Sick Sinus Syndrome 2, Autosomal
Dominant (S5S2): A Comprehensive
Disease Characterization

Disease: Sick Sinus Syndrome 2, Autosomal Dominant OMIM: #163800 - MONDO:
MONDO:0008102 - Causal gene: HCN4 (15q24.1; NCBI Gene 10021) Category: Mendelian
cardiac channelopathy

Summary

Sick Sinus Syndrome 2, Autosomal Dominant (SSS2; OMIM #163800; MONDO:0008102) is an
inherited sinoatrial (SA) node channelopathy caused by heterozygous, predominantly loss-of-
function mutations in HCN4, the gene encoding the hyperpolarization-activated cyclic
nucleotide-gated channel 4. HCN4 is the dominant HCN isoform of the SA node and carries the
"funny current" I_f, the depolarizing inward current that drives the slow diastolic (phase-4)
depolarization of pacemaker cells. Because the slope of diastolic depolarization sets the
intrinsic firing rate, any reduction of I_f flattens that slope and slows heart rate — the
mechanistic core of SSS2. Many disease variants act by dominant-negative mechanisms
(nonfunctional mutant subunits co-assemble into tetramers and poison wild-type channels),
which explains the autosomal-dominant transmission.

Clinically, SSS2 manifests as sinus bradycardia, sinus pauses/arrest, sinoatrial exit block, and —
characteristically — exercise chronotropic incompetence (a blunted heart-rate rise with
exertion). Compared with common age-related (sporadic) sick sinus syndrome, which presents
in the eighth decade, HCN4-related disease presents markedly earlier (mean age at diagnosis
~39 years). A distinctive feature of the HCN4 spectrum is its frequent overlap with
paroxysmal atrial fibrillation (~44%) and left ventricular noncompaction (LVNC, ~50%),
giving rise to a recognizable bradycardia-AF-cardiomyopathy syndrome in some families.
Penetrance is incomplete and age-dependent, and expressivity is variable, including within
single families and even among carriers of the same variant.
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The gene-level evidence strongly supports a haploinsufficiency/dominant-negative disease
model: HCN4 is population-constrained against both loss-of-function and missense variation
(gnomAD LOEUF =0.51, pLI 0.90, missense Z 3.08), and functional studies of individual variants
demonstrate trafficking defects, reduced surface expression, and altered gating. Mouse models
confirm the channel's dual role: constitutive knockout is embryonic lethal (an essential
developmental role downstream of the Shox2-Thbx3—Hcn4 pacemaker program), while
inducible adult knockout reproduces bradycardia and sinus pauses. There is no cure;
management is symptomatic — dual-chamber rate-responsive permanent pacing for
symptomatic bradycardia, anticoagulation for atrial fibrillation, and avoidance of negative-
chronotropic and I_f-blocking agents (e.g., ivabradine). Prognosis for isolated conduction
disease is generally good with pacing, but coexisting LVNC/cardiomyopathy modifies risk.

Section 1 — Disease Information

Overview. SSS2 is the autosomal-dominant, HCN4-linked subtype of sick sinus syndrome
(sinus node dysfunction). Sick sinus syndrome is an umbrella term for disorders of impulse
generation in, and conduction out of, the SA node, producing inappropriate sinus bradycardia,
sinus pauses/arrest, sinoatrial block, and the tachycardia-bradycardia ("brady-tachy")
syndrome. SSS2 designates the specific Mendelian form attributable to HCN4 mutation.

Key identifiers (verified against EBI OLS4 and NCBI).
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Resource Identifier

OMIM #163800

MONDO MONDO:0008102 ("sick sinus syndrome 2, autosomal dominant")

MeSH C563513

UMLS C1834144

MedGen 320273

GARD 0018284

Orphanet No SSS2-specific xref (maps to broader familial sick sinus syndrome)

Causal HCN4, NCBI Gene 10021, HGNC-approved "hyperpolarization activated cyclic
gene nucleotide gated potassium channel 4," cytoband 15q24.1

MONDO:0008102 is defined as "Any sick sinus syndrome in which the cause of the disease is a
mutation in the HCN4 gene." HCN4 official aliases include SSS2, BRGDAS8 (Brugada syndrome
8), and EIG18 (epilepsy-associated), reflecting the channel's pleiotropy.

Synonyms / alternative names. Sinus node dysfunction 2; familial sick sinus syndrome
(HCN4-related); HCN4-related sinus node dysfunction; in some families the phenotype is
described as "familial sinus node dysfunction with myocardial noncompaction.”

Information source. Content here derives from aggregated disease-level resources (OMIV,
MONDO, ClinVar, gnomAD, GTEx) and from individual family/case reports and functional in-
vitro studies, not from a single EHR cohort. This is characteristic of a rare Mendelian disorder
where evidence accrues family by family.

