WB

TAT​ Abcam, ab63957 1:200 IF

Ubc9 Rabbit, Cell Signaling, 4918 1:500, WB



Page 3 of 22Jansen et al. Cell Communication and Signaling          (2024) 22:422 	

Cell Culture
Human Embryonic Kidney 293 (HEK293) cells were 
purchased from American Type Culture Collection (cat. 
no CRL-1573, lot number 2869494). HEK parental lines 
were cultured in Eagle’s Minimum Essential Medium 
(EMEM, Corning, cat. no 10009CV), supplemented with 
10% Fetal.

Bovine Serum and 1% penicillin/streptomycin. The 
HEK-HCN2 cell lines, developed and validated as previ-
ously described using electrophysiology and western blot 
experiments [32], were cultured in the same media sup-
plemented with 200 µM gentamicin.

Neonatal ventricular rat cardiomyocytes and culturing 
reagents were purchased from Lonza (cat. no R-CM-561). 
A vial of cardiomyocytes was resuspended by drop-
wise addition of 9 mL of Rat Cardiomyocyte Growth 
Medium (RCGM). Cells were seeded at equal volumes 
onto 28, 15  mm laminin coated coverslips (Invitrogen 
cat. 23017015; 20 µg/mL). 4 h after seeding, 80% of the 
media was replaced with RCGM supplemented with 200 
µM bromodeoxyuridine (BrdU) to limit fibroblast pro-
liferation. For long-term culture, 50% of the media was 
removed and replaced with fresh RCGM + 200 µM BrdU 
every 3 days.

Plasmids, cloning, site‑directed mutagenesis
A plasmid encoding a mouse Kv4.2 channel with GFP 
fused to the C-terminus (Kv4.2g) was kindly provided by 
Dr. Dax Hoffman [33]. Standard site-directed mutagene-
sis was used to mutate Kv4.2g-S552 into phosphodeficient 
(Kv4.2g-S552A) and phosphomimetic (Kv4.2g-S552E) 
plasmids using the PCR primers listed in Table 2. Sanger 
Sequencing of the entire open reading frame was used 
to verify that only intended mutations were generated 
(MCLAB). Kv4.2g-K579R, a SUMOylation-deficient 
mutant was previously created [26]. Because GFP con-
tains putative SUMOylation sites, in some experiments 
GFP was removed from Kv4.2  g or its mutants using 

restriction digest with SalI and NotI to create a Kv4.2, 
GFP-null plasmid.

To generate a TAT-PIAS3 construct, a pCDNA3 TAT-
HA backbone vector (Addgene, #14654) was digested 
with XhoI-SphI and dephosphorylated using standard 
techniques. The PIAS3 insert was constructed by ampli-
fying a FLAG-PIAS3 template (Addgene, #152070) using 
PIAS3 forward and reverse primers (Table 2), followed by 
restriction digest with XhoI and Sph1. The PCR fragment 
was cloned into the XhoI-SphI restriction digested and 
phosphatased HA-TAT backbone vector using standard 
recombinant techniques. The complete open reading 
frame was verified with Sanger sequencing (MCLAB). 
This TAT-PIAS3 plasmid was then used to generate a 
TAT-PIAS3-ΔSIM1 plasmid. Standard site-directed 
mutagenesis experiments were performed to replace a 
portion of the SIM1 domain (VIDL) with four alanines 
using ΔSIM1 forward and reverse primers (Table  2). 
Sanger sequencing (MCLAB) of the entire open read-
ing frame verified that only the intended mutation was 
created.

HA-KChIP2a and HA-DPP10c plasmids were con-
structed as previously described [27]. Additional plas-
mids purchased from Addgene included: SUMO2 
(#17360), ubc9 (#14438), mCherry2-Cl (#54563), and 
Rab11aS25N (#46786). It is noted that the original 
FLAG-PIAS3 plasmid from Addgene contained a single 
nucleotide substitution (V580I) in the PIAS3 open read-
ing frame that did not alter functionality [34].

Calcium phosphate transfections
HEK cells were seeded onto 60 mm dishes at ~ 70% den-
sity 24  h prior to transfection. Transfection media was 
prepared by resuspending DNA (10–25 µg) in TE Buffer 
(220  µl total volume); 30 µL of 2  M CaCl2 was then 
added; 250 µL of 2X HBS (275 mM NaCl, 10 mM KCl, 
12 mM dextrose, 1.4 mM Na2HPO4, 40 mM HEPES, pH 
7.05–7.10) was added dropwise with flicking. Once pre-
pared, the transfection media was immediately added 

Table 2  Primers, 5’ to 3’

Primer Sequence

Kv4.2 g-S552A Forward CAA​TGT​GTC​GGG​AAG​CCA​TAG​AGG​CGC​TGT​GCA​AGA​ACTC​

Kv4.2 g-S552A Reverse CAA​TGT​GTC​GGG​AAG​CCA​TAG​AGG​CGC​TGT​GCA​AGA​ACTC​

Kv4.2 g-S552E Forward CGG​GAA​GCC​ATA​GAG​GCG​AGG​TGC​AAG​AAC​TCAG​

Kv4.2 g-S552E Reverse CTG​AGT​TCT​TGC​ACC​TCG​CCT​CTA​TGG​CTT​CCCG​

PIAS3 Forward GAG​ATC​TCG​AGT​CGC​ACA​TGGT​

PIAS3 Reverse ATG​CAT​GCG​GAC​AAG​GCT​GGT​GGG​CACT​

ΔSIM1 Forward GTA​AGA​AGA​GGG​TCG​AAG​CCG​CTG​CCG​CGA​CCA​TCG​AAA​GCT​CATC​

ΔSIM1 Reverse GAT​GAG​CTT​TCG​ATG​GTC​GCG​GCA​GCG​GCT​TCG​ACC​CTC​TTC​TTAC​
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dropwise to the cells, which were then incubated at 37 °C 
in the CO2 incubator for 4 h to overnight before replac-
ing with fresh media. Kv4.2 g, KChIP2a, and DPP10 were 
transfected at a molar ratio of 1:1:1 to form the ternary 
complex. Co-transfection experiments involving PIAS3 
or mCherry (control) plasmids were performed at a 1:1 
molar ratio (relative to ternary complex plasmids) for 
electrophysiology experiments and 5:1 molar ratio for 
immunoprecipitation (IP) and western blot (WB) experi-
ments. siRNAs were used at 25 nM. Cells were either 
passaged to coverslips 24  h post-transfection and used 
the next day (electrophysiology) or lysed after 48–72  h 
(IP/WB experiments).

Generating non‑denatured recombinant TAT‑PIAS3 
proteins
The TAT-PIAS3 or TAT-PIAS3-ΔSIM plasmid was trans-
formed into BL21-CodonPlus (DE3)-RIPL Escherichia 
coli (Agilent Technologies), and 15% glycerol stocks were 
stored at -80  °C. Multiple induction protocols worked, 
but slow induction gave the best yield. A glycerol stock 
was streaked onto an agar plate. The next day, a fresh col-
ony was inoculated into 250 ml of NZY broth with ampi-
cillin and grown to O.D.600 = 1. The entire culture was 
diluted with 500 ml NZY broth + amp (total 750 ml) and 
grown to O.D.600 = 1. A 1 ml aliquot was saved at -20 °C 
and expression was induced by adding 10  ml, 100mM 
IPTG. The culture was grown overnight (16–18  h) at 
22 °C with shaking. A 1 ml aliquot was stored at -20 °C, 
and bacteria were pelleted at 8,000xg for 20 min at 4 °C 
and resuspended in 8 ml native buffer (50mM NaH2PO4, 
300mM NaCl, 20mM imidazole, pH 8); lysozyme was 
added to 1 mg/ml and the resuspension was incubated on 
ice for 30 min. The lysate was sonicated on ice. The soni-
cate was cleared by centrifugation at 10,000xg, for 35 min 
at 4 °C. The supernatant was transferred to a clean tube, 
mixed with 2 ml of equilibrated Nickel resin (Qiagen) and 
bound by rocking at 4 °C for 1 h. The slurry was added to 
a disposable Econo-Chromatography column (Bio-Rad). 
After settling, the column was washed once with 5 vol-
umes of native buffer. The column was washed twice with 
5 volumes of high salt native buffer (50mM NaH2PO4, 
600mM NaCl, 20mM imidazole, pH 8). Flow-through 
and all wash fractions were saved. Recombinant peptides 
were eluted with 4  ml elution buffer (50mM NaH2PO4, 
300mM NaCl, 250mM Imidazole), and 1  ml fractions 
were collected. An aliquot from each of the following 
fractions was run on a gel: uninduced culture, induced 
culture, flow through, all washes, each elution. The gel 
was stained with SYPRO Ruby; induction and elution 
of a peptide of the correct size was confirmed and non-
specific contaminants were estimated (usually ~ 20% of 
the prep). Fractions containing the recombinant protein 

(usually fractions 1–3) were combined and desalted on a 
PD-10 column (GE Healthcare). The concentration of the 
isolated peptide was checked with a nanodrop (usually 
100-200ng/µl) and confirmed with a western blot experi-
ment using anti-HA antibody. The recombinant peptide 
was aliquoted and stored at -20 °C.

