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ARTICLE INFO ABSTRACT

Keywords: Prior work demonstrated that a splice variant of SCN5A, a voltage-gated sodium channel gene, acts as a cyto-
Innate immune signaling plasmic sensor for viral dsSRNA in human macrophages. Expression of this channel also polarizes macrophages to
DNA repair an anti-inflammatory phenotype in vitro and in vivo. Here we utilized global expression analysis of splice
SCNSA variants to identify novel channel-dependent signaling mechanisms. Pharmacological activation of voltage-gated
ISJI(’HljllROIl\O sodium channels in human macrophages, but not treatment with cytoplasmic poly I:C, was associated with

splicing of a retained intron in transcripts of PPPIR10, a regulator of phosphatase activity and DNA repair.
Microarray analysis also demonstrated expression of a novel sodium channel splice variant, human macrophage
SCN10A, that contains a similar exon deletion as SCN5A. SCN10A localizes to cytoplasmic and nuclear vesicles in
human macrophages. Simultaneous expression of human macrophage SCN5A and SCN10A was required to
decrease expression of the retained intron and increase protein expression of PPPIR10. Channel activation also
increased protein expression of the splicing factor EFTUDZ2, and knockdown of EFTUD2 prevented channel de-
pendent splicing of the retained PPP1R10 intron. Knockdown of the SCN5A and SCN10A variants in human
macrophages reduced the severity of dsDNA breaks induced by treatment with bleomycin and type 1 interferon.
These results suggested that human macrophage SCN5A and SCN10A variants mediate an innate immune sig-
naling pathway that limits DNA damage through increased expression of PPP1R10. The functional significance of
this pathway is that it may prevent cytotoxicity during inflammatory responses.

1. Introduction variants of voltage-gated sodium channels act as pattern recognition

molecules for viral-associated molecular patterns (Jones et al., 2014;

Macrophages respond to infection and injury through pattern re-
cognition signaling pathways that link ligand-mediated receptor acti-
vation to downstream regulation of transcription. Pathogen and danger-
associated molecular patterns that activate pattern recognition re-
ceptors include extracellular ligands such as lipopolysaccharide
(Poltorak et al., 1998), cytosolic viral dsRNA (Yoneyama et al., 2004),
and cytosolic dsDNA (Ishikawa et al., 2009; Ablasser et al., 2013)
generated by intracellular infection or endogenous mechanisms of cel-
lular injury. These signaling mechanisms initiate acute immune re-
sponses but are also associated with genetic susceptibility to severe
forms of chronic inflammatory disease (Li et al., 2017; Rice et al.,
2013).

Prior work from this laboratory demonstrated that intracellular

Lee et al., 2015). One of these variants, human macrophage SCN5A,
regulates a channel-dependent signaling pathway mediated by localized
calcium flux and ATF-2, a cAMP-dependent transcription factor (Jones
et al., 2014). Cytoplasmic dsRNA directly activates this channel to in-
itiate signaling and increase transcription of anti-viral genes such as
Type I interferons. This mechanism represents a distinct innate immune
signaling pathway because it is not dependent on expression of Rig-like
receptors such as RIG-I or downstream signaling components in the toll-
like receptor pathways. An invertebrate variant of this channel that is
activated by mimics of viral-derived ssRNA has also been identified.
Voltage-gated sodium channel, AAELO06019, is expressed in Aedes ae-
gypti, the yellow fever mosquito (Lee et al., 2015). Activation of this
intracellular channel regulates transcription of mediators of insect

Abbreviations: ATF2, activating transcription factor 2; DAPI, 4’,6-diamidino-2-phenylindole; dsRNA, double stranded RNA; EFTUD2, elongation factor Tu GTP
binding domain containing 2; H2AX, histone family member H2A; IFN, interferon; MDM, monocyte-derived macrophages; PPP1R10, protein phosphatase 1 reg-

ulatory subunit 10; SCN, voltage-gated sodium channel gene
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Table 1
Reduced expression of a retained intron of PPPIR10 in human monocyte-derived macrophages following sodium channel activation with veratridine versus treatment
with either vehicle control or cytoplasmic poly IC.

Gene PSR/Junction ID Splicing Index (linear) ANOVA p-value FDR Splicing Event Estimate (Veratridine vs. Vehicle)
(Veratridine vs. Vehicle) p-value
PPP1R10 PSR06016933.hg.1 -5.07 0.00003 0.036 Intron Retention

Exon junction 15/16

Gene PSR/Junction ID Splicing Index (linear) ANOVA p-value FDR Splicing Event Estimate (Veratridine vs. Poly IC)
(Veratridine vs. Poly IC) p-value
PPP1R10 PSR06016933.hg.1 —4.21 0.000007 0.015 Intron Retention

Exon junction 15/16

Array analysis performed on a minimum of 3 separate RNA preparations from different donors. Data were analyzed with Transcriptome Analysis Console software
(Affymetrix). Splicing index is calculated following normalization of relative gene expression levels. (FDR: false detection rate).

Table 2
No significant changes were observed in global gene expression of PPP1R10 or of specific exon regions in human monocyte-derived macrophages following sodium
channel activation with veratridine versus treatment with either vehicle control or cytoplasmic poly IC.

Gene Gene-fold Exon PSR/Junction ID Splicing Index (linear) ANOVA p-value FDR
Change (Veratridine vs. Vehicle) p-value

PPP1R10 -1.10

PPP1R10 10 PSR06016950.hg.1 1.00 0.83 0.94

PPP1R10 11 PSR06016949.hg.1 1.05 0.64 0.83

Gene Gene-fold Exon PSR/Junction ID Splicing Index (linear) ANOVA p-value FDR
Change (Veratridine vs. p-value

Poly IC)

PPP1R10 1.28

PPP1R10 10 PSR06016950.hg.1 1.00 0.79 0.92

PPP1R10 11 PSR06016949.hg.1 1.02 0.63 0.84

Array analysis performed on a minimum of 3 separate RNA preparations from different donors. Data were analyzed with Transcriptome Analysis Console software
(Affymetrix). Splicing index is calculated following normalization of relative gene expression levels. (FDR: false detection rate).