Section 2 — Etiology

Primary cause — genetic. SSS2 is a monogenic disorder caused by heterozygous pathogenic
variants in HCN4. Transmission is autosomal dominant. Multiple families show co-segregation
of HCN4 variants with sinus node dysfunction, with strong linkage support — e.g., the splice-
site variant c.1737+1G>T yielded a two-point LOD score of 4.87 PMID: 28465117.


https://pubmed.ncbi.nlm.nih.gov/28465117/
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Genetic risk factors. The causal allele is the HCN4 variant itself; there are no established
common susceptibility loci for the Mendelian form. Modifier contribution is plausible but not
established — note that one family carried both the pathogenic HCN4-G482R and a common
CSRP3-W4R variant PMID: 25145518, and the observation that some "disease-associated"
variants (e.g., V759I) are not independently sufficient to impair pacemaking PMID: 33095298
implies genetic background and additional modifiers influence expression.

Environmental / acquired risk factors. For the Mendelian form these are best regarded as
disease modifiers rather than causes: increasing age, negative-chronotropic drugs (beta-
blockers, non-dihydropyridine calcium-channel blockers, digoxin, ivabradine), electrolyte
disturbances, high vagal tone, and structural remodeling/atrial fibrosis can unmask or worsen
bradycardia. Atrial fibrosis quantified by late-gadolinium-enhancement MRI is independently
associated with sinus node dysfunction requiring pacing in general SND populations (OR =2.2
per fibrosis stage) PMID: 21806700, illustrating how acquired remodeling interacts with
intrinsic pacemaker deficits.

Protective factors. None specific are established. Generically, avoidance of AV-nodal/sinus-
suppressing drugs and management of reversible contributors mitigates symptomatic
bradycardia.

Gene-environment interactions. The clearest interaction is pharmacologic: carriers have
limited pacemaker reserve, so negative-chronotropic drugs disproportionately provoke
symptomatic bradycardia. Aging and fibrotic remodeling further reduce sinus node reserve,
converting a subclinical channel deficit into symptomatic disease — consistent with the
incomplete, age-dependent penetrance.

Section 3 — Phenotypes

Core cardiac phenotypes (clinical signs / laboratory-electrophysiologic abnormalities):


https://pubmed.ncbi.nlm.nih.gov/25145518/
https://pubmed.ncbi.nlm.nih.gov/33095298/
https://pubmed.ncbi.nlm.nih.gov/21806700/

Phenotype

Onset /
severity / course

Frequency
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Suggested HPO

Sinus bradycardia

Sinus pauses / sinus
arrest

Chronotropic
incompetence

Increased short-
term heart-rate
variability

Palpitations /
dizziness / syncope

Fatigue / reduced
exercise tolerance

Atrial fibrillation

Left ventricular
noncompaction
(LVNO)

QT prolongation /
torsade de pointes
(variant-specific)

Clinical sign
(ECG)

Clinical sign
(Holter)

Functional/
exercise sign

Laboratory/
ECG

Symptoms

Symptom

Clinical sign

Structural/
imaging

ECG/
arrhythmia

Often early;
variable severity;
chronic

Variable;
episodic

Blunted peak HR
& HR reserve on
exercise

Persists after HR
normalization

Episodic

Chronic

Often
paroxysmal; may
be young-onset

Congenital-
structural

Reported with
D553N

Core/near-
universal in
carriers

Common

Frequent in
carriers

Reported

Variable

Variable

~43.8% of
HCN4
carriers

~50% of
HCN4
carriers

Rare

HP:0001688 (Sinus
bradycardia);
HP:0001662
(Bradycardia)

HP:0011702
(Abnormal cardiac
conduction)

HP:0001662;
HP:0011675
(Arrhythmia)

HP:0011675

HP:0001279
(Syncope);
HP:0002321 (Vertigo)

HP:0012378 (Fatigue)

HP:0005110 (Atrial
fibrillation)

HP:0011664 (Left
ventricular
noncompaction)

HP:0001657
(Prolonged QT
interval)
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Onset and severity. HCN4-related disease presents earlier than sporadic SSS. In a meta-
analysis of familial cases, HCN4 carriers were diagnosed at 39.1 + 21.7 years vs 74.3 + 0.4
years for sporadic SSS (P<.001), and older than SCN5A carriers (20.0 + 17.6 y; P=.003) PMID:
28104484. Severity is variable, ranging from asymptomatic ECG bradycardia to syncope
requiring pacing; pacemaker implantation in HCN4 carriers occurred at 43.5 + 22.1 years.