Electrophysiology
Whole cell patch clamp recordings were performed on 
HEK cells plated on poly-L-Lysine (100  µg/mL) coated 
coverslips. Cells were continuously superfused with 
extracellular saline (141 mM NaCl, 4.7 mM KCl, 1.2 mM 
MgCl2, 1.8 mM CaCl2, 10 mM glucose, 10 mM HEPES, 
pH 7.4, osmolarity ~ 300 mOsm/L). In some cases, 
cells were superfused with extracellular saline contain-
ing 8-bromo-cAMP (100 µM) during the recording for 
a maximum of 30  min. To measure the acute effects of 
PIAS3, transfected HEK cells were incubated with equal 
volumes of either PBS, TAT-PIAS3 (50 nM) or TAT-
PIAS3-ΔSIM1 (50 nM) for 30  min at 37℃ and 5% CO2 
prior to recording. Transfected cells were identified by 
GFP or mCherry expression and were patched with boro-
silicate glass pipettes (~ 2–3 MΩ) filled with intracellular 
saline (140 mM KCl, 1.2 mM MgCl2, 1 mM CaCl2, 10 mM 
EGTA, 2 mM MgATP, 10 mM HEPES, pH 7.2, osmolar-
ity ~ 290 mOsm/L), and connected to a Multiclamp 700B 
Amplifier (Axon Industries). Whole cell capacitance was 
measured upon break-in. Fast and slow capacitance and 
series resistance were compensated. IA was recorded as 
previously described [35, 36]. The current was elicited 
with a 1s pre-pulse to − 90 mV followed by a depolar-
izing 250 ms test-pulse from − 50 mV to + 50 mV in 10 
mV increments. The series was immediately repeated 
but the − 90mV prepulse was replaced with a pre-pulse 
to -30 mV to inactive Kv4.2 channels. Offline subtraction 
was performed to isolate IA. Steady state inactivation was 
measured using a protocol in which a 1.4  s voltage step 
from − 110 mV to -10 mV in 10 mV increments, was fol-
lowed by test pulse to + 20 mV.

Ih was elicited from HEK cells stably expressing an 
HCN2-GFP fusion protein (HEK-HCN2) using a series 
of 5s hyperpolarizing voltage steps from − 50 mV to -120 
mV in 10 mV increments. Steady state peak current was 
measured by subtracting the initial fast leak current from 
the slowly activating Ih current at the end of each voltage 
step.

For IA and Ih, the maximal conductance (Gmax) and 
the voltage of half-activation (V1/2 act) were determined 
by plotting conductance against the voltage and fitting 
the data with a first-order Boltzmann equation. For IA, 
the fast (τf ) and slow (τs) time constants of inactivation 
were determined by fitting the decay current for the + 50 
mV test pulse with a two-term exponential equation. For 
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IA, the V1/2 of inactivation was determined by plotting 
the current against the voltage and fitting to a first-order 
Boltzmann equation.

Immunoprecipitation
72  h post transfection, HEK cells were lysed in RIPA 
buffer (1% NP40, 50mM Tris-HCl pH7.4, 150mM NaCl, 
0.1% SDS, 0.5% DOC, 2mM EDTA, 20mM NEM, 1:100 
protease inhibitor) for 30  min at 4℃. Lysates were col-
lected and debris was pelleted by centrifugation for 
10  min at 14,000  rpm. The protein concentrations of 
the resulting supernatants were determined using the 
Pierce BCA Assay kit. Equal concentrations of lysates 
were incubated with a Guinea Pig anti-Kv4.2 or Guinea 
Pig IgG antibody overnight at 4℃ (5  µg antibody/mg 
lysate). Immunoprecipitations were performed using 
the Pierce Classic Magnetic IP/Co-IP Kit according 
to manufacturer’s instructions. IP elutions were con-
ducted in Pierce low pH Elution Buffer at 100 µL/mg of 
protein. The eluant was immediately neutralized with 
Pierce neutralization buffer at a ratio of 1:10. For any 
given set of +/- PIAS3 transfections, the resulting IPs 
were always transferred onto the same membrane to 
ensure intra-assay conditions were the same regardless of 
treatment group. This is demonstrated in Supplemental 
Figs.  1  and  2. Run conditions, transfer times, and incu-
bation times were held constant to minimize inter-assay 
variability. A similar protocol was used in Kv4.2 co-IP 
experiments with mouse heart lysates. In these experi-
ments, wild-type, male and female mouse hearts were 
dissected, and flash frozen at -70 °C. One heart was pul-
verized in liquid nitrogen using a mortar and pestle, and 
then resuspended in RIPA buffer, and used to generate 
protein lysates as described above. Immunoprecipita-
tions using the Pierce Classic Magnetic IP/Co-IP Kit was 
as described above.

Western blot (WB) assays
To determine the level of Kv4.2 SUMOylation, Kv4.2 IP 
products were fractionated on duplicate gels using SDS-
PAGE (20µL of IP eluant/ lane) and then transferred 
onto two PVDF membranes using a wet electroblotting 
system (BioRad). The membranes were blocked in 5% 
non-fat milk in TBS (50 mM Tris-HCl pH7.4, 150 mM 
NaCl) for 1-3 h at room temperature, and then incubated 
with a primary antibody against rabbit anti-SUMO1 or 
rabbit anti-SUMO2 in 1% T-TBS solution (TBS + 0.1% 
Tween20) overnight at 4℃. The next day, membranes 
were washed and incubated with an Alkaline Phosphatase 
conjugated secondary antibody in 1% T-TBS solution for 
2 h at room temperature. Membranes were washed and 
incubated with AP substrate (Bio-Rad) and the chemi-
luminescent signal imaged with Axion Biosystems 6000. 

Membranes were then stripped using a mild stripping 
buffer (200 mM glycine, 0.1% SDS, and 1% Tween 20, pH 
2.2) and re-probed with a mouse anti-Kv4.2 primary anti-
body followed by imaging. ImageJ was used for WB anal-
ysis. The optical density (OD) of the SUMO signal was 
divided by that of the OD for Kv4.2. For KChIP2a and 
DPP10 co-IP experiments, Kv4.2 IP products were used 
and treated as stated above. IP products were probed first 
with either mouse anti-SUMO1 or rabbit anti-SUMO2 
and then stripped and re-probed with mouse anti-pan-
KChIP or mouse anti-HA.

A similar protocol was used to identify Kv4.2-PIAS3 
interactions in mouse heart lysates except signals were 
not quantified (n = 3 hearts for SUMO and 3 hearts for 
PIAS3 experiments).

To determine the knockdown of Ubc9 in siRNA lysates, 
cells were lysed in RIPA buffer and lysates were prepared 
as described for the IP experiments above. The siRNA 
lysates were used to generate western blots as described 
above. Both experimental (siUbc9 treatment) and control 
(siScrambled treatment) lysates were run on the same 
gel. The blot was stained with SYPRO RUBY protein blot 
stain (Bio-Rad) and imaged to determine the total protein 
OD for each lane. The blot was then sequentially probed 
with rabbit anti-ubc9 and an alkaline-phosphatase-con-
jugated anti-rabbit secondary as described above. After 
imaging and measuring the OD, the Ubc9 signal was 
divided by the total protein signal.

Immunofluorescence
TAT-PIAS3 or TAT-PIAS3-ΔSIM1 in PBS (137 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 
pH 7.4) or vehicle (PBS alone) were bath-applied to HEK 
cells in 24 well plates and incubated for 30 min at 37 °C 
and 5% CO2. TAT-tagged proteins were used at a final 
concentration of ~ 50 nM. Cells were washed with 1x 
PBS and fixed in the dish with 4% paraformaldehyde in 
PBS for 15 min at room temperature. Cells were permea-
bilized using 3, 5  min washes with 1x PBS + 0.05% Tri-
ton X-100 at room temperature. Cells were blocked for 
1  h in 1% Bovine Serum Albumin (BSA), 0.3  M glycine 
in PBST (PBS + 0.1% Tween20) at room temperature. 
Cells were then incubated with mouse anti-TAT primary 
antibody + 1% BSA + 5% normal donkey serum (NDS) in 
PBST for 1  h at room temperature. Cells were washed 
3x, 5 min each with 1x PBST at room temperature. Cells 
were incubated with donkey anti-mouse AlexaFluor 568 
secondary antibody in PBST + 5% NDS for 1  h at room 
temperature. Cells were then washed 3x, 10  min each 
with 1x PBS. The second wash contained 300nM DAPI. 
Cells were imaged in the dish using a Keyence BZ-X 
series fluorescent microscope and analyzed with ImageJ. 
To obtain pixel intensities for the red channel, the rolling 
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ball method was first used to subtract background from 
a given red micrograph. Regions of interest (ROI) were 
then designated by outlining large clusters of cells (5–7 
ROIs/micrograph). The mean pixel intensity was deter-
mined for each ROI, and values were averaged to obtain 
the mean pixel intensity for the entire micrograph. To 
obtain representative images, red and blue micrographs 
were merged, and background was subtracted with the 
rolling ball method.

