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Abstract 34 

  Cardiac ischemia is associated with arrhythmias, but effective therapies are limited.  The 35 
cardiac voltage gated sodium channel α-subunit (SCN5A), encoding the Nav1.5 current, plays a 36 
key role in the cardiac electrical conduction and arrhythmic risk.  Here, we show that hypoxia 37 
reduces Nav1.5 through effects on a microRNA (miR), miR-448.  The expression of miR-448 is 38 
increased in ischemic cardiomyopathy.  miR-448 has a conserved binding site in 3’-UTR of 39 
SCN5A.  miR-448 binding to this site suppressed SCN5A expression and sodium currents.  40 
Hypoxia-induced HIF1α and NF-κB were major transcriptional regulators for MIR448.  41 
Hypoxia also relieved MIR448 transcriptional suppression by RE1 silencing transcription factor 42 
(REST).  Inhibition of miR-448 reduced arrhythmic risk after myocardial infarction.  These 43 
results indicated that ischemia drove miR-448 expression, reduced Nav1.5 current and increased 44 
arrhythmic risk.  Arrhythmic risk was improved by preventing Nav1.5 downregulation, 45 
suggesting a new approach to antiarrhythmic therapy.   46 
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Main Text 70 

Introduction 71 

Cardiac ischemia is associated with arrhythmic risk, but effective therapies are limited. The 72 
cardiac voltage-gated sodium channel α-subunit (SCN5A), encoding the Nav1.5 current, plays a 73 
key role in the cardiac electrical conduction.  Ischemic cardiomyopathy is associated with 74 
reduced Nav1.5, and reduced Nav1.5 contributes to arrhythmic risk. (1-4).   75 

Previous studies show that the regulation of Nav1.5 expression depends on an equilibrium 76 
between the different mechanisms, such as gene transcription, RNA processing, post-77 
transcriptional regulation by miRNA or RNA binding proteins, protein synthesis, assembly and 78 
post-translational modification and trafficking (5-8).  Cardiac sodium channel downregulation 79 
can be mediated by transcriptional regulation, post-transcriptional mRNA splicing, modulation of 80 
mRNA stability, translational regulation, and post-translational modification (9-14).  81 
Nevertheless, the mechanisms whereby ischemia causes Nav1.5 downregulation are unclear.  82 
MicroRNAs (miRNAs) are small (20~22 nucleotides) non-coding RNA molecules that function 83 
in RNA silencing and post-transcriptional regulation of gene expression (15, 16).  Here, we 84 
show that miR-448 is upregulated in cardiac ischemia and contributes to the downregulation of 85 
Nav1.5.   86 

  87 

Results 88 

miR-448 was upregulated with cardiac ischemia 89 

Cardiac miR-448 expression was significantly increased in heart tissues from patients with 90 
ischemic cardiomyopathy compared to healthy controls.  miR-448 level scaled with arrhythmic 91 
risk (Fig. S1A). A similar upregulation was noted in mouse heart tissue taken from the 92 
myocardial infarction border region when compared to the control remote region (Fig. 1A&B).  93 
RL14 human cardiomyocytes were used to confirm hypoxia could increase miR-448.  94 
Compared with normoxia (21% O2), incubating with hypoxia (2% O2) for 6 h caused an increase 95 
in the levels of both the mature and precursor form of miR-448 (Fig. 1C and Fig. S1B). 96 
Normoxic levels of miR-448 were comparable to those obtained in vivo under control 97 
conditions, and similar changes in miR-448 in response to changes in O2 tension were noted in 98 
acutely isolated adult cardiomyocytes (Fig. S1C).  miR-448 expression was also increased by 99 
the hypoxia-mimetic chemicals, cobalt chloride (CoCl2), desferrioxamine (DFX), and 100 
dimethyloxallyl glycine (DMOG) (Fig. 1D and Fig. S1D).   101 

 102 

SCN5A was a direct target of miR-448 103 

Sequence analysis revealed a complementary binding sequence for miR-448 within the 3’-UTR 104 
of SCN5A mRNA.  This binding site is highly conserved in many mammals including human 105 
and mouse (Fig. 2A).  Wild-type (WT) or DNA constructs with a mutation of the binding site 106 
for miR-448 in 3’-UTR of SCN5A were used to confirm SCN5A as a target of miR-448.  The 107 
DNA construct carried the SV40 promoter followed by a luciferase gene.  Following luciferase 108 
was a partial SCN5A 3'-UTR that contained WT or mutant sequences for the miR-448 consensus 109 
binding site (Fig. 2B).  Therefore, if miR-448 bound to and regulated the SCN5A 3'-UTR site, 110 
expression of luciferase would also be regulated concomitantly.  EGFP expressing DNA was 111 



transfected together with the SCN5A 3'-UTR construct, and EGFP was used as an expression 112 
control.  As expected, luciferase mRNA levels were decreased by the miR-448 mimic and 113 
increased by the miR-448 inhibitor.  Moreover, these effects did not appear in cells transfected 114 
with a DNA construct containing a mutation at the miR-448 binding site (Fig. 2C).  These 115 
results demonstrate that SCN5A is a direct target of miR-448.   116 