Chronotropic incompetence — quantitative. In a 22-member family carrying ¢.1737+1G>T
(12 affected, defined by resting HR<60), carriers had lower minimum HR (36+7 vs 47+5 bpm;
p=0.0087) and average HR (628 vs 73+8 bpm; p=0.0168) on 24-h Holter; on maximal exercise
they reached significantly lower peak HR and lower percent heart-rate reserve, and more met
formal criteria for chronotropic incompetence PMID: 28465117.

Quality-of-life impact. Symptomatic bradycardia causes fatigue, exertional intolerance,
dizziness, and syncope, impairing daily functioning; pacing improves symptoms and quality of
life in bradycardia broadly. Coexisting AF adds thromboembolic risk and symptom burden,
and LVNC introduces risk of ventricular dysfunction/heart failure.

Section 4 — Genetic / Molecular Information

Causal gene. HCN4 (Gene 10021; 15q24.1). It encodes a 6-transmembrane channel subunit
with a voltage-sensing domain (S4), a pore (S5-S6), and an intracellular C-linker plus cyclic-
nucleotide-binding domain (CNBD). Four subunits assemble into the functional tetrameric
pacemaker channel.

Pathogenic variants (representative, with functional consequence).


https://pubmed.ncbi.nlm.nih.gov/28104484/
https://pubmed.ncbi.nlm.nih.gov/28104484/
https://pubmed.ncbi.nlm.nih.gov/28465117/
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Variant Functional mechanism Clinical note

Nonfunctional subunits;

Missense . . SND + LVNC (German
G482R dominant-negative on . 25145518
(pore) family)
WT current
Trafficking defect,
. reduced membrane SND, QT prolongation,
D553N Missense . . 15123648
expression, lI_f, torsade de pointes

dominant-negative

LOF via increased

R550H, . deactivation rate +
Missense SND 30196304
E1193Q reduced surface
expression

Left-shifted/slowed

. activation; attenuated
R378C Missense . SND 30196304
when co-expressed with

WT

. Familial bradycardia,
Predicted LOF; strong

c.1737+1G>T Splice-site ) chronotropic 28465117
linkage (L.OD 4.87)

incompetence
SND + AF + LVNC,
p-Ser498Arg . . . "
Missense Novel LOF multigenerational (incl. 42233914
(c.1494C>A) .
child)
) Not sufficient alone to [lustrates variable
V7591 Missense . . . o 33095298
impair pacemaking pathogenicity

Variant classification and constraint. ClinVar (queried Sept 2026) lists 2,315 HCN4 records:
222 pathogenic, 28 likely pathogenic, and 1,571 of uncertain significance — a large VUS burden
underscoring interpretation challenges. Population constraint (gnomAD, ENSG00000138622):
pLI 0.90; LOEUF 0.51 (observed/expected LOF = 0.38; 29 observed vs 76.9 expected LOF
alleles); missense Z 3.08; LOF Z 4.64. This intolerance to LOF and missense variation is
consistent with a dominant, dosage-sensitive disease mechanism.

Somatic vs germline. Germline. No somatic/oncologic role.


https://pubmed.ncbi.nlm.nih.gov/25145518/
https://pubmed.ncbi.nlm.nih.gov/15123648/
https://pubmed.ncbi.nlm.nih.gov/30196304/
https://pubmed.ncbi.nlm.nih.gov/30196304/
https://pubmed.ncbi.nlm.nih.gov/28465117/
https://pubmed.ncbi.nlm.nih.gov/42233914/
https://pubmed.ncbi.nlm.nih.gov/33095298/

OpenScientist Report

Functional consequences. Predominantly loss of function, achieved through several routes:
(i) trafficking/surface-expression defects, (ii) altered gating (faster deactivation, shifted voltage
dependence, slowed kinetics), and (iii) dominant-negative poisoning of WT subunits in the
tetramer.

Modifier genes / epigenetics / chromosomal abnormalities. No validated modifier genes are
established for SSS2 (a co-inherited CSRP3 variant was noted in one family but not proven
causal/modifying). No disease-specific epigenetic signature and no recurrent large-scale
chromosomal abnormality are described; SSS2 is a single-gene point-mutation/splice disorder.

Section 5 — Environmental Information

SSS2 is fundamentally genetic; environmental factors act as modifiers/lunmaskers rather than
causes.

* Environmental/pharmacologic factors: negative-chronotropic drugs (beta-blockers,
verapamil/diltiazem, digoxin, ivabradine, amiodarone), which reduce already-limited
pacemaker reserve.

» Lifestyle factors: high vagal tone (e.g., in trained athletes) can accentuate resting
bradycardia; no dietary or occupational cause is established.

* Infectious agents: none implicated. (Acquired SND from myocarditis, ischemia, or fibrosis
is a separate, non-Mendelian process.)