Proximity ligation assay
Cardiomyocytes (Lonza) were subjected to 1 of 5 bath-
applied treatments for 30  min at 37℃ and 5% CO2: 
PBS, TAT-PIAS3 (50 nM), TAT-PIAS3-ΔSIM1 (50 nM), 
8-bromo-cAMP (100 µM) or 8-bromo-cAMP (100 
µM) + TAT-PIAS3 (50 nM). Next, coverslips were washed 
with 1x PBS for 2 min and then fixed with a 4% PFA solu-
tion for 10 min. Coverslips were then washed with 1x PBS 
for 2 min before incubation with WGA-CF®594 (Biotium 
Aldrich 3.3 ug/mL) for 10 min. Coverslips were washed 
with 1x PBS for 2  min and then permeabilized with 1x 
PBS with 0.05% Triton X-100 3x at 5-minute intervals. 
Coverslips were blocked in 35  mm dishes with Duolink 
blocking solution for 30  min at 37℃. After the block, 
coverslips were incubated with primary solutions over-
night at 4℃. Primary solutions contained either rabbit 
Kv4.2 (1:400) or rabbit Kv4.3 (1:400) and mouse SUMO1 
(1:100) and mouse SUMO2 (1:70) antibodies diluted in 
Duolink antibody diluent. The next day, coverslips were 
washed with 1x PBS 3x at 5-minute intervals, and then 
2x in Duolink Wash Buffer A. Coverslips were incu-
bated with Duolink rabbit plus and mouse minus probes 
diluted 1:5 in Duolink antibody diluent for 1  h at 37℃. 
Coverslips were washed 2x in Wash Buffer A and then 
incubated with the Duolink ligase reaction for 30 min at 
37℃. Coverslips were washed 2x in Wash Buffer A, and 
then incubated with the Duolink amplification reaction 
for 2 h at 37℃. Coverslips were washed 2x in Wash Buffer 
B for 10 min, 1x in 0.01x Wash Buffer B for 1 min, and 
then incubated with DAPI (300 nM) for 5 min. Coverslips 
were washed with 1x PBS and mounted with VectaShield. 
The experiment was repeated ≥ 2X times for each treat-
ment group using a different vial of cells (i.e., different 
heart) for each replicate. Monolayers were imaged with 
a Keyence BZ-X series fluorescent microscope; ≥30 non-
overlapping images were obtained per coverslip. TIFF 
files were analyzed with ImageJ. A cell was defined by 
the presence of at least one DAPI-stained nucleus and 
a clear perimeter. A line was drawn around the outline 
of all cells in a micrograph. This was used to record the 
surface area for each cell. Using the red channel, the size 
and intensity of each punctum (raw integrated density, 
RID) in a cell was measured and masks were generated 

using the particle analysis program. Masks were merged 
onto micrographs and inspected for accuracy. If > ~ 10% 
of the signal was not represented in the mask (approxi-
mated by eye), then the cell was excluded from further 
analysis. Fewer than 10 cells were excluded across all 
treatment groups. The RIDs for each cell were summed 
and recorded (termed SUMOylation index) and divided 
by the surface area of the cell to yield a value termed the 
normalized SUMOylation index for that cell. Normal-
ized SUMOylation indices for all cells within a treatment 
group were compared across treatment groups. Experi-
menters were blinded for the imaging and analysis por-
tions of the experiment.

Statistical analyses
GraphPad PRISM 9 software was used for statistical 
analysis. Normality and homogeneity of variance were 
assessed for each data set. Data points > 2 standard devia-
tions from the mean were considered outliers and were 
excluded, except for the PLA studies where all data points 
were included, and outliers were indicated as symbols in 
Tukey box plots. In all cases, the significance threshold 
was set at p < 0.05. Parametric data were analyzed with 
either unpaired t-tests, one-way ANOVAs, or Welch’s 
ANOVA (for unequal variances) followed by the indi-
cated post hoc tests when appropriate. Non-parametric 
data were analyzed with either a Mann-Whitney U test or 
a Kruskal-Wallis test with Dunn’s multiple comparisons 
post hoc. The results of each statistical test performed (if 
any) are listed in every Figure legend.

Results
PIAS3 overexpression mimics and occludes the effect 
of SUMO2 + ubc9 overexpression on IAGmax in HEK293 
cells
The Kv4.2g ternary complex (TC) studied herein com-
prises a Kv4.2-GFP fusion protein (Kv4.2g), HA-KChIP2a 
and HA-DPP10c. We previously demonstrated that 
co-expressing SUMO2 and ubc9 with the Kv4.2g TC in 
HEK293 cells enhanced Kv4.2g-K579 SUMOylation, 
which in turn, produced a significant ~ 30–50% rise in 
Kv4.2 surface expression, a significant 37–70% increase 
in IA maximal conductance (Gmax), and a 65% decrease 
in channel internalization [27]. Recent work showed that 
rab11a, which regulates slow recycling, was necessary 
for the effects of SUMOylation on Kv4.2 channels [28]. 
If PIAS3 is a SUMO E3 ligase for Kv4 channels, then co-
expressing PIAS3 should mimic and occlude the effect 
of co-expressing SUMO2 + ubc9. To test this hypothesis, 
whole cell patch clamp recording was performed on HEK 
cells transiently transfected with plasmids encoding the 
Kv4.2g TC with or without a plasmid for PIAS3, or plas-
mids for PIAS3 + SUMO2 + Ubc9 (Fig. 1).
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PIAS3 overexpression mimicked the effect of 
SUMO + ubc9 on IA Gmax (Fig.  1A and B). It signifi-
cantly increased IA Gmax by ~ 60% compared to the 
Kv4.2g TC alone (Fig.  1B). Additionally, PIAS3 over-
expression occluded the effect of SUMO + ubc9; 
PIAS3 + SUMO + ubc9 did not significantly increase 

IA Gmax relative to PIAS3 alone (Fig.  1B). Overexpres-
sion of SUMO2 + Ubc9 did not significantly alter the 
fast (τf ) or slow (τs) time constants of inactivation [27], 
and neither did overexpression of PIAS3 (τf, 22 ± 2ms 
vs. 29 ± 3ms; τs, 73 ± 5ms vs. 81 ± 11ms, t-test, p > 0.05). 
Overexpression of SUMO2 + ubc9 did not significantly 

Fig. 1  PIAS3 mimics and occludes the effect of Kv4.2 SUMOylation.  IA was characterized using whole cell patch clamp recordings on HEK cells 
expressing the Kv4.2g TC. A Representative experiments for each treatment group show current (top panel) and voltage (bottom panel) traces 
from the activation protocol. B PIAS3 overexpression mimicked and occluded the effect of SUMO + ubc9 overexpression. Bar graphs show 
mean IA Gmax ± SEM. Each symbol represents one cell. Data were obtained from ≥ 3 independent transfection experiments. The mean IA Gmax 
for the PIAS3 treatment group (139.0 ± 15 nS) was significantly greater than the control (87.7 ± 6.2 nS), while co-expression of SUMO and ubc9 
produced no further effect (176.3 ± 16.3 nS). *, significantly different using a one-way ANOVA with a Tukey’s post hoc test that makes all pairwise 
comparisons, F(2,32) = 18, p = 0.0001; NS, not significant. C Representative experiments show current (top panel) and voltage traces (bottom 
panel) from the steady state inactivation protocol. D Mean normalized activation (circle) and steady state-inactivation (square) curves for each 
treatment group. Each symbol represents the mean ± SEM for all cells in a treatment group, n for each treatment group is the same as shown in B. 
Data were obtained from ≥ 3 independent transfection experiments. There was no significant difference in the act V1/2 between treatment groups 
as determined with a one way ANOVA F(2,33) = 2.094, p = 0.139. PIAS3 induced a significant 8mV shift in the inact V1/2 relative to the other treatment 
groups as determined using a one way ANOVA followed by a Tukey’s post hoc test that makes all pairwise comparisons, F(2,33) = 5.712, p = 0.0074
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alter the voltage of half activation (act V1/2) [27], and 
neither did overexpression of PIAS3 (-5.3 ± 6.2mV 
vs. -6.6 ± 2.2mV) (Fig.  1A and D). Overexpression of 
SUMO2 + ubc9 did not alter steady-state inactivation 
[27]. In contrast, PIAS3 overexpression produced a sig-
nificant ~ 8mV depolarizing shift in the voltage of half 
inactivation (inact V1/2) that increased the window cur-
rent (Fig. 1C&D). This shift was prevented when PIAS3 
was overexpressed with SUMO2 + Ubc9. Since PIAS3 
affects a subset of the SUMO sites targeted by ubc9, the 
simplest interpretation is that a site targeted by ubc9, 
but not by PIAS3, produced an effect that obscured/pre-
vented the shift in inact V1/2.

We previously demonstrated that Kv4.2 possessed at 
least two SUMOylation sites: K437 and K579 [26]. The 
SUMOylation induced increase in IA Gmax, mediated 
by the Kv4.2g TC in HEK293 cells, was due to enhanced 
SUMOylation at Kv4.2-K579 [27]. Overexpression of 
SUMO2 + ubc9 had no effect when the ternary complex 

contained the SUMOylation-deficient α-subunit, Kv4.2-
K579R; however, enhanced SUMOylation still increased 
channel surface expression and IA Gmax when the ter-
nary complex contained the SUMOylation-deficient 
α-subunit, Kv4.2-K437R [27]. To determine if PIAS3 
also acted at Kv4.2-K579, the whole cell patch clamp 
experiments were repeated on HEK cells expressing a 
SUMOylation-deficient Kv4.2g-K579R TC (Fig.  2). The 
mutation blocked the PIAS3-induced increase in IA 
Gmax (Fig. 2B) and the shift in the inact V1/2 (Fig. 2C). 
These data indicated that the previously identified 
SUMOylation site, Kv4.2-K579, was necessary for PIAS3-
mediated alterations in IA.