Table 3 identify novel signaling mechanisms in human macrophages that link
Identification of alternatively spliced transcripts of voltage-gated sodium channel activation to regulation of splicing of retained introns in RNA
channels in human monocyte-derived macrophages as compared to pooled transcripts. Pharmacological activation of human macrophage sodium
samples from cardiac muscle and dorsal root ganglion. channels with veratridine, a channel agonist, leads to reduced expres-
Gene PSR/Junction ID Splicing ~ ANOVA  FDR Splicing Event sion of a retained intron in transcripts of PPP1R10, a regulatory subunit
Index p-value p-value Estimate of protein phosphatase 1 (PP1) and a mediator of DNA repair (Kim
(linear) (MDM vs. et al., 2003; Landsverk et al., 2010). This response requires co-expres-
(MDM vs. DRG-Heart) . . . . .
DRG. sion of SCN5A, a newly discovered intracellular splice variant of
Heart) SCN10A, and the splicing factor EFTUD2 (Fabrizio et al., 1997). Re-
duced expression of either channel increases the severity of dsDNA
SCN10A PSR03022313.hg.1 —14.18  0.00018  0.001 Alternative breaks induced by type I interferon and bleomycin.
Exon, exon 23
SCN5A  PSR03022267.hg.1  —8.49 5E77 9E~  Alternative

Exon, exon 24 2. Materials and methods

Array analysis performed on a minimum of 3 separate RNA preparations from 2.1. Cells
different donors. Data were analyzed with Transcriptome Analysis Console
software (Affymetrix). Splicing index calculated following normalization of

Human CD14" peripheral blood monocytes were obtained from
relative gene expression levels. (FDR: false detection rate).

Hemacare and differentiated to macrophages in RPMI media supple-
mented with 10% fetal bovine serum (FBS), sodium pyruvate, non-es-
sential amino acids, and mCSF (macrophage colony stimulating factor,

Evidence 'fllso exists that. humeAm I.nacrophage SCN5A regulates 20 ng/ml) for 7-10 days. These monocyte-derived macrophages (MDM)
phenotype of inflammatory disease in vivo. Macrophages that express were grown on collagen coated coverslips (BD Bioscience). For induc-

the human mi%’?gi%g SCN5A splice 'v'ariant in a mouse transgenic tion of DNA damage and dsDNA breaks, MDM were treated with
model (C57BL ) have an anti-inflammatory phenotype and bleomycin (bleocin, Millipore, 1 pg/ml) and universal Type I interferon
promote clinical recovery in experimental autoimmune en- (human TFN-alpha A/D; 100 U/ml) for 6 h.
cephalomyelitis (EAE) (Rahgozar et al., 2013). Based on these results,
we reasoned that channel signaling limits injury mediated by either
viral or danger-associated molecular patterns. The working hypothesis
is that human macrophage sodium channels regulate multiple signaling
pathways that maintain anti-viral host defense but limit inflammatory
injury.

Here we utilized a next generation global genomic approach to

innate immunity, RelA and Ago2.

2.2. Microarray analysis

Total RNA was prepared from human MDM using column pur-
ification (Qiagen RNeasy). RNA from human myocardium and dorsal
root ganglia were obtained from Clontech Laboratories. Labeling, hy-
bridization, and scanning were performed at the Gene Expression
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Fig. 1. Human macrophage SCN10A is a novel splice variant. As compared to transcripts from human heart and dorsal root ganglia (DRG), splicing analysis
revealed expression of SCN10A transcripts in human MDM that contain an exon deletion that encodes for the extracellular selectivity filter (Table 3). (A) Both exon
23 in SCN10A and exon 24 in SCN5A encode a short amino acid sequence within the extracellular selectivity filter of the channels. These deletions in human
macrophage variants alter the peak currents and ion selectivity of the channels so that they function as voltage-gated monovalent cation channels (Jones et al., 2014).
(B) Pairwise alignment of the nucleotide sequences of exon 23 in SCN10A and exon 24 in SCN5A revealed 92% identity with an E value of 6e ~2°. This region encodes
a 17 amino acid region that contains the extracellular selectivity filter and a portion of the ion pore. (C) The predicted alternative splicing of SCN10A was confirmed
by quantitative PCR in human MDM. DRG and MDM express SCN10A transcripts that contain the common exons 15 and 16 (red). However, exon 23 was detected
only in DRG samples and not in MDM (blue). For human DRG samples, SCN10A mRNA copies/(HMBS copy number) were 2.91 + 0.11 and 8.36 + 0.42, respectively
for the common exon span (exons 15 and 16) and exon 23. For human MDM, SCN10A mRNA copies/(HMBS copy number x1072) were 3.08 + 0.16 for the common
exon span. HMBS (hydroxymethylbilane synthase) was utilized as the housekeeping gene for normalization between samples (n = 4 for each condition) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Center at the University of Wisconsin Biotechnology Center (Madison, 2.3. siRNA and Poly I:C transfection
WI). Human Transcriptome Arrays (HTA 2.0, Affymetrix) were utilized.

Data were analyzed using NetAffx software (Affymetrix). Fold change Primary human MDM were transfected in serum-free Optimem
and P-values were based on at least 3 separate RNA preparations for media that contained 100nM retinoic acid using the TransIT X2
each condition. transfection reagent (Mirus) and pooled ON-TARGETplus siRNA for
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Fig. 2. SCN10 A localizes to intracellular vesicles in the cytoplasm and nucleus of human macrophages. The subcellular localization of SCN10A human
monocyte-derived macrophages was analyzed by immunofluorescence staining and deconvolution microscopy. As previously observed for the human macrophage
SCNb5A variant, SCN10A staining (green) demonstrated a vesicular appearance in the cytoplasm. However, a similar staining pattern was also observed in the nucleus
(blue, DAPI stain). Staining for a nuclear protein, PRP8 (red), is shown for comparison. Neither protein is identified in the nucleolus (white arrows). Scale bar, 10 pm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

each target (Dharmacon). Cells were maintained in media with trans-
fection complexes for 48 h prior to experiments. Knockdown was con-
firmed by quantitative real-time PCR and was greater than 75%.

Poly I:C (LMW; Invivogen) complexes were generated in Optimem
using 10 pg/ml poly I:C and 30 pl of TransIT X2 transfection reagent/ml
media (30 min at 25 °C). MDM were treated with 200 ng/ml poly I:C for
2h.