Section 6 — Mechanism / Pathophysiology

Ordered causal chain

1. A heterozygous HCN4 mutation (missense, splice, or truncating) produces mutant channel
subunits.

2. Mutant subunits cause loss of channel function by one or more of: defective trafficking —
reduced surface channels; altered gating (faster deactivation, hyperpolarizing shift of
activation, slowed kinetics) — less current per channel; and/or co-assembly into tetramers
that exerts a dominant-negative effect on wild-type subunits (inferred from co-expression
experiments). [Demonstrated in vitro for D553N, G482R, R550H/E1193Q/R378C.]
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3. Reduced functional channel density results in diminished funny current I_f in SA-node
pacemaker cells.

4. Lower I_f flattens the slope of early diastolic (phase-4) depolarization. [Mechanistically
demonstrated: I_f activation during diastole controls the depolarization slope and thus rate.]

5. A flatter diastolic slope lengthens the time to reach threshold, reducing spontaneous firing
frequency — sinus bradycardia, and, when firing/exit fails intermittently, sinus pauses /
sinoatrial exit block.

6. Because I_f is normally potentiated by cAMP (B-adrenergic, chiefly 2) during exercise,
blunted I_f causes an impaired rate rise — chronotropic incompetence. [Demonstrated on
exercise testing in carriers.]

7. Branch A — atrial arrhythmia: SA-node dysfunction and associated atrial remodeling
predispose to paroxysmal atrial fibrillation (brady-tachy syndrome). [Association,
contribution of atrial fibrosis inferred.]

8. Branch B — developmental/structural: because HCN4 also functions in cardiac
development (downstream of the Shox2—-Tbx3—Hcn4 pacemaker gene program), some
carriers show left ventricular noncompaction, likely reflecting HCN4's broader role in
cardiomyocyte development/differentiation. [Association in humans; developmental role
demonstrated in mouse.]

9. The net clinical result is an early-onset sinus node channelopathy: bradycardia, pauses,
exertional intolerance/syncope, frequently with AF and sometimes LVNC.

Detail by category

Molecular pathway / biochemistry. The funny current I_f is a mixed Na*/K* inward current
activated on membrane hyperpolarization. "The slope of early diastolic depolarization, and
thus the heart rate, is controlled precisely by the degree of I_f activation during diastole. I_f is
also accurately and rapidly modulated by changes of the cytosolic concentration of the second
messenger cCAMP" PMID: 18375593. cAMP rises with B-adrenergic (B2) stimulation and falls
with muscarinic (vagal) stimulation, giving I_f bidirectional autonomic control of rate. HCN4 is
"the most abundant isoform of the HCN gene family in SAN" PMID: 19181406.

Protein dysfunction and structure-function. HCN4 uses reverse electromechanical
coupling: "hyperpolarized membrane potentials facilitate pore opening through an inward
displacement of the S4 segment of the voltage-sensing domain (VSD). This voltage dependence
is finely regulated by the binding of cAMP to an intracellular domain (CNBD)" PMID: 41793528.
cAMP binds cooperatively across the four subunits, and the C-linker mechanically couples the
CNBD to the pore. Accessory ER proteins tune cAMP responsiveness: "LRMP prevents cAMP-


https://pubmed.ncbi.nlm.nih.gov/18375593/
https://pubmed.ncbi.nlm.nih.gov/19181406/
https://pubmed.ncbi.nlm.nih.gov/41793528/
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dependent potentiation of HCN4, while IRAG mimics the effect of cAMP on the channel" PMID:
42079162. Disease mutations disrupt these processes at the level of folding/trafficking, surface
density, or gating.

Cellular processes / cell types. The primary affected cell is the SA-node pacemaker (nodal)
myocyte (cardiac pacemaker cell). Biological processes: regulation of heart rate by cardiac
conduction, membrane depolarization, and cation transport. Suggested GO terms: G0O:0086015
(SA node cell action potential), GO:0002027 (regulation of heart rate), GO:0086091 (regulation
of heart rate by cardiac conduction), GO:0005222 (intracellular cAMP-activated cation channel
activity), G0O:0086006 (voltage-gated cation channel activity involved in cardiac muscle cell
action potential). Suggested CL terms: CL:0010004 (cardiac pacemaker cell) / CL:0002086 (nodal
myocyte).

Tissue damage / immune / metabolic. SSS2 is a functional electrical disorder, not primarily
an inflammatory, immune, or metabolic one. There is no autoimmune component.
Downstream atrial fibrosis (a tissue-remodeling process) may accompany the arrhythmic
phenotype and further impair sinus node function, as seen generally in SND PMID: 21806700.