Rab11a is a small GTPase that critically regulates 
several aspects of transmembrane protein recycling 
[37]. Studies on the Kv4.2g TC in HEK cells revealed 
that rab11a was necessary for the SUMOylation-induced 
increase in IA Gmax [28]. Rab11a-S25N is a dominant-
negative mutant that is incapable of binding GTP, which 

Fig. 2  PIAS3 requires K579 for its effect on Kv4.2 channels.  IA was characterized using whole cell patch clamp recordings on HEK cells expressing 
a SUMOylation deficient Kv4.2g-K579R TC. A Representative experiments show current traces from the activation (left) and steady-state inactivation 
(right) protocols. B PIAS3 has no effect on IA Gmax relative to control for the SUMO-deficient channel (102.2 ± 7.4nS vs. 116.8 ± 11.8nS, t-test, 
p = 0.287); NS, not significant. Bar graphs show mean IA Gmax ± SEM. Each symbol represents one cell. Data were obtained from ≥ 3 independent 
transfection experiments. C Mean activation (circle) and steady state-inactivation (square) curves for each treatment group. Each symbol represents 
the mean ± SEM for all cells in a treatment group, n for each treatment group is the same as in B. Data were obtained from ≥ 3 independent 
transfection experiments. There was no significant difference between treatment groups for act V1/2 (-2.7 ± 1 mV vs. -3.1 ± 1.7 mV; t-test, p = 0.827) 
or inact V1/2 (-54.4 ± 0.6 mV vs. -56.3 ± 1.6 mV; t-test, p = 0.184)
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inactivates rab11a and prevents delivery of proteins to the 
recycling endosome [38]. If the PIAS3-induced increase 
in IA Gmax relies on enhanced recycling of endocytosed 
channels, then the dominant negative mutant should 
block the effect of PIAS3. HEK cells were transfected 
with the Kv4.2g TC with or without PIAS3 and with or 
without Rab11aS25N. Co-expression of Rab11aS25N 
with the Kv4.2g TC had no significant effect on IA Gmax 
compared to the Kv4.2g TC alone, but it blocked the 
PIAS3-mediated increase in IA Gmax (Fig.  3). These 
results suggest that the PIAS3-mediated increase in 
IA Gmax is due to enhanced recycling of endocytosed 
channels.

In sum, the data show that when the Kv4.2g  TC is 
expressed in HEK cells, overexpression of PIAS3 mimics 

and occludes the effects of enhanced SUMOylation at 
Kv4.2-K579. This is consistent with the hypothesis that 
PIAS3 is a SUMO E3 ligase for Kv4 channels.

Catalytic activity and ubc9 are necessary 
for the PIAS3‑mediated increase in IAGmax
If PIAS3 acts as a SUMO E3 ligase for Kv4 channels, 
then only a catalytically active PIAS3 should produce an 
increase in IA Gmax. The SIM1 domain is necessary for 
PIAS3 catalytic activity [17]. The next experiment tested 
if bath-application of a membrane-permeable PIAS3 
could enhance IA Gmax when SIM1 was mutated (Fig. 4).

A recombinant, membrane-permeable PIAS3 pro-
tein (TAT-PIAS3) was generated by cloning Flag-tagged 
PIAS3 into an N-terminal TAT-HA-HIS vector (Fig. 4A). 
This construct was used to generate a catalytically defi-
cient PIAS3 (TAT-PIAS3-ΔSIM1) where key amino acids 
in the SIM1 domain were replaced with alanine as previ-
ously described [18]. To confirm that the TAT-tag con-
ferred cell-penetrating properties on the ~ 65kD PIAS3 
proteins [39], a TAT-tagged protein (50nM) or vehicle 
(PBS) was bath applied to HEK cells. Cells were fixed and 
used in immunofluorescence experiments to visualize 
the TAT-tag (red) and cell nuclei (blue). Representative 
merged micrographs (Fig. 4B) showed that red immuno-
fluorescence was absent in the PBS treatment group but 
was similarly distributed in the TAT-PIAS3 and TAT-
PIAS3-ΔSIM1 treatment groups. The level of cell pen-
etration was also highly similar for the two recombinant 
proteins (Fig. 4C).

Welch et al. [27] previously showed that IA Gmax could 
be similarly enhanced by acute and long-term increases in 
SUMO. Including SUMO peptides (4.2µM) in the record-
ing pipet increased IA Gmax by ~ 60% (Fig. 4C). Similarly, 
a 30 min bath application of TAT-PIAS3 (50nM) but not 
TAT-PIAS3-ΔSIM1 (50nM) produced a significant ~ 60% 
increase in IA Gmax in HEK cells expressing the Kv4.2g 
TC (Fig. 4D). These data indicated that the acute effects 
of SUMO and PIAS3 on IA Gmax were similar, and that 
the SIM1 domain of PIAS3 was necessary for the PIAS3-
induced increase in IA Gmax.

To determine if the sole SUMO-conjugating enzyme, 
ubc9, was necessary for the PIAS3-induced increase in IA 
Gmax, cells were patch clamped after siRNA knock down 
of ubc9. HEK cells were transfected with plasmids encod-
ing the Kv4.2g TC with or without PIAS3 and with siRNA 
for either ubc9 (siUbc9, 25 nM) or a control (siScramble, 
25 nM). For each transfection, cells were passaged to a 
35 mm dish for western blot analysis (Fig. 5A-B) or cov-
erslips for whole cell patch clamp recording (Fig.  5C). 
Relative to siScramble, siUbc9 decreased ubc9 expression 
by an average 65 ± 8%. Whole cell patch clamp record-
ings showed that the PIAS3-induced increase in IA Gmax 

Fig. 3  Rab11a is necessary for the PIAS3 induced increase in IAGmax.  
Whole cell patch clamp experiments were performed on HEK cells 
transiently expressing the Kv4.2g TC +/- PIAS3 and +/- rab11aS25N. 
The mean ± SEM IA Gmax was plotted for each treatment group. 
Each symbol represents one cell. Data were obtained from ≥ 3 
independent transfection experiments. The data for cells lacking 
rab11aS25N were replotted from Fig. 1 for comparison. Rab11aS25N 
alone had no effect on IA Gmax relative to control, but it blocked 
the PIAS3-mediated increase in IA Gmax. *, significantly different, 
one-way ANOVA with Tukey’s post hoc test that makes all pairwise 
comparisons, F(3,40) = 7.1, p = 0.0006; NS, not significant
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was observed only for the siScramble but not the siUbc9 
treatment group (Fig. 5C). Thus, ubc9 was necessary for 
the PIAS3-induced increase in IA Gmax.

Together these experiments suggest that PIAS3 
increases IA Gmax by catalyzing the addition of SUMO 
to Kv4 channels.

PIAS3 increases Kv4.2‑K579 SUMOylation
Lastly, to test if PIAS3 acts as a bona fide SUMO E3 
ligase for Kv4.2-K579, we used immunoprecipitation (IP) 
and western blot experiments to measure SUMOylation 
in the Kv4.2 and Kv4.2-K579R TC with and without over-
expression of PIAS3 (Fig. 6 and Supplemental Fig. 1). For 
these experiments, GFP tags were removed from both 
Kv4.2 constructs since GFP, itself, contained putative 
SUMOylation sites.

PIAS3-induced a significant 2.7-fold increase in the 
level of endogenous SUMO1ylation of Kv4.2 but no 
change in the level of SUMO2ylation (Fig. 6B). This is not 
unusual as SIM domains can exert selective preference 
for a specific SUMO isoform [40, 41].

Experiments were repeated with the SUMOylation 
deficient Kv4.2-K579R TC. The mutant channel was 
SUMOylated under control conditions (Fig.  6C), sug-
gesting that there is more than one SUMOylation site 
on Kv4.2 channels, as we previously demonstrated [26]. 
The non-Kv4.2-K579 site(s) appeared to account for 
most Kv4.2 SUMOylation under baseline conditions, as 
the level of Kv4 SUMOylation was highly similar when 
comparing wild type and mutant control groups. PIAS3 
overexpression produced no significant change in the 
SUMOylation of Kv4.2-K579R channels (Fig. 6D). These 

data are consistent with our hypothesis that PIAS3 
increases SUMOylation at Kv4.2-K579.

In sum, the experiments performed thus far on 
Kv4.2g TC in HEK cells show that (1) PIAS3 mimics 
and occludes the effect of enhanced SUMOylation on IA 
Gmax, (2) the previously identified SUMOylation site, 
Kv4.2-K579, is necessary for PIAS3 effects on IA Gmax, 
(3) the SUMOylation machinery (E2 enzyme and a cata-
lytically active E3) is necessary for the PIAS3-induced 
increase in IA Gmax and (4) PIAS3 increases SUMOyla-
tion at Kv4.2-K579. These data are compelling; together 
they demonstrate that PIAS3 is a bona fide SUMO E3 
ligase for Kv4 channels. It acts at Kv4.2-K579 to increase 
rab11-dependent recycling of endocytosed channels, 
thereby increasing surface expression and IA Gmax.