2.4. Real time PCR

RNA purification, reverse transcription, quantitative real-time PCR
(qQPCR), and data analysis were performed as described previously
(Jones et al., 2014; Carrithers et al., 2007). Data were acquired on a
Cepheid SmartCycler and analyzed by the 2 method with normal-
ization to human HMBS (hydroxymethylbilane synthase). For the re-
lative change in expression of the PPPIR10 intron with pharmacolo-
gical treatment, intron expression was normalized by the AC; method to
an upstream PPPIR10 region that spans two exons (exons 10 and 11),
and fold change between conditions was calculated by the 244¢
method. The following TagMan primers were obtained from Applied
Biosystems/Life Technologies: Hs00609296 (HMBS), Hs01045137
(SCN10A, spans exons 15/16), Hs01045146 (SCN10A, spans exons 22/
23), Hs00160391 (PPPIRI1O0 spans exons 10/11), and custom assay
AJBJXWN (PPPIR10 intron at exon junction 15/16).

2.5. Immunofluorescence staining

For immunofluorescence staining, cell monlayers were fixed in 4%
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paraformaldehyde, washed with PBS, and blocked in PBS containing
2% serum, 0.1% Triton X-100, and 1% BSA. Primary and secondary
antibodies were diluted in blocking solution. For primary antibody
staining, rabbit anti-NaV1.8 (SCN10A) was from Alomone (ASC-016,
1:100 dilution); rabbit anti-EFTUD2 (1:1000 dilution), rabbit anti-
53BP1 (1:200 dilution) and mouse anti-yH2AX (phospho S139, clone
9F3, 1:500 dilution) antibodies were from Abcam; mouse anti-PPP1R10
(PNUTS protein, clone F-8; 1:100 dilution) was from Santa Cruz
Biotechnology (1:50 dilution); and isotype controls were from
eBioscience. Alexa dye labeled secondary antibodies (donkey anti-
mouse and anti-rabbit) were from Invitrogen. Treated cells were wa-
shed extensively with PBS prior to fixation and imaging.

2.6. Deconvolution fluorescence microscopy

Fluorescent images were acquired and analyzed using a Zeiss
Axiovert 200 fluorescent microscope equipped with an Axiocam-MRm
CCD camera (Zeiss) and a 63x objective (Zeiss Plan Apochromat, 1.4
oil). Multiple images in the Z-plane were acquired with 0.24 um slices,
and deconvolution was performed using Axiovision version 4.8 soft-
ware.

2.7. D fluorescence difference gel electrophoresis (2D DIGE)

The cells were solubilized in 2-D cell lysis buffer (30 mM Tris — HCl,
pH 8.8, containing 7 M urea, 2M thiourea and 4% CHAPS). Protein
concentration was measured using Bio-Rad protein assay method.

For each sample, 30 ug of protein was mixed with 1.0 pl of diluted
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Fig. 3. SCN10 A localizes to perinuclear, nuclear envelope, and intranuclear vesicles in human macrophages. The relative localization of SCN10A (green) and
the nuclear envelope marker Lamin A (red) in human monocyte-derived macrophages was analyzed by immunofluorescence staining and deconvolution microscopy.
A small number of SCN10A-positive vesicles appeared to localize to the nuclear envelope membrane (white arrows). However, most of the nuclear staining for
SCN10A was intranuclear (DAPI, blue). Scale bar, 2 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).

CyDye, and kept in dark on ice for 30 min. Samples from each pair were
labeled with Cy3 and Cy5 respectively. The labeling reaction was
stopped by adding 1.0pl of 10 mM lysine to each sample, and in-
cubating in dark on ice for additional 15 min. The labeled samples were
then mixed together. The 2 x 2-D Sample buffer (8 M urea, 4% CHAPS,
20 mg/ml DTT, 2% pharmalytes and trace amount of bromophenol
blue), 100 pl Destreak solution and Rehydration buffer (7 M urea, 2 M
thiourea, 4% CHAPS, 20mg/ml DTT, 1% pharmalytes and trace
amount of bromophenol blue) were added to the labeling mix to make
the total volume of 250 pl. The labeled samples were mixed then loaded
into a strip holder.

After loading the labeled samples, IEF (pH 3-10 Linear) was run
following the protocol provided by GE Healthcare. Upon finishing the
IEF, the IPG strips were incubated in the freshly made equilibration
buffer-1 (50 mM Tris — HCI, pH 8.8, containing 6 M urea, 30% glycerol,
2% SDS, trace amount of bromophenol blue and 10 mg/ml DTT) for
15 min with gentle shaking. Then the strips were rinsed in the freshly
made equilibration buffer-2 (50 mM Tris —HCI, pH 8.8, containing 6 M
urea, 30% glycerol, 2% SDS, trace amount of bromophenol blue and
45 mg/ml iodoacetamide) for 10 min with gentle shaking. Next the IPG
strips were rinsed in the SDS-gel running buffer before transferring into
12% SDS-gels. The SDS-gels were run at 15 °C until the dye front run-
ning out of the gels.

Gel images were scanned immediately following the SDS-PAGE
using Typhoon TRIO (GE Healthcare). The scanned images were then
analyzed by Image Quant software (version 6.0, GE Healthcare), fol-
lowed by in-gel analysis using DeCyder software (version 6.5, GE
Healthcare). The fold change of the protein expression levels was ob-
tained from in-gel DeCyder analysis.
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The spots of interest were picked up by Ettan Spot Picker
(Amersham BioSciences) based on the in-gel analysis and spot picking
design by DeCyder software. The gel spots were washed a few times
then digested in-gel with modified porcine trypsin protease (Trypsin
Gold, Promega). The digested tryptic peptides were desalted by Zip-tip
C18 (Millipore). Peptides were eluted from the Zip-tip with 0.5l of
matrix solution (cyano-4-hydroxycinnamic acid (5mg/ml in 50%
acetonitrile, 0.1% trifluoroacetic acid, 25 mM ammonium bicarbonate)
and spotted on the AB SCIEX MALDI plate (Opti-TOF"~ 384 Well Insert).

For protein identification, the resulting peptide mass and the asso-
ciated fragmentation spectra were submitted to GPS Explorer work-
station equipped with MASCOT search engine (Matrix science) to
search Swiss-Prot database. Searches were performed without con-
straining protein molecular weight or isoelectric point, with variable
carbamidomethylation of cysteine and oxidation of methionine re-
sidues, and with one missed cleavage also allowed in the search para-
meters. Candidates with either protein score C.1.% or Ion C.1.% greater
than 95 were considered significant.