 117 

SCN5A expression was regulated by miR-448 118 

Next, we investigated whether miR-448 regulates the expression and the function of Nav1.5 119 
(encoded by SCN5A).  In RL14 human cardiomyocytes, SCN5A mRNA expression was reduced 120 
by the miR-448 mimic and induced by anti-miR-448 (inhibitor) (Fig. 3A).  Nav1.5 protein level 121 
was also regulated by treatment of miR-448 mimic or an inhibitor in a manner consistent with 122 
miR-448 regulation of SCN5A mRNA (Fig. 3B).  123 

To determine the effect of miR-448 mimic on the sodium current, we used human iPSC-124 
cardiomyocytes (CMs).  The SCN5A mRNA level were reduced by transfection of the miR-448 125 
mimic (Fig. 4A).  Similar to SCN5A mRNA levels, the peak sodium current in miR-448 mimic 126 
transfected iPSC-CMs was reduced compared with control infection (Fig. 4B&C).  Channel 127 
macroscopic activation or inactivation gating was not altered by control or the miR-448 mimic 128 
infections (Fig. 4D).  Taken together, these results indicated that miR-448 could control the 129 
Nav1.5 current level in addition to the SCN5A mRNA level.   130 

 131 

Hypoxia-induced miR-448 controlled SCN5A 132 

To investigate the regulation of SCN5A in hypoxic condition, RL14 cells were stimulated with 133 
DFX.  SCN5A mRNA expression was decreased by DFX stimulation in a dose- and time- 134 
dependent manner and Nav1.5 protein level was also decreased by DFX (Fig. S2). 135 

DNA construct with four miR-448 binding sites following the luciferase gene (miR-448 decoy) 136 
was used to inhibit the effect of miR-448 on SCN5A.  EGFP DNA was used as a transfection 137 
control.  Reduced luciferase mRNA level in DFX-stimulated RL14 cells confirmed that the 138 
miR-448 decoy was effective in acting competitively against miR-448 increased by DFX 139 
stimulation (Fig. 5A).  The reduced mRNA expression of SCN5A was rescued by the miR-448 140 
decoy treatment (Fig. 5B).  We confirmed that the protein level of Nav1.5 was also rescued in 141 
the cells transfected with the miR-448 decoy (Fig. 5C).  These results indicated that SCN5A 142 
expression can be regulated by hypoxia-induced miR-448.   143 

 144 

HIF1α and NF-κB regulated miR-448 in hypoxia 145 

MIR448 gene is located in an intron of the HTR2C gene, but MIR448 is regulated independently 146 
from HTR2C (17).  We investigated how hypoxia regulated miR-448 expression.  A 147 
transcription factor binding site prediction tool (18) suggested binding sequences for HIF1α and 148 
NF-κB within 1Kb from transcription initiation site of MIR448.  HIF1α and NF-κB are well-149 
known hypoxia response factors (19-21).  DFX treatment of RL14 cardiomyocytes for 6 h 150 
increased the protein level and the translocation into the nucleus of HIF1α and NF-κB (Fig. S3).  151 
KC7F2 (KC; HIF1α inhibitor) or Bay11-7028 (Bay; NF-κB inhibitor) inhibited the increased of 152 
miR-448 by DFX (Fig. 6A&B).  To confirm this apparent transcriptional regulation, a series of 153 



three deletion mutants, -687, -151, or -92 bp promoter regions from the MIR448 transcriptional 154 
initiation site were inserted upstream of the luciferase gene in the pGL3-Basic vector.  The 155 
binding sites for HIF1α and NF-κB present in the -950 bp promoter region are indicated by blue 156 
and green square boxes, respectively.  Deletion of the promoter region from nucleotides -687 to 157 
-151 produced a dramatic reduction in transcriptional activity (Fig. 6C), indicating that this site, 158 
which contains HIF1α and NF-κB binding elements, is critical for the regulation of MIR448 159 
expression.  These results suggest that hypoxia-induced HIF1α and NF-κB are important in 160 
regulating MIR448 expression.   161 

 162 

REST suppressed miR-448  163 

Within the 1 Kb MIR448 promoter was a predicted RE1 Silencing Transcription Factor (REST) 164 
binding site.  REST was initially identified as a transcriptional repressor that regulates neuronal 165 
genes in non-neuronal tissues (22).  Interestingly, REST regulates other genes in response to 166 
changes in oxygen tension by direct binding to an RE1/NRSE site on their promoter regions (23, 167 
24).  In normoxia, MIR448 expression was increased by REST gene silencing (Fig. 7A), and 168 
SCN5A mRNA and Nav1.5 protein level were decreased.  Moreover, Nav1.5 protein level was 169 
decreased by the REST specific inhibitor, X5050 (Fig. 7B&C).  REST mRNA and protein were 170 
decreased by hypoxia (Fig. 7D).  These results indicated that miR-448 expression is inhibited 171 
by REST in normoxia and that REST, together with HIF1α and NF-κB, is an important 172 
transcription factor regulating miR-448 in ischemia.   173 