Upstream vs downstream. Upstream = HCN4 mutation — reduced I_f (the initiating molecular
lesion). Downstream = diastolic-slope flattening — bradycardia/pauses/chronotropic
incompetence — secondary AF and, developmentally, LVNC.

Section 7 — Anatomical Structures Affected

* Primary organ: heart — specifically the sinoatrial node (UBERON:0002351), the dominant
cardiac pacemaker in the right atrium.

» Secondary/associated cardiac structures: right atrium (UBERON:0002078) and atrial
myocardium (AF substrate); left ventricular myocardium (UBERON:0002084) in carriers
with LVNC; the broader cardiac conduction system (UBERON:0004146).

* Body system: cardiovascular / cardiac conduction system.

* Tissue/cell level: cardiac muscle tissue; specialized nodal pacemaker cardiomyocytes
(Cell Ontology: CL:0010004 cardiac pacemaker cell / CL:0002086 nodal myocyte).

* Subcellular level: plasma membrane (channel locus; GO:0005886), with mutant channels
retained in the endoplasmic reticulum/secretory pathway when trafficking is defective
(GO:0005783). CNBD signaling occurs in the cytoplasm.
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https://pubmed.ncbi.nlm.nih.gov/42079162/
https://pubmed.ncbi.nlm.nih.gov/42079162/
https://pubmed.ncbi.nlm.nih.gov/21806700/
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* Localization / lateralization: the SA node is a right-sided structure at the junction of the
superior vena cava and right atrium; the pacemaker deficit is intrinsic and effectively
bilateral in effect (governs whole-heart rate). Note that bulk atrial-appendage sampling
under-represents the microscopic SA node where HCN4 is most enriched.

Section 8 — Temporal Development

* Onset age: earlier than sporadic SSS — mean =39 years at diagnosis, but with wide range
(SD =22y), and reported in children/adolescents (e.g., a 16-year-old with the p.Ser498Arg
variant) PMID: 42233914; PMID: 28104484.

* Onset pattern: typically insidious/chronic; bradycardia may be detected incidentally
before symptoms, with episodic syncope/pauses supervening.

* Progression: generally slow and variable; the underlying channel deficit is lifelong, but
symptomatic burden tends to increase with age as intrinsic reserve and remodeling
worsen. Course is chronic/lifelong, often episodic with respect to pauses/AF.

* Remission: no spontaneous cure; symptoms are controlled (not reversed) by pacing.
Critical intervention windows are (i) recognition before syncope/injury and (ii) pacing at
symptomatic bradycardia.

Section 9 — Inheritance and Population

* Inheritance: autosomal dominant.

* Penetrance: incomplete and age-dependent — carriers may be asymptomatic or show
only ECG bradycardia early in life.

» Expressivity: variable, including within families and among carriers of the same variant
(bradycardia + AF + LVNC + QT effects). V7591 illustrates that a reported variant may be
functionally insufficient on its own PMID: 33095298.

» Anticipation / mosaicism / founder effects / consanguinity: no genetic anticipation (not a
repeat-expansion disorder); no established founder mutations; consanguinity is not
relevant to a dominant disorder; germline mosaicism is theoretically possible but not
specifically documented.
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https://pubmed.ncbi.nlm.nih.gov/28104484/
https://pubmed.ncbi.nlm.nih.gov/33095298/
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* Carrier frequency: not a recessive "carrier" concept; pathogenic HCN4 alleles are rare,
consistent with strong LOF constraint (gnomAD).

» Epidemiology: SSS2 is rare; precise prevalence/incidence figures are not established for the
Mendelian subtype. Sick sinus syndrome overall is predominantly a disease of older adults
and a leading indication for pacemaker implantation (e.g., ~23% of first pacemaker
implants in a national registry) PMID: 28287212, but those figures reflect acquired disease,
not SSS2 specifically.

* Sex ratio / geographic distribution: no strong sex predilection or geographic clustering
established for SSS2.

Section 10 — Diagnostics

Electrophysiology (cornerstone). 12-lead ECG (sinus bradycardia, sinus pauses, sinoatrial
exit block, junctional escape) and ambulatory/Holter monitoring to capture intermittent
pauses and brady-tachy episodes. Exercise/treadmill testing to demonstrate chronotropic
incompetence (reduced peak HR and % HR reserve) PMID: 28465117. Short-term HR variability
metrics (rMSSD, pNN50) may be increased.

Imaging. Transthoracic echocardiography to detect LVNC and assess ventricular function;
cardiac MRI for LVNC criteria and, in AF populations, late-gadolinium quantification of atrial
fibrosis (which correlates with SND severity) PMID: 21806700.