2.8. Quantitative Western Blot Analysis

Pellets were lysed by passage through a 27-gauge needle in RIPA
buffer (Sigma) with protease and phosphatase inhibitors (Thermo
Scientific Pierce). The lysates were cleared by centrifugation and con-
centrated. Protein concentration was measured using the Pierce Rapid
Gold BCA Protein Assay kit. For each sample, 26 pl of sample diluted in
water was mixed with 4.0 ul Bolt Reducing agent (Novex by Life tech-
nologies) and 10pl Bolt LDS sample buffer (Novex by Life
Technologies) and heated in a thermal cycler at 70°C for 10 min.
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Fig. 4. Channel-dependent splicing of a retained intron in PPP1R10 transcripts. (A) A diagram of PPP1R10 transcripts shows the region of the retained intron
identified by microarray analysis (between exons 15 and 16; also see Tables 1 and 2) and a common exon target site that spans two exons (exons 10 and 11). (B)
Relative change in expression of the retained PPP1R10 intron with veratridine treatment as determined by Affymetrix microarray analysis (Table 1). The relative
expression of this intron segment is normalized to the global gene expression for PPP1R10. Similar results were observed with veratrdine treatment as compared to
either vehicle (DMSO) or cytosolic poly I:C. Statistical analysis of these data are shown in Table 1. (C) Using quantitative real time PCR, the relative expression of
transcripts containing the retained intron of PPP1R10 was compared to expression of the upstream exon segments (exons 10/11). Pharmacological activation of
human monocyte-derived macrophages (MDM) by veratridine (versus vehicle control DMSO) led to a marked decrease in the relative expression of the intron
segment in the control siRNA condition. This change in the relative expression of the intron segment to the exon segments is similar to or greater than that observed
in the microarray experiments (B). Knockdown of either SCN5A or SCN10A markedly diminished the response. Following treatment of MDM with veratridine, the

fold change in relative intron copy number (primer targeted to intron between exons 15 and 16) as compared to an upstream exon junction (primer that spanned
exons 10 and 11) was.

-12.07 + 2.05 copies for the control siRNA condition (scr, scrambled siRNA), -1.39 + 0.57 with SCN5A knockdown, and -2.21 + 3.77 with SCN10A knockdown
(n =9, P < 0.05, scr versus SCN5A and SCN10A, ANOVA). (D) Although there was a modest increase in overall exon 10/11 expression in response to veratridine
treatment in all siRNA conditions, the relative expression was not significant between siRNA conditions.
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Fig. 5. Veratridine activation of human MDM increases protein expression
of PPPIR10 that is dependent on SCN5A and SCN10A expression.
Veratridine (100 uM for 2 h in serum-free media) treatment of human MDM led
to increased protein expression of PPP1IRI10 as determined by Western blot
analysis (upper blot, green). For these experiments, quantitative Western blot
analysis was performed using the Licor infrared detection system. Signal in-
tensity was normalized to total protein staining (REVERT protein stain) because
of known changes in expression of housekeeping genes in macrophages that are
dependent on cell phenotype and activation conditions. Blots were imaged on a
Licor Odyssey CLx system using near infrared fluorescence. PPP1R10 staining is
shown in green (800 nm), and total protein staining is shown in red (700 nm).
One representative blot is shown. Fold change was normalized across multiple
donors and calculated as the change in fluorescence ratio of antibody stain at
800 nm (green) to total protein stain at 700 nm (red) in the two treatment
conditions (Fluorescence ratio with veratridine/fluoresence ratio with vehicle).
Quantitative analysis was performed on four separate blots from independent
experiments and donors (ImageStudioLite, Licor). The relative increase in
PPP1R10 expression normalized to total protein was 4.90 + 1.24 RFU'’s for the
control siRNA condition, -2.01 + 0.61 RFU’s with SCN5A knockdown, and
-9.72 + 2.26 RFU’s with SCN10 A knockdown (n = 4, P < 0.01, scr control
versus SCN5A and SCN10A, ANOVA) (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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Samples were run on Bolt 4-12% Bis-Tris Plus gels (Invitrogen) at 100v
for 75 min. Gels where then soaked in 20% Ethanol for 5min and
transferred to 0.2 pm nitrocellulose membrane, iBlot 2 NC stacks, using
the iBlot 2 system (Invitrogen) PO preset (20v 1 min, 23v 4 min, 25v
2min). Membranes were immediately stained using REVERT total
protein stain kit (Licor) and imaged using Odyssey CLx at 700 nm.
Membranes were blocked in PBS based Odyssey blocking buffer (Licor)
overnight at 4 °C. The membranes were then incubated with antibodies
using the iBind system (Life technologies) and the iBind FD solution kit
(Novex by Life technologies) for 2.5h. IRDye 800CW secondary anti-
bodies (LI— COR) were used at 1:4000. Membranes were then washed
with water and imaged using near infrared fluorescence on the Odyssey
CLx at 800nm. The images from the total protein stain at 700 nm
(REVERT) and antibody stain at 800 nm were then analyzed by Image
Studio (Licor). Fluorescence intensity at 800 nm (antibody stain) was
normalized to that at 700 nm (total protein). Normalization to total
protein was utilized because of increased accuracy of quantitative
measurements and changes in macrophage expression of commonly
utilized housekeeping genes with pharmacological treatments.

2.9. Statistical analysis

Data were analyzed as indicated using NetAffx, ImageJ, Axiovision,
and Kaleidagraph (t-test and ANOVA).

3. Results
3.1. Channel activation regulates splicing of retained introns

Human Transcriptome Arrays (HTA 2.0, Affymetrix) were utilized
to analyze alternative splicing in primary, human monocyte-derived
macrophages (MDM). Data generated from these arrays measure ex-
pression levels of exon junctions in addition to exons and retained in-
trons. This array approach has a higher degree of reliability as com-
pared to older approaches and has been verified as an alternative
approach to RNAseq to identify splice variants (Seok et al., 2015;
Romero et al., 2016). This analysis reveals changes in specific exon and
intron regions relative to the global expression of that gene.