 174 

miR-448 inhibition raised Nav1.5 and reduced arrhythmia in myocardial infarction 175 

Ischemia is known to reduce Nav1.5, and reduced Nav1.5 is arrhythmogenic.  Ischemia-induced 176 
miR-448 contributes to the reduction in Nav1.5.  Therefore, we tested whether inhibition of 177 
miR-448 could raise Nav1.5 and reduce arrhythmic risk in ischemic cardiomyopathy.  Mice 178 
underwent LAD ligation to create myocardial ischemia and infarction.  A miR-448 sponge was 179 
used to inhibit the function of miR-448.  In human cardiomyocytes, sponge treatment rescued 180 
SCN5A mRNA levels decreased by miR-448 treatment, indicating the efficacy of this sponge 181 
approach (Fig. S4).   182 

To test the role of miR-448 in regulating SCN5A expression in vivo, we injected MI mice with 183 
either AAV9-Control (Con) or AAV9-miR-448 sponge (448-Spo) viral particles two weeks 184 
before coronary artery ligation.  In order to confirm gene expression in the heart through AAV9 185 
injection, GFP expression was examined in the heart tissue of mice treated with an AAV9 vector 186 
encoding the GFP gene.  The green fluorescence ratio increased compared to WT with AAV9-187 
GFP treatment, and the GFP level also increased in the heart treated with AAV-GFP (Fig. S5).  188 
After two weeks of LAD ligation, mouse hearts were harvested to evaluate the expression of 189 
SCN5A by RT-qPCR, Western blot, and immunohistochemistry.  Mice echocardiography was 190 
performed to confirm the myocardial infraction (MI) by LAD ligation.  The ejection fraction 191 
(EF) of the MI + AAV9-Con group was reduced compared to the sham group, indicating that MI 192 
was present.  AAV9-448-Spo treatment did not affect EF% change (Fig. S6).  We estimated 193 
infarct size by echocardiography.  Infarct size was unchanged between mice with AAV9-Con 194 
and AAV9-448-Spo. The cardiac mRNA level of SCN5A was increased in mice injected with 195 
448-Spo as compared with in those injected with the Con (Fig. 8A).  Also, the protein level of 196 



Nav1.5 was increased in mice injected with 448-Spo (Fig. 8B&C).  Among the 24 mice with 197 
ventricular events, ventricular tachycardia (VT) was detected in 8 out of 12 Con group while 198 
only in 3 out of 12 448-Spo group (P<0.05) (Fig. 8D).  These results indicated that miR-448 199 
inhibition after myocardial infarction raises Nav1.5 and lowered the risk of severe ventricular 200 
arrhythmia. We did not study miR-448 antagomir regional effects on the heart, but global 201 
application of the antagomir had an overall antiarrhythmic effect.   202 

 203 

Discussion 204 

Arrhythmia is among the leading causes of death from ischemic cardiomyopathy.  Arrhythmias 205 
are thought to be caused by structural and electrical remodeling, electrical remodeling in the 206 
ventricle consists mostly of downregulation of ion channels by a variety of mechanisms (12, 25, 207 
26).  These mechanisms include transcriptional, RNA processing, RNA stability, translation 208 
efficiency, and post-translational dysregulation.  Reversing the ion channel downregulation can 209 
improve arrhythmic risk (5, 9, 12-14, 27) and may represent an alternative approach to ion 210 
channel blocking antiarrhythmic drugs.   211 

SCN5A alterations, either up or downregulation, are known to cause arrhythmias, and SCN5A is 212 
downregulated in ischemic cardiomyopathy (27-29).  Nevertheless, the mechanisms whereby 213 
ischemia causes a reduction in SCN5A have not been fully explored but include mRNA 214 
destabilization (9, 27).  We investigated the mechanism of SCN5A mRNA instability during 215 
cardiac hypoxia and showed that the level of miR-448 increased during ischemia, miR-448 216 
bound to SCN5A mRNA, and this binding reduced SCN5A mRNA, protein, and current.  217 
Moreover, we showed that HIF1α and NF-κB upregulation and REST downregulation in 218 
response to hypoxia controlled miR-448 levels.  As expected, downregulation of SCN5A in 219 
ischemic cardiomyopathy was associated with increased arrhythmic risk, and miR-448 inhibition 220 
could restore Nav1.5 levels and reduce arrhythmic risk. While interpretation of mouse telemetry 221 
for ventricular events can be subject to some error, the correlation of miR-448 with arrhythmic 222 
risk in humans suggests that any error did not affect the qualitative result. In this study, even 223 
though cardiac sodium channel mRNA, channel protein, and sodium current changes appeared 224 
inversely related to arrhythmic risk, we cannot rule out some differences between channel 225 
mRNA, protein, and current in response to miR-448.   226 

Other miRs are known to regulate SCN5A.  Previous studies have demonstrated that SCN5A can 227 
be controlled by miRs targeting the gene coding region and the 3’-UTR.  Recent studies have 228 
shown that miR-24 and miR-1270 can regulate expression by directly binding to binding sites 229 
created by single nucleotide polymorphisms (SNPs) of SCN5A (29, 30).  There have been 230 
reports that miR-192-5p increases in atrial fibrillation (AF) and inhibits expression of SCN5A 231 
(31).  Furthermore, miR-200c has been reported to directly or indirectly regulate various 232 
cardiac genes including SCN5A (32).  Here, we showed that miR-448 directly bound to the 233 
SCN5A 3’-UTR and regulated the Nav1.5 current.   234 