Genetic testing. Given locus heterogeneity of familial SND (HCN4, SCN5A, others), a multigene
cardiac arrhythmia/sinus-node-dysfunction panel including HCN4 is the practical first-line
approach; single-gene HCN4 testing is appropriate when a familial variant is known. WES/
WGS are useful in unexplained familial conduction disease and for identifying novel variants
(e.g., p.Ser498Arg). ClinVar interpretation is complicated by a large VUS burden (1,571 VUS), so
functional/segregation data materially aid classification.

Laboratory / omics. No specific blood biomarker exists. Metabolomic/proteomic diagnostics
are not applicable. Diagnosis is clinical-electrophysiologic plus molecular confirmation.

Clinical criteria & differential diagnosis. Diagnosis rests on documented sinus node
dysfunction with correlated symptoms. Differentials include physiologic athletic bradycardia,
drug-induced bradycardia, high vagal tone, hypothyroidism, ischemic/infiltrative SA node
disease, and other genetic conduction disorders (notably SCN5A-related SND, which presents
younger, ~20 y, and can include Brugada/conduction overlap) PMID: 28104484.
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Screening. Cascade genetic testing and ECG/echo screening of first-degree relatives of an
affected proband is the key screening strategy.

Section 11 — Outcome / Prognosis

* Survival/mortality: for isolated sinus node dysfunction, prognosis is generally favorable
once appropriate pacing is provided; pacing improves symptoms, quality of life, and — in
bradycardia cohorts — survival (e.g., hazard ratio ~2.7 favoring paced patients in one
registry) PMID: 32778387. SSS2 itself is not typically a directly lethal conduction disease
when managed.

* Morbidity: driven by syncope (fall/injury risk), exertional intolerance, and — importantly
— atrial fibrillation (thromboembolic/stroke risk) and, where present, LVNC (risk of
ventricular dysfunction, heart failure, and arrhythmia). Pacemaker implantation is
common (mean age 43.5 + 22.1 y in HCN4 carriers) PMID: 28104484.

* Prognostic factors: presence and burden of AF, presence/severity of LVNC or other
structural cardiomyopathy, age, and symptom severity. The variant's functional severity
(e.g., dominant-negative vs mild gating shift) plausibly modulates phenotype.

* Quality of life: meaningfully impaired by symptomatic bradycardia and improved by
pacing.

Section 12 — Treatment

No disease-modifying or gene-directed therapy exists. Management is symptomatic and
preventive.

* Definitive device therapy: permanent pacemaker for symptomatic bradycardia/pauses/
chronotropic incompetence — dual-chamber, rate-responsive (DDDR) pacing is generally
preferred to preserve AV synchrony and provide rate response for chronotropic
incompetence. NCIT suggestion: Pacemaker / Cardiac Pacing.

» Anticoagulation for atrial fibrillation per standard stroke-risk stratification (e.g., CHA;DS,-
VASc-guided) — NCIT suggestion: Anticoagulant Therapy.

» Rate/rhythm management of AF with careful attention to the underlying bradycardia
(rate-controlling drugs can worsen sinus dysfunction; pacing may be prerequisite).
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* Drugs to avoid: negative-chronotropic and I_f-blocking agents — beta-blockers, non-
dihydropyridine calcium-channel blockers, digoxin, and notably ivabradine (a selective I_f/
HCN blocker), which would compound the primary defect.

* Pharmacogenomics / targeted/gene/cell/RNA therapies: none established for SSS2; no
approved targeted therapy. Biologic "gene therapy" pacemaker approaches (e.g., HCN-based
biological pacing) remain experimental/preclinical.

 Supportive care: treat reversible contributors (drugs, electrolytes, thyroid); manage heart
failure if LVNC/cardiomyopathy present.

Section 13 — Prevention

* Primary prevention: not possible for a germline Mendelian channelopathy; genetic
counseling and reproductive options (prenatal/preimplantation genetic testing) can
prevent transmission at the family level.

* Secondary prevention: cascade genetic and cardiac (ECG/Holter/echo) screening of at-
risk relatives for early detection; avoidance of provocative negative-chronotropic drugs in
carriers.

 Tertiary prevention: timely pacing to prevent syncope/injury; anticoagulation to prevent
AF-related stroke; surveillance for LVNC-related ventricular dysfunction.

* Counseling: autosomal-dominant recurrence risk of 50% for offspring of an affected
carrier, with explicit discussion of incomplete penetrance and variable expressivity.

Section 14 — Other Species / Natural Disease

» Taxonomy / orthologs: HCN4 is conserved across vertebrates; mouse Hcn4 (an orthologous
pacemaker channel gene) is the principal experimental ortholog. NCBI Taxon: Mus
musculus (10090).