Expression analysis of MDM revealed that pharmacological activa-
tion with veratridine (100 uM for 2 h in HBSS) leads to loss of retained
introns in some transcripts (GEO NCBI submission, GSE112501, http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE112501). This
finding was observed in the veratridine-treated condition versus vehicle
(DMSO) and versus cytosolic poly I:C treatment. The most marked ef-
fect was observed for PPPIR10 (protein phosphatase 1 regulatory
subunit 10, also called PNUTS), a regulator of protein phosphatase 1
(PP1) and mediator of DNA repair (Kim et al., 2003; Landsverk et al.,
2010). The retained intron is located between exons 15 and 16 of
PPPIR10 transcripts, and veratridine treatment reduces the relative
expression of this sequence (Table 1). This effect was not due to a global
increase in transcription of the gene because no differences were ob-
served in the sum total of all PPPIR10 transcripts or in the expression of
specific exons. Gene-wide changes in PPP1R10 transcripts and expres-
sion of representative exons (exons 10 and 11) are shown in Table 2.
These results revealed a channel-activated mechanism of RNA splicing
in human MDM that can occur independently of cytoplasmic poly I:C
signaling.

3.2. Human macrophage SCN10A is also a novel macrophage splice variant

Since cytosolic poly I:C treatment did not regulate splicing of these
transcripts, the results suggested that dsRNA activation of SCN5A or
other cytoplasmic sensors was not sufficient to mediate the response. A
second signal or an alternative ligand may be required to fully activate
macrophage SCN5A to mimic the response observed with veratridine.

Alternatively, a different intracellular sodium channel could
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2D DIGE: Human MDM
Veratridine-treated vs Vehicle (DMSO)

Fig. 6. Proteomic analysis of differentially expressed proteins in human macrophages. (A) 2D DIGE analysis demonstrated differential protein expression
following veratridine treatment of MDM. Four of these regions yielded protein identification by mass spectroscopy with high confidence (Table 4). Spot #2 was
identified as EFTUDZ, a splicing factor with GTPase activity. (B) Source images for analysis of differential protein expression. The control condition (untreated; DMSO
vehicle only) is shown on the left in green. The veratridine-treated condition (middle image) is in the red channel. The merged image is shown on the right. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

regulate intronic splicing in response to pharmacological activation,
either independently of SCN5A or as a required second signal. Our next
goal was to discover other voltage-gated sodium channel transcripts
that are expressed in human macrophages and contain an exon deletion
similar to the variant SCN5A channel (Rahgozar et al., 2013). As
compared to transcripts from human heart and dorsal root ganglia
(DRG), splicing analysis revealed expression of SCNI0A transcripts in
human MDM that contain a similar exon deletion that encodes for the
extracellular selectivity filter (Table 3). Both exon 23 in SCN10A and
exon 24 in SCN5A encode a short amino acid sequence within the

87

extracellular selectivity filter of the channels (Fig. 1AB).

These results were subsequently confirmed by qPCR analysis
(Fig. 1C). For human DRG samples, SCN10A mRNA copies/(HMBS copy
number) were 2.91 + 0.11 and 8.36 + 0.42, respectively for a common
exon span (exon 15 and 16) and exon 23. For human MDM, SCN10 A
mRNA copies/(HMBS copy number x10~ %) were 3.08 + 0.16 for the
common exon span but were not detected (ND) for exon 23. HMBS
(hydroxymethylbilane synthase) was utilized as the housekeeping gene
for normalization between samples (n = 4 for each condition).
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Table 4
Nano-LC MS/MS analysis of 2D DIGE of MDM (veratridine treated versus ve-
hicle).

Spot no.  Fold Protein ID  Peptide Total Ion Total Ion C.I.
Change Count Score %

1 2.5 AHSG 5 61 100

2 2.4 EFTUD2 8 40 98

3 2.1 Rab-37 8 27 64

4 —-2.2 GM2A 4 57 100

Peaks from liquid chromatography were analyzed by mass spectroscopy. The
ion score is based on probability of a peptide match with known database
proteins. The total ion score is a sum of the scores for all peptide fragments that
match a specific protein. The total ion confidence interval (C.1.) is a normalized
probability.

3.3. The SCN10A splice variant localizes to cytoplasmic and nuclear
vesicles in human macrophages

Immunofluorescence staining of human MDM for SCN10A revealed
an intracellular localization that demonstrated a vesicular appearance,
similar to the staining pattern previously obtained for human macro-
phage SCN5A (Carrithers et al., 2007). This staining pattern suggested a
predominant localization to cytoplasmic endosomes. However, decon-
volution microscopy analysis also demonstrated localization of SCN10A
to vesicles within the nucleus and showed a similar level of nuclear
expression as compared to PRP8, a nuclear protein that is a component
of the spliceosome (Fig. 2). Localization was not observed in the nu-
cleolus as demonstrated by the absence of DAPI staining (Fig. 2, white
arrows).

Since some of these SCN10A-positive vesicles may be associated
with the nuclear envelope membrane, a marker for the nuclear en-
velope, Lamin A, was utilized to assess for co-localization. Staining
demonstrated the localization of a small number SCN10 A vesicles that
co-localize with Lamin A, a marker of the nuclear envelope membrane
(white arrows, Fig. 3). However, the majority of perinuclear and in-
tranuclear SCN10A-positive vesicles do not co-localize with Lamin A.
These results suggested that some SCN10A-positive vesicles are intra-
nuclear as has been observed for nucleoplasmic calcium storage vesicles
(Yoo et al., 2014).

3.4. Expression of human macrophage SCN5A and SCN10A is required for
channel activation dependent splicing of the retained intron in PPP1R10
transcripts

Since cytosolic poly I:C treatment did not regulate splicing of
PPP1R10 transcripts, the results suggested that dsRNA activation of
SCN5A or other cytoplasmic sensors was not sufficient to mediate the
response. Therefore, we hypothesized that human macrophage SCN10A
regulates this pathway. The next goal was to confirm intronic splicing
in response to veratridine activation by quantitative real time PCR in
human MDM and determine if siRNA-mediated knockdown of either
SCN5A or SCN10A inhibited this response (Fig. 4A).

In the microarray experiments discussed above, treatment of MDM
with veratridine reduced the expression of a PPPIR10 intron segment
located between exons 15 and 16 by approximately 5-fold as compared
to the vehicle treatment condition (Table 1; Fig. 4B). There was no
statistically relevant change in gene-fold level transcription or in the
representative exon segments 10 and 11.