We have shown previously that loss of Hu Antigen R (HuR; encoded by ELAVL1) can 235 
destabilize SCN5A and contribute to arrhythmic risk in cardiomyopathy (9, 27).  The binding 236 
site for miR-448 is located adjacent to the HuR binding site in the 3’-UTR of SCN5A.  HuR is 237 
well-known mRNA stabilization factor binding AU-rich domains in the target mRNA, and some 238 
of the effects of HuR could be explained by its interplay with miR-448.  Binding of HuR may 239 
prevent the miR-448 interaction with the 3'-UTR.   240 



Our results show that miR-448 increases in hypoxic conditions, and the miR-448 promoter 241 
region analysis shows that there are binding sites for hypoxia-related factors.  The response to 242 
hypoxic stress is coupled tightly to the interaction between HIF1α and NF-κB signaling.  243 
Maximal HIF1α expression depends on transcriptional regulation by NF-κB and post-244 
translational regulation by hypoxia (33-35).  Our result showed that HIF1α and NF-κB binding 245 
sites were -530 ~ -450 upstream from the miR-448 gene transcription initiation site and were 246 
important in regulating miR-448 expression during hypoxia.   247 

RE1 Silencing Transcription Factor (REST) can regulate genes in response to changes in oxygen 248 
tension.  Reports have shown that the reduction of REST contributes to gene upregulation in 249 
hypoxia (23, 24, 36, 37).  Our MIR448 promoter analysis showed that the binding sequence for 250 
REST is within the 1Kb region of the MIR448 promoter and that REST gene silencing in 251 
normoxia leads to an increase in miR-448 expression and a decrease in SCN5A expression.  252 
Therefore, there appears to be an interplay of relief of REST inhibition and increased of HIF1α 253 
and NF-κB induction to regulate miR-448 and, therefore, SCN5A.  Consensus binding sequence 254 
analysis has shown that REST may also be a target of miR-448, suggesting a more complex 255 
negative feedback loop.   256 

In summary, miR-448 negatively regulated the cardiac sodium channel by direct binding to 3’-257 
UTR of SCN5A mRNA.  The effect of miR-448 increased in ischemia.  Inhibition of miR-448 258 
raised Nav1.5 and reduced arrhythmic risk after MI, suggesting a new paradigm in 259 
antiarrhythmic therapy.   260 

 261 

Materials and Methods 262 

Cell culture and transfection.  Human fetal cardiomyocyte cell line RL14 cells (ATCC® RL-14, 263 
ATCC, Manassas, VA) were grown in DMEM/F-12 nutrient mixture (GE Healthcare Life 264 
Sciences, Logan, UT) supplemented with 12.5% (v/v) fetal bovine serum (Gibco, Grand Island, 265 
NY) and penicillin-streptomycin (10,000 U/mL; Gibco).  Human embryonic kidney 293T 266 
(HEK293T) cells (ATCC® CRL-3216™ , ATCC) were maintained in DMEM high glucose 267 
supplemented with 10% fetal bovine serum and penicillin-streptomycin.  hiPSC-268 
cardiomyocytes (iCell® Cardiomyocytes) were obtained from Cellular Dynamics International 269 
(Madison, WI).  iCell® cardiomyocytes were seeded and maintained using iCell® 270 
Cardiomyocyte Plating Medium and Maintenance Medium (Cellular Dynamics International).  271 
For hypoxic conditions, the cells were cultured in an hypoxic incubation chamber (STEMCELL 272 
Technologies, Vancouver, BC) using pre-incubated culture media or were treated with hypoxic-273 
mimetic chemicals, cobalt chloride (CoCl2), desferrioxamine (DFX), and dimethyloxalylglycine 274 
(DMOG) (Sigma, St. Louis, MO) (38, 39). 275 

 276 

Cell transfection.  Syn-hsa-miR-448 miScript miRNA mimic, anti-hsa-miR-448 miScript 277 
miRNA inhibitor, and its negative controls were purchased from Qiagen (Valencia, CA).  REST 278 
siRNA and its negative control were obtained from Integrated DNA Technologies (IDT, 279 
Coralville, IA).  The cells were transfected using HiPerFect Transfection Reagent (Qiagen) 280 
following the recommendations of the manufacturer.  Plasmid DNA was transfected into 281 
cultured cells using SuperFect transfection reagent (Qiagen) following the manufacturer’s 282 
protocol. 283 