PKA‑mediated phosphorylation at Kv4.2‑S552 
blocks PIAS3‑mediated SUMOylation at Kv4.2‑K579 
and the attendant increase in IAGmax
Phosphorylation plays a permissive role in SUMOyla-
tion, and Kv4.2-K579 is a SUMOylation island in a sea 
of phospho-regulation (Fig.  7A). Mass spectrometry on 
protein isolates from cultured neurons previously iden-
tified eleven Kv4.2 phosphorylation sites [42], ten of 
which clustered around K579. The short segment of 68 
amino acids comprising these sites (552–620) is identical 
in mouse, rat and human Kv4.2 proteins. One possibil-
ity is that this conserved fragment represents a module 
for integrating parallel signals to influence a binary out-
put (K vs. K + SUMO) that controls the recycling rate 
of a population of channels. One site, Kv4.2-S552, was 
previously shown to decrease Kv4.2 surface expression 
in neurons [43, 44]. If our hypothesis is correct, then 

Fig. 4  An active, but not a catalytically inactive, PIAS3 mimics the acute effect of an increase in SUMO on IAGmax. A Recombinant, membrane 
permeable PIAS3 proteins were generated: TAT-PIAS3 (wild type) and TAT-PIAS3-ΔSIM1 (catalytically inactive). The diagram shows TAT-PIAS3 
constructs. Flag-PIAS3 was subcloned into a TAT-HA-HIS vector. The conserved domains of PIAS3 include SAP, PINIT, SP-RING, SIM1, and SIM2. SIM1 
orients the SUMO peptide for attachment to the target, and a wild-type SIM1 domain is necessary for PIAS3-mediated SUMOylation. The wildtype 
SIM1 (blue) domain of TAT-PIAS3 was mutated (green) to produce a catalytically inactive PIAS3 (ΔSIM1). Recombinant proteins were isolated using 
Nickle columns with BL21 cell lysates. B Immunofluorescence experiments verified that bath-applied, TAT-tagged proteins crossed the plasma 
membrane and showed similar cytosolic distributions. TAT-PIAS3 (~ 50nM), TAT-PIAS3-ΔSIM1 (~ 50nM) or vehicle (PBS) were bath-applied (30 min, 
37 °C); cells were fixed, stained with DAPI (blue) and for the TAT-tag (red), and imaged with a Keyence microscope. A representative merged image 
from each treatment group, obtained with the same microscope settings, is shown. Note the color of the nuclei varies with the amount of red 
staining in the merged image. All scale bars are 20 μm. C Cell penetration was quantified for the 3 treatment groups shown in B using ImageJ. 
Mean pixel intensities were measured for the red channel as described in Materials and Methods. Each symbol represents the average red pixel 
intensity for 1 micrograph. *, significantly different as determined using a Welch’s ANOVA with Dunnett’s 3T post hoc test that makes all pairwise 
comparisons, W(2, 22.74) = 572.9, p < 0.0001. D SUMO peptides were or were not added to the recording pipet during whole cell patch clamp 
experiments. Acute application of SUMO peptide (4.2µM) significantly increased IA Gmax. Data were taken from [27] for the sake of comparison. 
E HEK Kv4.2g TC cells were incubated with PBS (control), TAT-PIAS3 (50nM), or TAT-PIAS3-ΔSIM1 (50nM) for 30 min at 37℃ and 5% CO2 prior 
to whole cell recording. Acute application of TAT-PIAS3, but not TAT-PIAS3-ΔSIM1, produced a significant increase in IA Gmax. Bar graphs show 
the mean ± SEM IA Gmax. Each symbol is one cell. All data were normalized by the mean for the PBS treatment group. Data were from ≥ 3 replicate 
experiments. *, significantly different as determined using a one way ANOVA with Tukey’s post hoc test that makes all pairwise comparisons, F(2, 
15) = 20.7, p < 0.0001; NS, not significant

(See figure on next page.)
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phosphorylation at Kv4.2-S552 should block SUMOyla-
tion at Kv4.2-K579 and thereby reduce recycling and 
surface expression of Kv4.2 channels. To begin to evalu-
ate this idea, HEK cells were transiently transfected with 
HA-DPP10c + HA-KChIP2a + Kv4.2g with or without 
PIAS3. After 48 h, IA was analyzed with whole cell patch 
clamp with or without bath application of 8-bromo-
cAMP, a membrane permeable cAMP analog that acti-
vates PKA. Bath-applied 8-bromo-cAMP had no effect 
on IA Gmax by itself, which is consistent with the idea 

that Kv4.2-K579 is not SUMOylated under baseline 
conditions (see above discussion of Fig. 6). The increase 
in intracellular cAMP blocked the PIAS3-mediated 
increase in IA Gmax (Fig.  7B). To assess if inhibition of 
the PIAS3 effect was due to PKA-mediated phosphoryla-
tion at Kv4.2-S552, site-direct mutagenesis was used to 
create phosphodeficient (Kv4.2g-S552A) and phospho-
mimetic (Kv4.2g-S552E) constructs. Whole-cell patch 
clamp experiments with the phosphodeficient Kv4.2g-
S552A TC showed that 8-bromo-cAMP could no longer 

Fig. 4  (See legend on previous page.)
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prevent a PIAS3-mediated increase in IA Gmax (Fig. 7C). 
Thus, PKA-mediated phosphorylation at Kv4.2-S552 
was necessary to block the PIAS3 effect. Experiments 
using the Kv4.2g-S552E TC showed that the phospho-
mimetic mutation mimicked and occluded the effect of 
bath-applied 8-bromo-cAMP. PIAS3 did not produce 
an increase in IA Gmax and superfusion with 8-bromo 
cAMP had no further effect (Fig. 7D). Thus, PKA-medi-
ated phosphorylation at Kv4.2-S552 was sufficient to 
block the PIAS3-mediated increase in IA Gmax. Suf-
ficiency was confirmed by measuring SUMOylation at 
Kv4.2-K579 in the phosphomimetic TC (Fig.  8). HEK 

cells were transiently transfected with plasmids encod-
ing the Kv4.2-S552E TC with and without PIAS3. Note 
GFP was removed from Kv4.2-S552E. After 48  h, cells 
were lysed and used in IPs with anti-Kv4.2 antibody fol-
lowed by western blot experiments. The fraction of 
SUMOylated channels was determined. PIAS3 did not 
enhance SUMO1 (Fig.  8A&B) or SUMO2 (Fig.  8C&D) 
decorations at Kv4.2-K579. Together, the data presented 
thus far provide compelling evidence that PKA-mediated 
phosphorylation at Kv4.2-S552 blocks PIAS3-mediated 
SUMOylation at Kv4.2-K579 and the accompanying 
increase in IA Gmax.

Fig. 5  The SUMO-conjugating E2 enzyme, ubc9, is necessary for the PIAS3-induced increase in IAGmax.  HEK cells were transfected with siRNA 
targeting ubc9 (siUbc9) or a scrambled control (siScramble) along with plasmids encoding Kv4.2g TC +/- PIAS3. For each transfection, cells were 
plated onto both a 35 mm plate for western blot experiments (A-B) and onto coverslips for whole cell patch clamp recordings (C). A Representative 
experiment showing the effect of siUbc9. SDS-PAGE gel containing cell lysates were transferred to PVDF membranes, which were then stained 
with Sypro-Ruby (right) to measure total protein concentration followed by a western blot experiment to measure ubc9 (left). For each lysate, ubc9 
expression was quantified by dividing the optical density (O.D.) for ubc9 by the O.D. for total protein. B Treatment with siUbc9 produced a ~ 65% 
knock down relative to treatment with siScramble. Ubc9 expression for each lysate was divided by the mean for the scrambled control. Normalized 
Ubc9 expression was plotted. Each symbol in the plot represents one independent lysate. Bar graphs show the mean ± SEM. *, significant 
difference determined with a t-test, p < 0.0001. C Plots of normalized IA Gmax from whole cell patch-clamp experiments showed that ubc9 knock 
down blocked the PIAS3-induced increase in IA Gmax while the scrambled control had no effect on the ability of PIAS3 to elicit an increase in IA 
Gmax. *, significant; ns, non-significant; one way ANOVA with Tukey’s post hoc test that made all pairwise comparisons F(3,20) = 4.976, p = 0.0001
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PIAS3‑mediated SUMOylation of cardiomyocyte Kv4 
channels can be blocked by an increase in cAMP
The interaction between Kv4.3 and PIAS3 was first dis-
covered using co-IP experiments on rat heart lysates 
[22]. The aforementioned Kv4 SUMOylation and phos-
phorylation sites are conserved across Kv4.2 and Kv4.3 
isoforms and across species. We used co-IP followed 
by western blot experiments with mouse heart lysates 
to confirm that Kv4.2 channels were SUMOylated 
(Fig.  9A) and to detect an interaction between Kv4.2 
and PIAS3 (Fig. 9B). We then asked if increasing PIAS3 
could enhance Kv4 channel SUMOylation in rat car-
diomyocytes. Neonatal rat ventricular cardiomyocytes 
(Lonza) were cultured on coverslips. Cells received 
a 30  min bath-application of TAT-PIAS3 (50nM) or 
TAT-PIAS3-ΔSIM1 (50nM) or vehicle (PBS). Proximity 

ligation assays (PLA) were then used to measure Kv4 
channel SUMOylation. PLAs were performed with 
anti-SUMO and anti-Kv4.3 or anti-Kv4.2 antibod-
ies using a Duolink in  situ PLA kit (Sigma). Cells 
were imaged with a Keyence microscope (Fig.  9C top 
panel). A punctate signal was created when SUMO 
and Kv4 were < 40 nm apart, i.e., the Kv4 channel was 
SUMOylated. SUMOylated channels were predomi-
nately located in a perinuclear region, although they 
could also be observed to a lesser extent throughout the 
cell and along the periphery. SUMOylation was quan-
tified with ImageJ. All cells within a field of view were 
outlined. The size and intensity of each punctum (raw 
integrated density, RID) in all outlined cells were quan-
tified using Image J particle analysis. Masks showing 