To confirm the array results and to analyze the effects of channel
knockdown, the relative fold change in the expression of the retained
intron (primer targeted to intron between exons 15 and 16) was nor-
malized to the expression of the representative upstream exons (primer
that spanned exons 10 and 11). Although there was a modest increase
in overall exon 10/11 expression in all conditions (veratridine treat-
ment versus vehicle), this relative increase was not significant between
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conditions (Fig. 4D). However, the fold change in intron copy number
in response to veratridine treatment (normalized to exon expression)
was -12.07 + 2.05 copies for the control siRNA condition (scr,
scrambled siRNA), -1.39 + 0.57 with SCN5A knockdown, and -2.21 +
3.77 with SCN10A knockdown (n = 9 from multiple donors, P < 0.05,
scr versus SCN5A and SCN10A, ANOVA). This 12-fold decrease in re-
lative intron expression was greater than the 5-fold change observed in
the micorarray splicing analysis (Table 1; Fig. 4C). These results sug-
gested that the relative change in expression of the retained intron was
due to splicing rather than an increase in new transcripts that lacked the
intron. In addition, co-expression of human macrophage SCN5A and
SCN10A was necessary to mediate this response.

3.5. Channel activation increases PPP1R10 protein expression

The next goal was to analyze the effects on intron splicing on
PPPIR10 protein expression. For these experiments, quantitative
Western blot analysis was performed using the LiCor infrared detection
system. Signal intensity for antibody staining (800 nm channel) was
normalized to total protein staining (700nnm channel) because of
known changes in expression of housekeeping genes in macrophages
that are dependent on cell phenotype and activation conditions.
Western blot analysis demonstrated a relative increase in PPPIR10
protein levels following veratridine activation (Fig. 5). Knockdown of
either SCN5A or SCN10A led to the converse response with a marked
decrease following channel activation. The relative increase in
PPPI1R10 expression normalized to total protein (fold change in fluor-
escence ratio of antibody stain at 800nm to total protein stain at
700 nm) was 4.90 + 1.24 RFU’s (relative fluorescence units) for the
control siRNA condition, -2.01 + 0.61 RFU’s with SCN5A knockdown,
and -9.72 + 2.26 RFU’s with SCN10A knockdown (n =5, P < 0.01,
scr control versus SCN5A and SCN10A, ANOVA). These results sug-
gested that human macrophage SCN5A and SCNI10OA synergistically
regulate RNA processing and translation to increase expression of
PPPIRI10.

3.6. Channel activation increases expression of EFTUD2, a splicing factor
with GTPase activity

The next goal was to identify additional proteins that are regulated
by channel activation and discover possible mechanisms that could
regulate channel activity-dependent RNA splicing. Differential protein
expression between veratridine-treated and untreated MDM were ana-
lyzed by 2D DIGE followed by mass spectroscopy (Fig. 6, Table 4).
Several proteins demonstrated increased expression in response to
channel activation. One of these, EFTUD2 (Elongation Factor Tu GTP
Binding Domain Containing 2), regulates RNA splicing (Fabrizio et al.,
1997).

These results were confirmed by Western blot analysis and im-
munofluorescence staining (Fig. 7A). By quantitative Western blot
analysis, the relative increase in EFTUDZ2 expression normalized to total
protein (ratio of fluorescence intensity at 800 nm to 700 nm) was 2.07
+ 0.36 RFU’s for the control siRNA condition, -2.68 + 1.33 RFU’s with
SCN5A knockdown, and -2.75 + 0.78 RFU’s with SCN10A knockdown
(n=4, P < 0.05, scr control versus SCN5A and SCN10A, ANOVA).
Microarray analysis (GEO NCBI submission, GSE112501, http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE112501, data set
used in Tables 1 and 2) did not show an increase in global RNA ex-
pression or in alternative splicing of EFTUD2. These results suggested
that channel-dependent regulation of EFTUD2 protein expression oc-
curred at the level of translation rather than RNA splicing.

Knockdown of EFTUDZ2 in human MDM also inhibited splicing of the
retained intron in PPPIR10 transcripts in response to pharmacological
activation with veratridine (Fig. 7B). As shown in Fig. 4, pharmacolo-
gical activation of MDM by veratridine (versus vehicle control DMSO)
led to a marked decrease in the relative expression of the intron
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Fig. 7. Channel activation increases expression of EFTUD2, and EFTUD2 knockdown prevents channel-dependent decrease in the retained PPPIR10
intron. (A) Veratridine (100 uM for 2 h in serum-free media) treatment of human MDM led to increased protein expression of EFTUD2 as determined by Western blot
analysis (upper blot, green). This response was not observed following siRNA-mediated knockdown of either SCN5A or SCN10A. Total protein staining and imaging
were performed as described in Fig. 5. The relative increase in EFTUD2 expression normalized to total protein was 2.07 + 0.36 RFU'’s for the control siRNA condition,
-2.68 + 1.33 RFU’s with SCN5A knockdown, and -2.75 + 0.78 RFU’s with SCN10A knockdown (n = 4, P < 0.05, scr control versus SCN5A and SCN10A, ANOVA).
(B) Quantitative real time PCR was performed as described in Fig. 4. As described for those experiments, the relative expression of transcripts containing the retained
intron of PPPIR10 was compared to expression of the upstream exon segments (exons 10/11). Pharmacological activation of MDM by veratridine (versus vehicle
control DMSO) led to a marked decrease in the relative expression of the intron segment in the control siRNA condition, but not in the EFTUD2 knockdown condition.
The fold change in the control siRNA condition was -2.87 + 0.30 copies versus 3.62 + 0.37 for the EFTUD2 knockdown condition (n = 4, P < 0.01) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

segment in the control siRNA condition. (The donors utilized for these
experiments were unique as compared to those used in Fig. 4.) How-
ever, this response was not observed in the EFTUD2 knockdown con-
dition. The fold change in the control siRNA condition was -2.87 +
0.30 copies versus 3.62 + 0.37 for the EFTUD2 knockdown condition
(n =4, P < 0.01). These results suggested that increased protein ex-
pression of EFTUD?Z is necessary for channel-dependent RNA processing
in human MDM.
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3.7. Knockdown of SCN5A or SCN10A expression in human macrophages
increases the severity of a DNA damage response

Because PPP1R10 is a known mediator of DNA repair, we reasoned
that inhibition of channel-mediated signaling would limit DNA repair
during a DNA damage response. The next goal was to assess the effect of
SCN5A and SCN10A expression in human MDM during chemical in-
duction of dsDNA breaks. The severity of this response can be detected
by nuclear staining for yH2AX, a marker of dsDNA breaks.