 284 

Plasmid constructions.  Gene fragments for SCN5A 3’-UTR with or without mutations at the 285 
miR-448 binding site were obtained from IDT.  They were cloned into pGL3-Promoter vectors 286 
downstream of the luciferase open reading frame to create pGL3-Promoter-Luciferase SCN5A 287 
3’-UTR wild type (WT) or mutation (Mut) vectors.  A gene fragment for miR-448 acted as a 288 
decoy, was obtained from IDT, and was cloned into pcDNA3.1 (+) luciferase vector downstream 289 
of the luciferase open reading frame to create a pcDNA3.1(+)-Luciferase-miR-448 decoy vector.  290 
The miR-448 decoy sequence was designed and confirmed using the “miRNAsong” web tool 291 
(40).  A gene fragment for a 1 Kb promoter region of miR-448 was obtained from IDT and 292 
cloned into the pGL3-Basic vector upstream of the luciferase open reading frame to create a 293 
pGL3-MIR448 promoter-Luciferase vector.  Then, -687, -151, and -92 bp DNA fragments were 294 
amplified by PCR with specific primers, and the fragments were cloned into the pGL3-Basic 295 
vector.  All DNA constructs were confirmed by DNA sequencing.  Each DNA construct was 296 
transfected into cardiomyocytes, and the cells were stimulated with DFX for 6h.  Luciferase 297 
mRNA level was detected by qPCR.  The mRNA level of luciferase was normalized with the 298 
mRNA level of EGFP which was co-transfected as a control. 299 

 300 

RNA preparation and real-time reverse transcription polymerase chain reaction.  Total RNA 301 
was prepared using RNeasy Plus Mini Kit or miRNeasy Mini Kit (Qiagen) according to the 302 
manufacturer’s instructions.  Reverse transcription was performed with a First Strand cDNA 303 
Synthesis kit (Promega, Madison, WI).  cDNA for miRNA detection was generated by the 304 
miScript II RT Kit (Qiagen).  A reverse transcription quantitative real-time PCR was performed 305 
with SYBR™ Green PCR Master Mix (ThermoFisher Scientific, Waltham, MA) using the 306 
7500Fast Real-Time PCR system (ThermoFisher Scientific) and miScript SYBR® Green PCR 307 
Kit with miScript Primer Assays to detect the expression of miRNA.  The primer sequences 308 
were as follows: SCN5A (F 5'- TGGTTGTCATCCTCTCCATCGT -3', R 5'- 309 
ATGAGGGCAAAGAGCAGCGT -3'), and GAPDH (F 5'- 310 
GAAGGTGAAGGTCGGAGTCAAC -3', R 5'- CAGAGTTAAAAGCAGCCCTGGT -3').  311 
Hs_miR-448_1 miScript Primer Assay (5'UUGCAUAUGUAGGAUGUCCCAU; Qiagen) was 312 
used for detecting miR-448, and the Hs_RNU6-2_11 miScript Primer Assay (Qiagen) was used 313 
as an endogenous control.  The relative fold change was calculated by the 2-ΔΔCt method, and 314 
the measurements were normalized with respect to the endogenous control (RNU6, GAPDH).   315 

 316 

Western blot.  Cells were washed twice with ice-cold phosphate buffered saline (PBS) and 317 
disrupted in Cell Lysis Buffer (Cell Signaling Technology, Danvers, MA) with Protease and 318 
Phosphatase Inhibitor Cocktail (ThermoFisher Scientific) on ice for 30 min.  Cell lysates were 319 
centrifuged at 14,000 rpm for 15 min at 4°C, and the resultant supernatants were subjected to 320 
Western blotting.  The total protein concentration was quantified using the Pierce™ BCA 321 
Protein Assay Kit (ThermoFisher Scientific).  Proteins were separated by electrophoresis on a 322 
4–15% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, Hercules, CA), after which 323 
samples were transferred onto a polyvinylidene difluoride (PVDF) membrane.  The membrane 324 
was treated with 5% skim milk for 1 h and incubated with Nav1.5 antibody (1:1000 dilution; 325 
ab56240, Abcam, Cambridge, MA), HIF1α (1:1000 dilution; ab72775, Abcam), NF-κB (1:1000 326 
dilution; ab32536, Abcam), REST (1:1000 dilution; ab21635, Abcam), GAPDH (1:1000 dilution, 327 



ab9484, Abcam), and β-actin (1:5000 dilution; A5441, Sigma) overnight at 4°C. After TBST 328 
washing, the membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary 329 
antibody (1:5000) for 90 min at room temperature.  The proteins were visualized with Pierce™ 330 
ECL Western Blotting Substrate (ThermoFisher Scientific) using the ChemiDoc™ XRS+ System 331 
(Bio-Rad).  The images were analyzed using ImageJ software to measure band density.  Band 332 
density was normalized with β-actin from three independent experiments. 333 