Fig. 6  Increasing PIAS3 expression results in enhanced SUMOylation at Kv4.2-K579. A Representative results for IP followed by western blot 
experiments using protein lysates from HEK cells expressing Kv4.2 TC with or without PIAS3. IP and western blot (WB) antibodies were as indicated. 
Western blots were first probed with anti-SUMO, imaged, stripped, and re-probed with anti-Kv4.2. B Bar graphs show the mean normalized 
fraction of SUMOylated Kv4.2 ± SEM. The O.D. for each signal was measured. The SUMO O.D. was divided by the Kv4.2 O.D. to obtain the fraction 
of SUMOylated channels for a given lysate. All data points were then divided by the mean for the control treatment group. Each symbol 
in the graph represents an independent transfection and IP/western blot experiment. *, significantly different, ns, not significant (SUMO1: 1.00 ± 0.2 
vs. 2.7 ± 0.4; t-test, p = 0.021; SUMO2: 1.00 ± 0.29 vs. 1.2 ± 0.18; t-test, p = 0.5032). C Representative results for IP followed by western blot experiments 
using protein lysates from HEK cells expressing Kv4.2-K579R TC with or without PIAS3. IP and western blot antibodies were as indicated. The 
protocol was as described in A. D Bar graphs show the mean normalized fraction of SUMOylated Kv4.2-K579R ± SEM. Measurements and analyses 
were as in B. ns, not significant (SUMO1: 1.00 ± 0.3 vs. 1.05 ± 0.34, t-test, p = 0.9146; SUMO2: 1.00 ± 0.32 vs. 0.89 ± 0.38, t-test, p = 0.8373)
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quantified RID were created for each cell outlined in 
yellow (Fig.  9C bottom panel). Masks were merged 
onto micrographs and inspected to ensure they were 
representative. The RIDs for all puncta in a cell were 
summed; this was termed the SUMOylation index for 
the cell. The SUMOylation index was divided by the 
surface area of the cell (encompassed by yellow line) 
to yield the normalized SUMOylation index for a cell. 
Plots of Kv4.3 (Fig. 9D) and Kv4.2 (Fig. 9E) normalized 
SUMOylation indices for each treatment group showed 
that TAT-PIAS3 produced a significant 50% and 68% 
respective increase in Kv4.3 and Kv4.2 SUMOylation 
relative to PBS. Bath application of the catalytically 
inactive TAT-PIAS3-ΔSIM1 had no effect, indicating 
that PIAS3 is a bona fide SUMO E3 ligase for cardio-
myocyte Kv4 channels. The experiment was repeated 
except cells received a 30  min bath application of 
PBS, 8-bromo-cAMP, or 8-bromo-cAMP + TAT-PIAS3 
(Fig. 9F-G). Application of 8-bromo-cAMP reduced but 

did not significantly alter mean normalized SUMOyla-
tion indices. However, co-application of cAMP blocked 
the previously observed PIAS3-induced increase 
in channel SUMOylation for both Kv4.3 and Kv4.2. 
Together, these data indicate that PIAS3 is a SUMO 
E3 ligase for Kv4 channels in cardiomyocytes, and that 
PIAS3-mediated SUMOylation can be blocked by an 
increase in the PKA activator, cAMP.

TC components HA‑KChIP2a and HA‑DPP10 are 
not substrates for PIAS3
PIAS3 is known to interact with Kv β-subunits and alter 
interactions between Kv α- and β-subunits [20, 21]. The 
Kv4.2g TC comprises pore-forming and auxiliary subu-
nits. The TC will form in the presence or absence of 
PIAS3; however, E3 SUMO ligases recruited to protein 
complexes often induce en masse SUMOylation. The pro-
cess whereby many proteins in a complex are simultane-
ously SUMOylated is referred to as group SUMOylation 

Fig. 7  PKA-mediated phosphorylation at Kv4.2-S552 blocks PIAS3-mediated SUMOylation at Kv4.2-K579. A Diagram of the conserved 68 amino 
acid Kv4.2 fragment comprising the K579 SUMOylation site surrounded by 10 proximal phosphorylation sites identified with mass spectrometry. 
Phosphorylation sites that were previously investigated for their effects on Kv4.2 are indicated with a star. B-D HEK cells expressing the indicated TC 
+/- PIAS3 were or were not superfused with 100 µM 8-bromo-cAMP, a cell permeable activator of PKA, and whole cell patch clamp was performed 
to measure IA Gmax. Data were obtained from ≥ 3 transfections. All data points were divided by the mean for the control group (no PIAS3, 
no cAMP). Bar graphs show the normalized mean IA Gmax ± SEM. Each symbol represents one cell; *, significantly different; ns, non-significant. 
In B, the significant PIAS3-induced increase in IA Gmax was blocked by 8-bromo-cAMP in HEK cells expressing the Kv4.2g TC (one-way ANOVA 
with Tukey’s post hoc test that makes all pairwise comparisons, F(3,53) = 8.877, p < 0.0001). In C, PIAS3 was able to produce a significant increase 
in IA Gmax in the presence of 8-bromo-cAMP in HEK cells expressing the Kv4.2g-S552A TC (one-way ANOVA with Tukey’s post hoc test that makes 
all pairwise comparisons F(2,36) = 8.343, p = 0.001). In D, PIAS3 did not induce an increase in IA Gmax, and 8-bromo-cAMP had no effect on HEK cells 
expressing the Kv4.2-S552E TC (one-way ANOVA F(3,43) = 1.03, p = 0.3887)
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[9, 10, 45, 46]. We asked if HA-KChIP2a and HA-DPP10c 
were targets for PIAS3 when they were incorporated into 
the TC. HEK cells were transiently transfected with plas-
mids expressing the Kv4.2g TC with and without PIAS3. 
Cells were lysed and protein lysates were used in IPs with 
anti-Kv4.2 followed by western blot experiments.

Figure  10 and Supplemental Fig.  2 show that HA-
KChIP2a is decorated by SUMO1 and SUMO2 in the 
protein lysate. However, only non-SUMOylated HA-
KChIP2a proteins were detected in the TC. HA-KChIP2a 
proteins retrieved from the supernatant fraction of the 
IP (protein not bound to Kv4.2g) but not the eluant frac-
tion (bound to Kv4.2g) were decorated by SUMO1 and 
SUMO2 (Fig.  10A, B). Co-expression of PIAS3 had no 
effect on HA-KChIP2a SUMOylation in the TC. These 
data suggest that HA-KChIP2a in the TC is not a PIAS3 
substrate and that perhaps HA-KChIP2a SUMOylation 
may prevent incorporation into the TC, though more 
experimentation is necessary to support this conclusion.

Next, SUMOylation was examined for HA-DPP10c 
incorporated into the TC (Fig.  10C-F). HA-DPP10c 

proteins were SUMOylated in all fractions (lysate, super-
natant, IP). HA-DPP10c comprised by the TC was dec-
orated by SUMO1 (Fig.  10C) and SUMO2 (Fig.  10D). 
SUMOylation of HA-DPP10c incorporated into the TC 
was not significantly altered by PIAS3 overexpression 
(Fig.  10E-F). These data confirm that Kv4.2-K579 is the 
only substrate for PIAS3 in the TC.

HCN2‑K669 is a substrate for PIAS3
Early work on KChAP showed that co-expression 
of PIAS3 increased the surface expression of addi-
tional α-subunits, including Kv1.3 and Kv2.1 [20, 22]. 
SUMOylation of HCN2-K669 can also increase rab11a-
dependent recycling of endocytosed channels result-
ing in an increase in HCN2 surface expression and the 
maximal conductance of the  hyperpolarization acti-
vated current mediated by the channels (Ih) [28, 32]. 
To determine if PIAS3 could also serve as a SUMO 
E3 ligase for HCN2 channels, a previously described 
HEK cell line stably expressing HCN2 (HEK-HCN2) 
[32] was transiently transfected with mCherry or 

Fig. 8  PKA-mediated phosphorylation at Kv4.2-S552 blocks the PIAS3-mediated increase in Kv4 SUMOylation. A WB of Kv4.2 SUMO1 conjugation. 
Blots containing Kv4.2 and IgG IPs using protein lysates from HEK cells expressing Kv4.2-S552E TC +/- PIAS3 were probed with anti-SUMO1 and then 
stripped and re-probed with anti-Kv4.2 (~ 65kD). B The fraction of SUMOylated channel (SUMO OD÷Kv4 OD) was normalized to control (no PIAS3) 
and plotted. Bar graphs show the mean normalized fraction of SUMOylated Kv4.2 ± SEM. Each data point represents a separate transfection/
IP-western blot experiment. The phosphomimetic mutation blocked the PIAS3-mediated increase in Kv4 SUMO1 conjugation seen in Fig. 6 
(1.00 ± 0.13 vs. 0.85 ± 0.17, Mann-Whitney U, p = 0.377). C-D Experiments were repeated to measure SUMO2 conjugation. PIAS3 did not alter SUMO2 
conjugation compared to the Kv4.2-S552E TC alone (1.00 ± 0.28 vs. 0.70 ± 0.14, t-test, p = 0.37)
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mCherry + PIAS3, and Ih was recorded with or without 
SUMO in the patch pipet. PIAS3 expression increased 
Ih Gmax by ~ 60% compared to control and occluded 
the effects of increasing SUMO (Fig. 11A-B). To deter-
mine if PIAS3 targets K669, experiments were repeated 

with the previously described SUMO deficient HEK-
HCN2-K669R stable line. Ih Gmax was not significantly 
different between mCherry or mCherry + PIAS3 treat-
ment groups (Fig.  11A&D). These data suggest that 
HCN2-K669 is also a substrate for PIAS3.