Prior work from another laboratory demonstrated that mouse
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Fig. 8. Knockdown of SCN5A or SCN10A expression in human macrophages increases the severity of a DNA damage response as determined by yH2AX
nuclear staining. Human monocyte-derived macrophages were treated with bleomycin (1 ug/ml) and type I interferon (human IFN-alpha A/D; 100 U/ml) for 6 h to
induce dsDNA breaks. Cells were stained for YH2AX (red), a marker of dsDNA breaks, and subsequently counterstained with the nuclear marker DAPI (blue). Images
were acquired and processed by deconvolution, fluorescence microscopy, and the density of YH2AX per nucleus was determined by ImageJ. No differences in nuclear
staining density were obseved in the control, untreated condition. However, knockdown of either SCN5A or SCN10 A resulted in an increase in staining density for
yH2AX as compared to the control siRNA condition. Data are shown in Table 5 (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article).

Table 5
Quantitiative analysis of YH2AX nuclear staining of human monocyte-derived
macrophages (MDM) in the presence and absence of bleomycin/IFN treatment.

siRNA Bleomycin/IFN  Integrated Density/Nucleus  Microscopic Fields
(RFU’s) (n)

Scrambled - 2.21 + 0.82 12

SCN5A - 3.06 + 1.85 15

SCN10A - 3.94 + 1.37 9

Scrambled  + 28.56 + 7.85 7

SCN5A + 79.57 + 19.28" 11

SCN10A + 100.01 + 15.77 11

MDM were treated with bleomycin (1 ug/ml) and human IFN-alpha A/D (100
U/ml) for 6 h.

* P < 0.05 versus Scrambled Belomycin/IFN-treated.

** P < 0.01 versus Scrambled Belomycin/IFN-treated.

macrophages are relatively resistant to chemical induction of dsDNA
breaks and require co-treatment with bleomycin, an inducer of DNA
strand breaks, and type I interferon (human IFN-alpha A/D; 100 U/ml)
(Morales et al., 2017). In human MDM, this treatment also induced a
robust damage response as demonstrated by an increase in nuclear
staining for yH2AX, a marker of dsDNA breaks. siRNA-mediated
knockdown of either SCN5A or SCN10A markedly increased the se-
verity of the response (micrographs shown in Fig. 8; data analysis in
Table 5). These results suggested a functional link between channel-
dependent regulation of PPP1R10 expression and DNA repair.

The effects of channel knockdown on the formation of dsDNA
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breaks was analyzed further by staining for TP53BP1 (tumor protein
p53 binding protein 1). This DNA repair protein is recruited to regions
of dsDNA breaks and promotes non-homologous end-joining (NHEJ)
pathways (Dimitrova et al., 2008). This step in the DNA damage re-
sponse occurs downstream of phosphorylation of H2AX. Treatment of
human MDM with bleomycin and type I interferon increased nuclear
staining for TP53BP1 (Fig. 9, Table 6) in all conditions. Knockdown of
SCN5A led to an increase in TP53BP1 nuclear staining as compared to
the scrambled, siRNA condition. Knockdown of SCNI0A had a more
marked effect, and the increase in staining of nuclear TP53BP1 foci was
greater than that in all conditions, including the SCN5A condition.
These results suggested that expression of both channels reduce DNA
damage induced by bleomycin and Type 1 interferon. It also suggested
that human macrophage SCN10 A may regulate multiple pathways that
enhance DNA repair.

4. Discussion

We here demonstrate a potential mechanism to link innate immune
signaling in human macrophages to DNA repair. The proposed me-
chanism is that simultaneous activation of SCN5A and SCNI10A in-
creases expression of PPP1R10 protein expression through cleavage of a
retained intron in PPP1R10 transcripts. This increase in PPP1R10 pro-
tein expression is dependent on expression of the spliceosome protein,
EFTUD2. The prediction is that this channel-dependent increase in
PPPIR10 expression enhances DNA repair to prevent amplification of
inflammatory injury.
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Fig. 9. Knockdown of SCN5A or SCN10A expression in human macrophages increases the severity of a DNA damage response as determined by 53BP1
staining. Human monocyte-derived macrophages were treated with bleomycin (1 pg/ml) and type I interferon (human IFN-alpha A/D; 100 U/ml) for 6 h to induce
dsDNA breaks. Cells were stained for 53BP1 (green), a marker of dsDNA breaks, and subsequently counterstained with the nuclear marker DAPI (blue). Images were
acquired and processed by deconvolution, fluorescence microscopy, and the density of 53BP1 per nucleus was determined by ImageJ. No differences in nuclear
staining density were obseved in the control, untreated condition. However, knockdown of either SCN5A or SCN10 A resulted in an increase in staining density for
53BP1 as compared to the control siRNA condition. Data are shown in Table 6 (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article).

Table 6
Quantitiative analysis of TP53BP1 nuclear staining of human monocyte-derived
macrophages (MDM) in the presence and absence of bleomycin/IFN treatment.

siRNA Bleomycin/IFN  Integrated Density/Nucleus  Microscopic Fields
(RFU’s) (n)

Scrambled - 7.11 + 2.66 14

SCN5A - 6.55 + 2.88 14

SCN10A - 6.80 + 2.68 14

Scrambled  + 18.17 + 1.76 48

SCN5A + 28.34+ 3.64 42

SCN10A + 48.52 + 2.56 44

MDM were treated with bleomycin (1 pg/ml) and human IFN-alpha A/D (100
U/ml) for 6 h.

* P=0.01 versus Scrambled Belomycin/IFN-treated.

** P < 0.001, ANOVA, versus all conditions.

As part of this study, a novel intracellular splice variant of SCN10 A
was identified. Both SCN5A and SCN10A splice variants in human
macrophages contain a deletion in a highly homologous exon that en-
codes the extracellular selectivity filter and a portion of the channel
pore (Rahgozar et al., 2013). This deletion alters the ion selectivity of
the channels so that they flux other monovalent cations such as po-
tassium and cesium (Jones et al., 2014). Therefore, these channels
function as cation channels rather than classic voltage-gated sodium
channels. However, they retain voltage dependence and respond to
pharmacological agents such as channel activators and inhibitors.