 334 

Electrophysiology.  hiPSC-cardiomyocytes (CMs) were trypsinized (0.25% trypsin-EDTA, 335 
Invitrogen, ThermoFisher Scientific) for 10 min and plated in 35 mm culture dishes at a cell 336 
density of ~100 cells/dish on the day before the experiments.  Na+ channel currents were 337 
measured by using the whole-cell patch-clamp technique in the voltage-clamp configuration at 338 
room temperature.  hiPSC-CMs were not selected by action potential morphology, but the 339 
differentiation technique resulted in predominantly ventricular-like cells.  To measure Na+ 340 
channel currents, pipettes (2 to 4 MΩ) were filled with a pipette solution containing (in mmol/L): 341 
CsCl 80, cesium aspartate 80, EGTA 11, MgCl2 1, CaCl2 1, HEPES 10, and Na2ATP 5 (adjusted 342 
to pH 7.4 with CsOH).  The bath solution consisted of (in mmol/L): NaCl 10, NMDG 100, 343 
TEA-Cl 20, CsCl 5, CaCl2 2, MgCl2 1.2, HEPES 10, and glucose 5 (adjusted to pH 7.4 with 344 
CsOH).  The holding potential was -100 mV.  A voltage step protocol ranging from - 80 to +60 345 
mV with steps of 10 mV was applied to establish the presence of the Na+ channel currents.  The 346 
peak current density was used to plot current-voltage (I-V) curves.  Nifedipine (10 µM, Sigma) 347 
was added in the bath solution to block L-type Ca2+ channel currents.  Steady state activation 348 
and inactivation were characterized by Boltzmann functions. 349 

 350 

Human samples.  Deidentified control heart tissue was a gift of Prof. J.A. Wasserstrom of 351 
Northwestern University.  All control heart tissue was derived from patients suffered brain 352 
death because of a cerebral vascular accident and had no concomitant cardiac conditions before 353 
the heart was harvested.  Deidentified HF heart tissues were obtained from Lillehei Heart 354 
Institute tissue bank at the University of Minnesota. HF patients had a history of ischemic 355 
cardiomyopathy that was confirmed by histological specimens prepared concomitantly with 356 
acquisition of the specimen.  In the control and HF groups, specimens were from the left 357 
ventricle.  Arrhythmic status was determined by record review.   358 

 359 

Mouse cardiac ischemia model.  In order to create ischemia, mice underwent permanent left 360 
anterior coronary artery (LAD) ligation as we have done before(27).  Eight week old C57BL/6 361 
mice of both genders were randomly divided into the MI+ adeno-associated virus serotype 9 362 
(AAV9)-Control group (MI+Con) and MI+AAV9-miR-448 sponge groups (MI+448-Spo).  To 363 
investigate whether miR-448 inhibition was sufficient to prevent arrhythmia in vivo, AAV9 viral 364 
particles (VectorBuilder Inc, IL) bearing either an empty vector or anti-miR-448 were 365 
systemically injected into mice via the right jugular vein at a dose of 5*1011 viral genomes (vg) 366 
per animal before LAD ligation.  All animal protocols used in this study were approved by the 367 
IACUC (Institutional Animal Care and Use Committee) of University of Minnesota.  Animal 368 
care and interventions were undertaken in accordance with the National Institute of Health (NIH) 369 
Guide for the Care and Use of Experimental Animals. 370 



 371 

Telemetry monitoring.  Twelve randomly selected MI+Con or MI+448-Spo mice were 372 
implanted with ETA‐F10 transmitters (Data Sciences International, St Paul, MN).  Mice were 373 
anesthetized with 4% and maintained on 2% inhaled isoflurane.  A skin incision was made in 374 
the right abdominal region, and a transmitter was inserted subcutaneously.  The two 375 
electrocardiographic leads were tunneled and positioned under the skin to generate a lead II 376 
electrocardiographic configuration.  One week after transmitter implantation, 377 
electrocardiographic signals were recorded for 24 hours.  Heart rate calculations and cardiac 378 
rhythm analysis were performed by using Dataquest ART, version 4.1 (Data Sciences 379 
International, Saint Paul, MN) and LabChart 7 Pro, version 7.3.7 (AD instruments, Colorado 380 
Springs, CO) (41, 42).  A total of 10-hour ECG signals sampled every 3 hours throughout the 381 
day were used for offline analysis of ventricular arrhythmic events including premature 382 
ventricular contraction (PVC) and ventricular tachycardia (defined as at least three PVCs in 383 
succession).  ECG signal analysis was performed blinded to treatment. 384 

 385 

Immunohistochemistry.  The heart tissues were fixed in 4% paraformaldehyde (pH7,4) for 24 h, 386 
embedded in paraffin, and serially sectioned to 5 μm thickness.  For the dewaxing process, the 387 
paraffin sections were placed at 60°C overnight and then transferred to xylene (10 minutes, 3 388 
times), anhydrous ethanol (3 min, twice), 95% ethanol (1 min, once), 70% ethanol (1 min, once), 389 
and distilled water (2 min, once).  The tissue sections were heated with citrate buffer (pH6.0) 390 
for 5 min at 100°C.  After rinsing using washing buffer, the sections were incubated in 3% 391 
hydrogen peroxide to quench endogenous peroxidase activity and blocked with 3% bovine serum 392 
albumin (BSA, Bio-Rad) to prevent nonspecific antibody binding.  Next, the tissue sections 393 
were incubated with primary antibodies against GFP (1:200 dilution; sc-9996, Santa Cruz 394 
biotechnology, Santa Cruz, CA) and Nav1.5 (1:200 dilution, ab56240, Abcam) at 4 °C overnight 395 
and HRP-conjugated secondary antibodies (Bio-Rad) for 30 min at room temperature.  Finally, 396 
the sections were incubated with 3, 3'-diaminobenzidine (DAB) peroxidase substrate kit (Vector 397 
Laboratories, Burlingame, CA) and counterstained with hematoxylin (Vector Laboratories).  398 
After permanent mounting, the sections were imaged using a light microscope (Axioscope 7, 399 
Zeiss; Jena, Germany).  In captured image, the regions of interest (ROI) were demarkated using 400 
ZEN Pro software (Zeiss).  Quantitative analysis was performed using Image Pro Plus software 401 
(version 6.0; Media Cybernetics, Bethesda, MD). 402 