Fig. 9  PIAS3 is a bona fide SUMO E3 ligase for cardiomyocyte Kv4 channels, and PIAS3-mediated SUMOylation of Kv4.2 and Kv4.3 channels 
is regulated by cAMP levels. A-B Representative results for IP followed by western blot experiments using protein lysates from mouse heart. IP 
and western blot (WB) antibodies were as indicated. Western blots were first probed with anti-SUMO (A, left) or anti-PIAS3 (B, left), imaged, stripped, 
and re-probed with anti-Kv4.2 (A&B, right). The experiment was repeated on 3 different heart lysates with the same result. Red asterisks mark Kv4.2. 
Blue asterisk marks PIAS3. The data show that Kv4.2 channels are SUMOylated and that they interact with PIAS3 in mouse heart. PIAS3 is likely to be 
post-translationally modified as the signal is routinely higher than the expected molecular weight of ~ 64–69 kD. C Top panel: Micrograph showing 
SUMOylation of endogenous Kv4 channels in cultured rat neonatal cardiomyocytes (numbered 1–5). Large bright signals (arrowheads) represent 
noise that was excluded from analyses based on particle size. Bottom panel: Black puncta represent the masks produced by the ImageJ particle 
analysis program for the 5 cells in the top panel. The 5 cells in the top panel were outlined in yellow and the outlines were overlayed onto the mask 
to illustrate the RID for all puncta in each cell. The numbers in the bottom panel represent the normalized SUMOylation index for each cell. 
D-G Tukey box plots derived from normalized SUMOylation indices for each treatment group. All data points were divided by the mean normalized 
SUMOylation index for the control group. Treatment groups and the number of cells in each treatment group are indicated below the graphs. 
Panel D: *, significantly different from PBS and TAT-PIAS3-ΔSIM1 treatment groups; Kruskal-Wallis test followed by a Dunn’s multiple comparisons 
post hoc test that makes all pairwise comparisons, H = 37.59, p < 0.0001; panel E: *, significantly different from PBS and TAT-PIAS3-ΔSIM1 treatment 
groups; Kruskal-Wallis test followed by a Dunn’s multiple comparisons post hoc test that makes all pairwise comparisons, H = 38.9, p < 0.0001; panel 
F: Kruskal-Wallis test, H = 2.658, p = 0.2648; panel G: Kruskal-Wallis test, H = 0.02656, p = 0.9868

Fig. 10  PIAS3 does not alter HA-KChIP2a and HA-DPP10c SUMOylation in the ternary complex. A-B Representative results for IP followed 
by western blot experiments using protein lysates from HEK cells expressing Kv4.2g TC with or without PIAS3. IP and western blot antibodies 
were as indicated. Western blots were first probed with anti-SUMO, imaged, stripped, and re-probed with anti-panKChIP. Fractions are indicated 
below the blot: supernatant, the fraction not bound to Kv4.2g; Kv4.2 IP, the fraction bound to Kv4.2g. Experiments (transfection + IP/western blot) 
were repeated with the same result, n = 4 per treatment group. C-D Representative results for IP followed by western blot experiment using protein 
lysates from HEK cells expressing Kv4.2g TC with or without PIAS3. IP and western blot antibodies were as indicated. Western blots were first 
probed with anti-SUMO, imaged, stripped, and re-probed with anti-HA. E-F Bar graphs show the mean normalized fraction of SUMO conjugated 
HA-DPP10c ± SEM. The fraction of SUMOylated DPP10c in each experiment was measured as SUMO OD ÷ HA OD. Each data point was then divided 
by the mean for the control. Each symbol represents one experiment (transfection + IP/western blot). ns, non-significant, (SUMO1: 1.00 ± 0.23 vs. 
0.81 ± 0.14, t-test, p = 0.523; SUMO2: 1.00 ± 0.11 vs. 0.93 ± 0.15, t-test, p = 0.706)

(See figure on next page.)
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Conclusions
Dynamic ion channel SUMOylation shapes the electrical 
properties of excitable cells. It is mediated by two classes of 
enzymes with opposing actions. Ion channel deSUMOyla-
tion by SENPs is well characterized. This study provides the 

first information on an E3 ligase that promotes ion chan-
nel SUMOylation. PIAS3 belongs to the SP-RING family 
of SUMO E3 ligases [12]. It shuttles between the nucleus 
and cytoplasm [47]. PIAS3 catalyzed SUMOylation at 
Kv4.2-K579 and HCN2-K669, which increased channel 

Fig. 10  (See legend on previous page.)
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conductances. PKA-mediated phosphorylation at Kv4.2-
S552 prevented SUMOylation at Kv4.2-K579 and blocked 
the PIAS3 mediated increase in IA Gmax. This suggests that 
modulatory tone may shape ion channel surface expression 
through post-translational modification crosstalk.

PIAS3‑mediated C‑terminal SUMOylation increases ion 
channel surface expression
We previously showed that overexpression of SUMO2 +  
ubc9 enhanced SUMOylation at Kv4.2-K579, which 

increased IA Gmax mediated by a Kv4.2g ternary com-
plex in HEK cells [27]. Western blot experiments showed 
Kv4.2-K579 SUMOylation did not alter channel stability. 
Internalization and biotinylation assays demonstrated 
that Kv4.2-K579 SUMOylation decreased channel inter-
nalization, resulting in increased surface expression. A 
20 min blockade of clathrin-mediated endocytosis mim-
icked and occluded the effect of enhanced Kv4.2-K579 
SUMOylation on IA Gmax, confirming that SUMOyla-
tion reduced channel internalization. Internalization 

Fig. 11  PIAS3 acts at HCN2-K669 to increase IhGmax. A HEK cells stably expressing HCN2 or the SUMOylation deficient HCN2-K669R were or were 
not transiently transfected with PIAS3. After 48 h, cells were used in whole cell patch clamp experiments to measure Ih Gmax with or without 
SUMO peptides (4.2 µM) in the recording pipet. The voltage protocol used to elicit the current is shown in the bottom right panel. All other panels 
show representative current traces for each treatment group. B Bar graphs show mean Ih Gmax ± SEM for cells expressing HCN2. Each symbol 
is one cell. All data were derived from ≥ 3 replicate experiments for each treatment group. *, significantly different as determined with a one-way 
ANOVA followed by a Tukey’s post hoc test that makes all pairwise comparisons (F (2,25) = 7.01, p = 0.0038); NS, not significant. C Bar graphs show 
mean Ih Gmax ± SEM for cells expressing the SUMOylation-deficient HCN2-K669R. Each symbol is one cell. All data were derived from ≥ 3 replicate 
experiments for each treatment group. The mutation blocked the PIAS3-mediated increase in Ih Gmax (8.44. ± 1.00nS vs. 6.92 ± 0.83nS, t-test, 
p = 0.263)
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depends on two opposing processes: endocytosis and 
recycling. A 20 min blockade of clathrin-mediated endo-
cytosis will disrupt both processes. Additional experi-
ments showed that rab11a, which regulates channel 
recycling, was necessary for the SUMOylation induced 
increase in IA Gmax [28]. Co-IP experiments showed that 
the interaction between Kv4.2 and the α-subunit of the 
AP-2 complex, which is responsible for clathrin-medi-
ated endocytosis, was unchanged by SUMOylation [27]. 
In sum, Kv4.2-K579 SUMOylation increased IA Gmax 
by reducing channel internalization, thereby increas-
ing channel surface expression. Reduced internalization 
was due, at least in part, to an increase in channel recy-
cling. Additional experiments are necessary to deter-
mine if Kv4.2-K579 SUMOylation also reduced channel 
endocytosis.

This study provides compelling evidence that PIAS3 
acts by catalyzing Kv4.2-K579 SUMOylation. First, 
like effects were produced by overexpressing PIAS3 or 
SUMO + ubc9; they both enhanced channel SUMOyla-
tion and increased IA Gmax in HEK cells through a 
rab11a-dependent mechanism when IA was mediated by 
wild type α-subunits (Kv4.2-K579), but not when IA was 
mediated by SUMOylation-deficient α-subunits (Kv4.2-
K579R). Second, the SUMO-conjugating enzyme, ubc9, 
was necessary for PIAS3 effects on IA Gmax in HEK 
cells. Third, the PIAS3 SIM1 domain, which orients the 
donor SUMO for conjugation to the target protein [12, 
17], was necessary for PIAS3 effects on IA Gmax in HEK 
cells. Fourth, PLA experiments showed that wild type 
PIAS3, but not a catalytically inactive PIAS3, increased 
SUMOylation of endogenous Kv4.2 and Kv4.3 channels 
in cardiomyocytes. The data presented here, together 
with our previous work, suggest that PIAS3 catalyzes 
Kv4.2-K579 SUMOylation, which results in enhanced 
channel recycling, increased cannel surface expression 
and a rise in IA Gmax.