In these experiments, we utilized the sodium channel agonist, ver-
atridine, to activate intracellular channels. This approach was
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previously utilized to identify a novel pattern recognition pathway in-
itiated by dsRNA recognition by human macrophage SCN5A (Jones
et al., 2014). In those experiments, veratridine and cytosolic poly I:C
were shown to activate an SCN5A-regulated transcriptional pathway
that increases synthesis of Type I interferons. Here we utilized phar-
macological activation to identify SCN5A-dependent and independent
pathways. The pathway required for endogenous activation of SCN10A
is not known but may occur through activation by a cytosolic ligand or
by voltage-dependence alone.

Simultaneous activation of macrophage variants SCN5A and
SCN10A regulate selective RNA processing as determined by our RNA
expression analysis. We here focused on PPP1R10 because of the high
statistical confidence (Table 1) and its potential role in regulating in-
nate immune signaling in macrophages. PPPIR10 is a regulatory sub-
unit of protein phosphatase (PP1) (Kim et al., 2003) and prevents DNA
damage during cell injury (Landsverk et al., 2010). Its role in DNA
repair provides a rationale to link its relative expression to modulation
of innate immune signaling.

Splicing of retained introns provides an additional layer of regula-
tion for protein synthesis. Our data suggest that channel-dependent
splicing of a retained intron in PPPIR10 transcripts is due in part to
increased expression of EFTUD2, a splicing factor with GTPase activity
(Fig. 9) (Fabrizio et al., 1997). We speculate that the relative increase in
PPPIR10 protein expression is due in part to relatively low baseline
expression because of the intron retention (Fig. 4). Channel activation
permits release from this inhibitory mechanism to increase selective
and efficient RNA translation. However, additional mechanisms of
channel-dependent regulation of protein synthesis likely exist because a
similar pattern of increased protein expression was observed with
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EFTUD2 (Fig. 6). Based on our microarray data, this increase in EFTUD2
protein expression was not associated with any changes in RNA ex-
pression or intron retention. Based on our prior work, these mechan-
isms may be calcium or GTPase-dependent (Carrithers et al., 2011).
Channel-dependent regulation of intron splicing may occur through a
non-canonical pathway in the cytoplasm or within the nucleus as sug-
gested by the presence of nucleoplasmic SCN10A-positive vesicles.
These intranuclear vesicles may regulate ionic flux from nuclear cal-
cium stores (Yoo et al., 2014).

Knockdown of SCN5A or SCNI0OA expression also increased the
severity of DNA damage induced by treatment with bleomycin and
Type 1 interferon. These data support the mechanistic importance of
channel-dependent regulation of PPPIRI0 protein expression. The
proposed model is that endogenous injury of human macrophages in-
creases SCN5A and SCN10A channel activity. Channel activation leads
to cleavage of a retained intron in PPPIRIO transcripts through an
EFTUD2-dependent mechanism. This novel mechanism links innate
immune signaling to RNA processing.

The working hypothesis is that this mechanism mediates an anti-
inflammatory response to prevent injury initiated by cytoplasmic DNA
sensors such as cGAS (cyclic GMP-AMP synthase) (Ablasser et al.,
2013). Prior work from other laboratories has shown that DNA damage
and subsequent release of dsDNA into the cytoplasm activate cGAS and
the downstream signaling molecule STING (stimulator of interferon
genes) (Mackenzie et al., 2017). This endogenous pathway of innate
immune activation occurs in the absence of infection and leads to cel-
lular sensescence (Yang et al., 2017). It is proposed that the channel-
dependent increase in protein expression of the DNA repair protein
PPP1R10 limits injury initiated by endogenous DNA damage.

The endogenous mechanisms that simultaneously activate macro-
phage SCN5A and SCNI0A to initate signaling in this DNA repair
pathway are unclear. It could occur through at least two independent
mechanisms: ligand-gated channel activation and voltage-dependent
activation. This laboratory previously demonstrated that cytosolic
dsRNA activates human macrophage SCN5A (Jones et al., 2014). En-
dogenous dsRNA’s are present in all cells, and their concentration in-
creases during immune stimulation (Blango and Bass, 2016). Un-
published work suggests that dsRNA is not sufficient to activate
SCN10 A. However, prior work from another laboratory suggested that
GTP increases neuronal SCN10A currents (Saab et al., 2003), and this
nucleotide or related molecules and metabolites could activate the
channel in human macrophages. This observation is particularly re-
levant to innate immune signaling in macrophages of the cytosolic
cGAS/STING pattern recognition pathway for dsDNA. Recognition of
dsDNA by cGAS catalyzes the synthesis of cGAMP from GTP and ATP
(Nakad and Schumacher, 2016). Additional work is required to assess
which nucleotides most efficiently activate human macrophage
SCN10A. This model suggests a two signal mechanism that requires the
simultaneous presence of cytosolic dsRNA to activate SCN5A and a
nucleotide metabolite to activate SCN10A.

The alternative mechanism is that the channels are activated solely
through voltage dependence. Increases in extracellular potassium levels
are a particularly relevant danger signal in the central nervous system
because of the rapid changes that can occur with impaired potassium
buffering due to cell injury or death (Kofuji and Newman, 2004). Vol-
tage-dependent activation of channels can occur in regions of cellular
injury through increases in extracellular potassium and subsequent
membrane depolarization. These increases in extracellular potassium
are due to release of intracellular potassium by sick and dying cells.

5. Conclusions

® A novel splice variant of human SCNI0A is expressed in human
macrophages and contains a similar exon deletion to that previously
identified in human macrophage SCN5A.

e Pharmacological activation of human macrophage SCN5A and

92

Immunobiology 224 (2019) 80-93

SCN10A leads to a decrease in expression of a retained intron in
transcripts of PPP1R10, a protein that regulates DNA repair, and an
increase in PPP1R10 protein expression.

e Pharmacological activation of human macrophage SCN5A and

SCN10A is also associated with an increase in EFTUD2, a regulator

of RNA splicing that is necessary for channel-dependent regulation

of intron splicing in PPP1R10 transcripts.

As predicted by the association of increases in PPP1R10 expression

with channel activation, knockdown of either SCN5A or SCN10 A in

human macrophages increases the severity of dsDNA breaks induced

by bleomycin and Type I interferon.

® A novel mechanism of protective innate immune signaling is pro-
posed whereby activation of intracellular sodium channels regulates
intron retention and protein expression of PPPIR10 to prevent in-
flammatory injury initiated by DNA damage.
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