 403 

Statistics.  Statistical significance between groups was performed using Student’s t-tests (paired 404 
and unpaired), one-way analysis of variance (ANOVA) with Dunnett's multiple comparisons test, 405 
and Chi-Square test where appropriate.  For all analyses, a p-value of less than 0.05 was 406 
considered significant.  All data were analyzed using Prism software (version 8.0, GraphPad 407 
Software, San Diego, CA) and R.  The data presented represent the mean + or ± standard 408 
deviation (SD).  A p value < 0.05 was considered statistically significant.   409 
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 420 

 421 

Figure 1. miR-448 increases in ischemia. 422 

(A) Expression of miR-448 in human ischemic cardiomyopathy.  Left ventricle tissue was 423 
obtained from heart failure patients with ischemic cardiomyopathy. (Healthy control n=5, 424 
Ischemic CM n=4)  425 

(B) Expression of miR-448 in murine myocardial infarction.  Left ventricle tissue was obtained 426 
from the peri-infarct and distal regions for comparison.   427 

Data are represented as the mean ± or + standard deviation (SD) of four to five samples. **, 428 
P<0.01 when compared between indicated groups by Student's t-test. 429 

(C) Effect of hypoxia on the miR-448 level in cardiomyocytes.  RL14 cells were incubated in 430 
normoxic (21% O2) and hypoxic (2% O2) conditions for 6 h.   431 

(D) Effect of hypoxia-mimetic media on the miR-448 level in cardiomyocytes.  RL14 cells 432 



were stimulated with cobalt chloride (CoCl2) and desferrioxamine (DFX) for 24 h.   433 

Data are represented as the mean + SD of four independent experiments. ***, P<0.001 when 434 
compared between indicated groups by Student's t-test. 435 

 436 

 437 

Figure 2. SCN5A is a direct target of miR-448. 438 

(A) Conserved miR-448 binding site within SCN5A 3’-UTR.  439 

(B) Diagram of luciferase reporter constructs.  The wild-type (WT) or mutant (Mut) SCN5A 3’-440 
UTRs were inserted downstream of the luciferase gene of the pGL3-promoter vector. 441 

(C) Effect of miR-448 on the luciferase mRNA expression in human embryonic kidney 293T 442 
(HEK293T).  Cells were transfected with wild type or mutation plasmid DNA, and then, miR-443 
448 mimic or inhibitor were transfected into the cells (10 nM).  444 

Data are shown as the mean +SD of four independent experiments. **, P<0.01; ***, P<0.001 445 
when compared between indicated groups by Student's t-test. 446 

 447 



 448 

Figure 3. SCN5A is regulated by miR-448.  449 

(A) Effect of miR-448 on the SCN5A mRNA level in cardiomyocytes.  Cells were transfected 450 
with mimic or anti miR-448 and then incubated for 24 h (2.5, 5, 10, and 20 nM).   451 

Data are represented as the mean + SD of three to four independent experiments.  One-way 452 
ANOVA with Sidak's multiple comparisons test was performed to determine the P value. *, 453 
P<0.05; **, P<0.01; ***, P<0.001 represent comparison of mimic or anti-miR-448 to the control 454 
group. 455 

(B) Effect of miR-448 on the protein level of SCN5A in cardiomyocytes.  Cells were transfected 456 
with mimic or anti miR-448 (10 nM) and then incubated for 24 h.  Representative Western blots 457 
(Left) and bar graph (right) representing the quantitative Western blot analysis of Nav1.5. 458 

Data are represented as the mean + SD of three to four independent experiments. *, P<0.05 459 
when compared between indicated groups by Student's t-test. 460 

 461 



 462 

Figure 4. Sodium channel currents are reduced by miR-448 mimic in human iPSC-463 
cardiomyocytes. 464 

(A) Effect of miR-448 mimic on the SCN5A mRNA level in iPSC-cardiomyocytes (CMs).  465 
Cells were transfected with miR-448 mimic (10 nM) and then incubated for 24 h.   466 

(B) Representative whole-cell sodium current traces in response to increasing step 467 
depolarizations from either control (black; left) or miR-448 mimic-transfected iPSC-CMs (red; 468 
right). 469 

(C) Average sodium current–voltage relationship of voltage-dependent sodium channels from 470 
either control (black) or miR-448 mimic (red)-transfected iPSC-CMs. 471 