Previous work showed that PIAS3 could regulate sev-
eral ion channels [20, 22]. Here the list was expanded 
to include Kv4.2 and HCN2 channels. Those chan-
nels whose surface expression increased in response to 
enhanced PIAS3 activity (i.e., Kv1.3, Kv2.1/2, Kv4.2/3, 
and HCN2) all have distal C-terminal SUMOylation 
sites. PIAS3 could potentially co-regulate the recycling of 
a battery of ion channels by controlling their C-terminal 
SUMOylation status.

Rab-11a dependent recycling was necessary for the 
SUMOylation-induced increase in HCN2 and Kv4.2 sur-
face expression in HEK cells (Figs.  3 and [28]). HCN2 
[48] and Kv4.2 [49] channels co-localize with the peri-
nuclear endocytic recycling compartment (ERC) in 
opossum kidney cells and HEK293 cells, respectively. 
SUMOylation enhanced HCN2 co-localization with the 

ERC in HEK293 cells [28]; Kv4.2 was not tested. In this 
study, SUMOylated Kv4.2 and Kv4.3 channels also dis-
played a predominately perinuclear localization in car-
diomyocytes. An important unanswered question is: 
Does Kv4 SUMOylation regulate channel recycling in 
cardiomyocytes?

Crosstalk between post‑translational modifications
The phosphorylation status of a target protein can play a 
permissive role in target protein SUMOylation; phospho-
rylation can either promote or prevent SUMOylation [46, 
50]. A conserved 68 amino acid fragment (S552-S620) 
contains the Kv4.2-K579 SUMOylation site surrounded 
by 10 phosphorylation sites [42]. This could represent a 
regulatory module that integrates parallel signals to influ-
ence a binary output (K vs. K + SUMO) that controls 
channel surface expression. Consistent with this hypoth-
esis, western blot experiments with a phosphomimetic 
Kv4.2 construct showed that mimicking phosphoryla-
tion at Kv4.2-S552 blocked SUMOylation at Kv4.2-K579 
in HEK cells co-expressing HA-KChIP2a + HA-DPP10c 
(Fig. 8). The most parsimonious interpretation of the data 
is that PKA-dependent phosphorylation impairs PIAS3-
mediated re-insertion of Kv4.2 into the plasma mem-
brane, contributing to the overall reduction in surface 
Kv4.2.

The effect of phosphorylation has been studied for 4 
of the 10 sites in the putative regulatory module. One 
important caveat to keep in mind is that the effect of a 
post-translational modification is context dependent. The 
consequences of Kv4.2-S552 phosphorylation are reliant 
upon the subunit composition of the channel complex 
and the stage at which phosphorylation occurs during 
channel assembly and trafficking [51–53]. Similarly, the 
effect of Kv4.2-K579 SUMOylation depends upon the 
subunit composition of the channel complex [26, 27].

Heterologous expression studies in Xenopus oocytes 
showed channel biophysical properties were uniquely 
altered by MAP kinase phosphorylation of Kv4.2-T602, 
Kv4.2-T607, and Kv4.2-S616 [52, 54]. MAP kinases also 
decreased Kv4.2 channel surface expression in HEK293 
cells and hippocampal neurons, but the specific phos-
phorylation site(s) was not identified [49]. Elegant 
experiments showed that MAP kinases decreased Kv4.2 
channel endocytosis in both cell types, but the effect of 
MAP kinases on channel recycling was not examined. 
The SUMOylation status of Kv4.2-K579 was not con-
sidered in any previous MAP kinase study, and it is not 
known if these sites play a permissive role in Kv4.2-K579 
SUMOylation.

PKA can phosphorylate Kv4.2-S552 to increase chan-
nel internalization in heterologous expression systems, 
neurons, and cardiomyocytes [44, 55, 56]. PKA-induced 



Page 20 of 22Jansen et al. Cell Communication and Signaling          (2024) 22:422 

internalization was blocked by inhibiting clathrin-
mediated endocytosis for ≥ 10  min [43], which has the 
potential to disrupt both endocytosis and recycling; 
thus, the mechanism(s) by which PKA increases inter-
nalization in previous studies remains unresolved. In 
our experiments where both PKA and PIAS3 activities 
were globally elevated in HEK cells and cardiomyocytes, 
post-translational modification crosstalk occurred and 
phosphorylation blocked SUMOylation; however, under 
physiological conditions the effect of a post-translational 
modification may be spatially and/or temporally con-
strained, and the same level of crosstalk may not occur. 
It will be important to determine where the post-transla-
tional modification crosstalk takes place. PKA is tethered 
to membranes of all subcellular compartments that are 
active in endocytosis and recycling [57, 58]. Colocaliza-
tion of the SUMOylation machinery with membranes is 
not well documented. Applying SUMO to the intracel-
lular face of excised membrane patches stably increases 
channel SUMOylation [6], indicating that ubc9 is tightly 
associated with the plasma membrane and SUMOylation 
can occur there. It is not clear if PIAS3 is also associated 
with the plasma membrane or if either enzyme is associ-
ated with intracellular membranes involved in recycling.

Post‑translational modification crosstalk may contribute 
to signaling in excitable cells
This study showed that Kv4.2 channels were SUMOylated 
in cardiomyocytes, that PIAS3 enhanced their SUMOyla-
tion, and increasing cytosolic cAMP blocked the PIAS3-
mediated increase in Kv4.2/3 SUMOylation. In rodent 
cardiomyocytes, Kv4.2 and Kv4.3 heterotetramers 
mediate Itof [59], which controls initial repolarization 
of the action potential and Ca2+ entry [60, 61]. PKA is 
a negative regulator of Itof. Stimulation of cardiomyo-
cyte α1-adrenergic receptors produced a PKA-mediated 
reduction in Kv4.2 surface expression and Itof, [62, 63], 
but only for K4.2 channels localized to caveolae lipid rafts 
[56, 64, 65]. Itof is also reduced during acute ischemia 
by the β-adrenergic receptor-PKA axis [66]. It will be 
interesting to determine if Kv4.2-K579 and Kv4.3-K577 
SUMOylation are necessary for the effects of adrenergic 
signaling.

Post-translational modification crosstalk could also 
play a role in neurons. Kv4.2 channels are located in 
dendrites of hippocampal neurons where they modu-
late action potential back propagation and synaptic 
integration [67, 68]. PIAS3 is localized to pre- and 
post-synaptic compartments in the dendrites of hip-
pocampal neurons [69], and many synaptic proteins 
are SUMOylated [2]. Internalization of hippocampal 
Kv4.2 channels is increased by PKA-mediated phos-
phorylation of Kv4.2-S552 during LTP [43, 44], but 

SUMO involvement has never been investigated. PKA 
regulation of Kv4 SUMOylation may contribute to 
activity-dependent homeostasis involving IA and Ih. 
Studies on an identified invertebrate neuron, LP, sug-
gested that dopamine acted through the D1 receptor-
PKA axis to gate activity dependent SUMOylation 
that maintained LP duty cycle. In this case, tonic nM 
dopamine permitted and prevented short-term activ-
ity-dependent regulation of LP Ih and IA, respectively 
[70, 71].

In sum, PIAS3 is an important, understudied regula-
tor of ion channels. It influences the surface expression 
of at least four classes of voltage-gated α-subunits, and it 
can regulate interactions between Kv α- and β-subunits. 
Cross talk between PKA-mediated phosphorylation and 
PIAS3-mediated SUMOylation may play a key role in 
remodeling electrical activity in excitable cells.
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Supplementary Material 1. Supplemental Figure 1. Measurements of Kv4.2 
SUMOylation. Uncropped blots showing typical results for Kv4.2 (A) and 
Kv4.2-K579 (B) in IP/western blot experiments to measure Kv4.2 protein 
SUMOylation. Asterisks on the left indicate the signal representing the 
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the right indicate Kv4.2 proteins in the lysate. The Kv4.2 proteins in each 
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that are not present on the Kv4.2 blot represent SUMOylated proteins that 
co-IP with Kv4.2, such as HA-DPP10c (~100kD). Bands above the asterisks 
that are present on the Kv4.2 and SUMO1 blots represent post-transla-
tionally modified and/or aggregated Kv4.2 proteins. The only IP signals 
quantified were those indicated by the asterisk. Note 20mL of IP product 
or 10mg of protein lysate was run in each lane. The loss of Kv4.2 signal 
intensity in the lysate lanes on the Kv4.2 blot relative to the SUMO1 blot is 
partially due to protein loss as a result of stripping of the blot before prob-
ing for Kv4.2. In addition, the SUMO1 signal in the lysate lanes represents 
the entire SUMOylome (above 50kD).

Supplementary Material 2. Supplemental Figure 2. Typical results from 
experiments to measure DPP10c and KChIP2a SUMOylation. Uncropped 
blots showing typical results from IP followed by western blot experi-
ments to measure SUMOylation of DPP10c (A) and KChIP2a (B). Asterisks 
indicate the protein of interest that was measured: A. HA-DPP10c, ~100kD; 
B. KChIP2a, ~41kD. The different fractions from the IP experiments are 
indicated by E for eluant (bound to anti-Kv4.2), S for supernatant (not 
bound to anti-Kv4.2), and L for lysate used in IP experiments. Only the 
bands indicated by the asterisk were quantified. Note 20mL of IP product 
or 10mg of protein lysate was run in each lane.
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