» Natural disease: HCN4 is central to SA-node automaticity in all mammals; no specific well-
characterized companion-animal Mendelian SSS2 equivalent is highlighted in the reviewed
literature, though sinus node dysfunction occurs across species.

» Comparative biology / conservation: the funny current and its HCN4-based molecular
basis are strongly evolutionarily conserved; structural determinants of voltage sensitivity in

14
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HCN channels persist across the evolutionary scale PMID: 41793528, making cross-species
inference robust.

» Zoonotic potential: not applicable (non-infectious genetic disease).

Section 15 — Model Organisms

* Mouse (primary model). Constitutive global or cardiac-specific Hcn4 knockout is
embryonic lethal: "The HCN4 KO models that were first developed allowed either global or
cardiac-specific constitutive ablation of HCN4 channels, and resulted in embryonic
lethality" PMID: 22783204. This reflects an essential developmental role. Inducible adult
knockouts (whole-organism, HCN4-expressing cells, cardiac-specific) recapitulate SA-node
dysfunction with reduced I_f — bradycardia and sinus pauses — modeling the human
electrical phenotype.

* Developmental gene-program models. Shox2-null embryos lose Thx3/Hcn4 expression in
the SA-node region, are bradycardic with a hypoplastic SA node, and are embryonic lethal:
"the lack of Thx3 and Hcn4 expression, along with ectopic activation of Nppa, Cx40, and
Nkx2-5 in the Shox2(-/-) SAN region, indicates a failure in SAN differentiation" PMID:
19166829. This places Hcn4 downstream in the Shox2 - Thx3 - Hcn4 pacemaker program
and helps explain the developmental (LVNC) branch of the human phenotype.

* In-vitro / heterologous expression models. HEK293/Xenopus co-expression assays of
human HCN4 variants (D553N, G482R, R550H, E1193Q, R378C) are the principal system for
establishing loss-of-function and dominant-negative mechanisms and remain the
workhorse for variant functional classification PMID: 15123648; PMID: 30196304; PMID:
25145518.

* Phenotype recapitulation / limitations: inducible mouse KO reproduces bradycardia/
pauses/reduced I_f well; constitutive KO's embryonic lethality limits its use for adult
phenotyping, and mouse SA-node biology (very high baseline HR) differs from human, so
quantitative rate phenotypes do not translate directly. Human iPSC-derived SA-node-like
pacemaker cells are an emerging, more human-relevant system (not detailed in the
reviewed evidence).
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Mechanistic Model / Interpretation

HCN4 mutation (heterozygous: missense / splice / truncating)
|
v
Mutant subunit dysfunction
- trafficking defect — 1 surface channels
- altered gating (faster deactivation, shifted/slowed activation) — & current/channel
L dominant-negative co-assembly in tetramer — poisons WT subunits
|
v
1 Funny current (I _f) in SA-node pacemaker cells
|
v
Flattened phase-4 (diastolic) depolarization slope

v v
Slow to threshold Blunted cAMP/B-adrenergic
- sinus bradycardia, potentiation of I f
sinus pauses/exit block - chronotropic incompetence
|
|
T T 1
v v v
Syncope Atrial fibrillation Left ventricular noncompaction

fatigue (~44%; brady-tachy) (~50%; developmental branch,
via HCN4 role downstream of
Shox2-Tbx3-Hcn4)

The unifying principle is quantitative loss of pacemaker current. HCN4 sets the diastolic
depolarization slope; halving effective channel function (through haploinsufficiency amplified
by dominant-negative effects) slows firing and, crucially, removes the reserve normally
recruited by cAMP during exercise — hence chronotropic incompetence is an especially
sensitive marker. The AF and LVNC branches reflect HCN4's dual identity as both an electrical
(I_f) protein and a developmentally regulated pacemaker-lineage gene, explaining why some
families show a combined electrical-plus-structural syndrome while others show isolated
bradycardia.
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HCN4-related SSS

Feature
(SSS2)
Mean age at
. . 39.1+21.7y
diagnosis
Atrial fibrillation ~43.8%
LVNC ~50%
Mechanism 1 I_f (funny current)
Inheritance AD

(Comparative data from PMID: 28104484.)