(D) Average voltage-dependence of activation and steady-state inactivation in control (black) and 472 
miR-448 mimic-transfected iPSC-CMs (red).  For the activation curve, normalized peak 473 
conductance was plotted as a function of the membrane potential.  For the inactivation curve, 474 
peak sodium currents were normalized to maximum values in each cell and plotted as a function 475 
of the voltage of the conditioning step. 476 

Data are represented as the mean + SD or ± standard error (SE). *, P<0.05; **, P<0.01; ***, 477 
P<0.001 when compared between indicated groups by Student's t-test. 478 

 479 



 480 

Figure 5. SCN5A is regulated by hypoxia-induced miR-448. 481 

(A) Diagram of luciferase reporter constructs.  The miR-448 binding sequences were inserted 482 
downstream of the luciferase gene of the pGL3-promoter vector.  Cells were transfected with 483 
miR-448 decoy and then the expression of LUC was checked in a presence or absence of DFX. 484 

(B) Effect of miR-448 decoy on the expression of SCN5A mRNA reduced by simulated hypoxia 485 
in cardiomyocytes.  Cells were transfected with miR-448 decoy and then stimulated with DFX 486 
for 6 h.   487 

(C) Effect of miR-448 decoy on the DFX-induced Nav1.5 protein in cardiomyocytes.  Cells 488 
were transfected with miR-448 decoy and then stimulated with DFX for 24h.  Representative 489 
Western blots (top) and bar graph (bottom) representing the quantitative Western blot analysis of 490 
Nav1.5. 491 

Data are represented as the mean + SD of three to four independent experiments. *, P<0.05; ***, 492 
P<0.001 when compared between indicated groups by Student's t-test or 1-way ANOVA with 493 
Dunnett's multiple comparisons test. 494 

 495 



 496 

 497 

Figure 6. HIF1α and NF-κB are upregulators of MIR448 in hypoxia. 498 

(A) Effect of KC7F2, a selective HIF1α transcription inhibitor, on the induction of miR-448 by 499 
DFX in cardiomyocytes. 500 

(B) Effect of Bay11-7082, a NF-κB inhibitor, on the induction of miR-448 by DFX in 501 
cardiomyocytes. Cells were treated with HIF1α or NF-κB inhibitors in a dose-dependent manner 502 
(5, 20 or 0.5, 2 μM, respectively) for 30 min and then were stimulated with DFX for 6 h.   503 

(C) Predicted binding sites for HIF1α (blue square) or NF-κB (green square) are within 1 Kb 504 
upstream of the MIR448 transcriptional initiation site.  Diagrams show luciferase reporter 505 
constructs with 1 Kb promoter MIR448 region or series of deletion mutants.  506 

Data are represented as the mean + SD of four independent experiments. **, P<0.01; ***, 507 
P<0.001 when compared between indicated groups by Student's t-test or one-way ANOVA with 508 
Sidak's multiple comparisons test. 509 

 510 
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 512 

 513 

Figure 7. Ischemia relieves REST repression of MIR448. 514 

(A) Effect of REST gene silencing on the miR-448 level in cardiomyocytes. Cells were 515 
transfected with control or REST siRNA for 24 h.  516 

(B) Effect of REST gene silencing on the mRNA (top) and protein (bottom) level of SCN5A in 517 
cardiomyocytes.  Cells were transfected with control or REST siRNA for 24 h.  518 

(C) Effect of X5050, a REST inhibitor, on the protein level of Nav1.5 in cardiomyocytes.  Cells 519 
were treated with X5050 for 24 h.  520 

(D) Effect of hypoxic condition on the mRNA (top) and protein (bottom) level of REST.  Cells 521 
were stimulated with DFX for 6 h or were incubated with normoxia or hypoxia for 6 h.  522 

(E) Diagram showing MIR448 transcriptional regulation by HIF1α, NF-κB, and REST in 523 
normoxia and hypoxia. 524 

Data are represented as the mean + SD of four independent experiments. ***, P<0.001 when 525 
compared between indicated groups by Student's t-test. 526 

 527 

 528 

 529 

 530 



 531 

Figure 8. Blocking of miR-448 improves Nav1.5 levels and arrhythmic risk after myocardial 532 
infarction. 533 

(A) Effect of miR-448 antagonism on cardiac SCN5A mRNA level after MI.  The heart tissues 534 
were collected from MI+Con or MI+448-Spo. 535 

(B, C) Effect of miR-448 antagonism on protein level of cardiac Nav1.5 after MI.  The heart 536 
tissues were collected from MI+Con or MI+448-Spo.  Immunohistochemical (IHC) localization 537 
of Nav1.5 antigen done using formalin-fixed, paraffin-embedded heart tissues.  Tissue sections 538 
were incubated with Nav1.5 antibody.  Positively stained cells were evaluated using Image J 539 
analysis. 540 

(D) The number of mice in each group with or without ventricular tachycardia (VT).  541 

Data are represented as the mean + or ± SD. *, P<0.05; **, P<0.01; ***, P<0.001 when 542 
compared between indicated groups by Student's t-test or one-way ANOVA with Sidak's multiple 543 
comparisons test. 544 

 545 



 546 

Figure 9. Summary of the effect of hypoxia on miR-448, SCN5A and arrhythmic risk. 547 

 548 
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