SCN5A-related familial
SSS

20.0 £+ 17.6 y

variable
uncommon

1l I_Na (sodium
current)

AD/AR
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Sporadic (age-related)
SSS

743+ 04y

common (age-related)

uncommon

fibrosis/degeneration

acquired/multifactorial


https://pubmed.ncbi.nlm.nih.gov/28104484/

OpenScientist Report

Evidence Base

18



OpenScientist Report

PMID Contribution Support/challenge

. ) Supports dominant-negative
HCN4-G482R (pore) nonfunctional, dominant- ]
25145518 . . LOF mechanism and LVNC
negative; SND+LVNC family

association
AT HCN4 is the most abundant SAN HCN isoform Establishes gene—current
carrying I_f identity
I_f sets diastolic-depolarization slope/heart rate;
18375593 cAMP-modulated; CNBD point mutation — sinus Core physiological mechanism
bradycardia
Meta-analysis: earlier onset, AF ~44%, LVNC Defines clinical spectrum
28104484 .
~50% quantitatively
98485117 Splice variant, LOD 4.87; documented Links genotype to exercise
chronotropic incompetence phenotype
15123648 D553N trafficking defect, dominant-negative Mechanistic LOF evidence

R550H/E1193Q/R378C gating & surface- )
30196304 . Multiple LOF routes
expression LOF

Extends variant/phenotype

42233914 Novel p.Ser498Arg — SND+AF+LVNC incl. child o
spectrum to pediatrics
Challenges over-attribution;
33095298 V7591 not sufficient to impair pacemaking supports variable

pathogenicity

Constitutive Hcn4 KO embryonic lethal; .
22783204 ] . Establishes dev. + adult roles
inducible KO models SND

Explains developmental
19166829 Shox2—-Tbx3—Hcn4 pacemaker program b h
ranc

Reverse electromechanical coupling; cAMP/ . .
41793528 . Structural gating basis
CNBD regulation; conserved

42079162 LRMP/IRAG modulate HCN4 cAMP response Accessory rate-tuning

T Atrial fibrosis (LGE-MRI) predicts SND requiring  Contextualizes acquired
pacing remodeling
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PMID Contribution Support/challenge
32778387, Pacing improves outcomes; SSS a major Management/epidemiology
28287212 pacemaker indication context

Evidence-type mix: human clinical/family genetics and functional in-vitro electrophysiology
dominate the mechanistic core; mouse models supply developmental and adult-KO evidence;
population-genomic (gnomAD/ClinVar) and expression (GTEX) resources supply constraint and
tissue context.

Limitations and Knowledge Gaps

1. Epidemiology is undefined. No reliable prevalence/incidence for the Mendelian SSS2
subtype; most population figures reflect acquired SSS.

2. VUS burden. 1,571 of 2,315 ClinVar HCN4 records are VUS; genotype-phenotype correlation
remains incomplete, and functional data lag behind variant discovery.

3. Penetrance/expressivity are not quantified. The molecular basis for the AF vs LVNC vs
isolated-bradycardia divergence, and for variable penetrance, is unresolved (modifiers,
background, environment).

4. Bulk-tissue expression under-samples the SA node. GTEx shows highest HCN4 in testis
and cardiac tissue with lower brain expression, but the microscopic SA node — where
HCN4 is most enriched — is not represented, so tissue-expression inferences are indirect.

5. Model translation. Constitutive-KO lethality and species differences in baseline heart rate
limit direct quantitative translation from mouse.

6. No targeted therapy. Management remains device- and anticoagulation-based; no gene- or
channel-directed therapeutic exists.

Proposed Follow-up Experiments / Actions

1. Functional triage pipeline for VUS: systematically express reported HCN4 VUS (patch-
clamp for I_f density, activation V¥%/kinetics, surface biotinylation, and WT co-expression
for dominant-negative testing) to reclassify the large VUS pool.
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2. Human iPSC-derived SA-node pacemaker cells carrying patient variants (isogenic CRISPR
controls) to model I_f loss, chronotropic response to isoproterenol, and — via directed
differentiation — the LVNC developmental branch.

3. Genotype-phenotype registry aggregating HCN4 carriers to quantify penetrance, age-
specific risk of AF/LVNC/syncope, and pacemaker outcomes; test whether dominant-
negative variants carry more severe phenotypes than simple LOF.

4. Modifier discovery: WGS + polygenic and rare-variant analyses in discordant carriers
(severe vs asymptomatic) to identify genetic modifiers (e.g., in the Shox2/Thx3 program, or
fibrosis/AF risk loci).

5. Structural mechanism: cryo-EM / MD on dominant-negative variants (e.g., G482R pore,
CNBD variants) to map how they perturb reverse electromechanical coupling and cAMP
allostery, informing potential correctors of trafficking-defective mutants.

6. Pharmacologic-avoidance evidence: formal study of ivabradine and other I_f/negative-
chronotropic drug effects in carriers to codify contraindications.

7. Biological pacing translation: advance HCN-based gene/cell pacemaker strategies as a
potential alternative to electronic pacing in HCN4 disease.

Report compiled from 10 confirmed findings and 23 reviewed papers across a 5-iteration
investigation. Identifiers verified against EBI OLS4 (MONDO), OMIM, NCBI Gene, gnomAD,
ClinVar, and GTEXx.
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