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Abstract

Long noncoding RNAs (IncRNAs) have emerged as critical regulators of lipid metabolism, playing pivotal roles

in cholesterol biosynthesis, transport, and efflux. Familial Hypercholesterolemia (FH), a genetic disorder character-
ized by excessive low-density lipoprotein cholesterol (LDL-C) levels, remains a significant contributor to premature
cardiovascular disease (CVD). Traditional diagnostic methods, including lipid profiling and genetic testing, have
limitations in sensitivity and accessibility, highlighting the need for novel molecular biomarkers. This review delves
into the mechanistic involvement of INcRNAs in FH pathogenesis, shedding light on their potential as non-invasive
biomarkers and therapeutic targets. Key IncRNAs such as LeXis, CHROME, and H19 have been implicated in choles-
terol regulation and atherosclerosis progression, making them attractive candidates for precision medicine applica-
tions. Additionally, advancements in Al-driven IncRNA discovery and single-cell transcriptomics are paving the way
for innovative diagnostic and therapeutic strategies. Emerging RNA-based therapeutics, including antisense oligonu-
cleotides, small interfering RNAs (siRNAs), and CRISPR-based gene-editing tools, hold promise for modulating IncRNA
function to restore lipid homeostasis. However, challenges such as biomarker validation, efficient RNA delivery,

and regulatory approval must be addressed for clinical translation. The integration of IncRNA-based approaches

into FH management offers new possibilities for early detection, targeted therapy, and personalized cardiovascular
risk assessment, underscoring the need for continued research in this rapidly evolving field.
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LncRNAs are emerging as critical regulators of lipid
metabolism, influencing cholesterol synthesis, efflux,
and catabolism [1, 6-9]. Unlike protein-coding genes,
IncRNAs function through diverse mechanisms, includ-
ing chromatin remodeling, transcriptional regulation,
and post-transcriptional modifications, making them
attractive candidates for biomarker discovery and thera-
peutic intervention [10-14]. Several IncRNAs, such as
LeXis, MeXis, CHROME, and H19, have been implicated
in lipid homeostasis and cardiovascular disease patho-
genesis [7, 15—18], but their specific roles in FH remain
underexplored.

This review aims to consolidate current knowledge
on the involvement of IncRNAs in FH pathogenesis,
evaluating their potential as diagnostic biomarkers and
therapeutic targets. We explore how IncRNA-based
diagnostics could complement existing genetic test-
ing and how emerging RNA-targeting therapeutics may
offer novel avenues for FH management. Furthermore,
we discuss recent advancements in Al-driven biomarker
discovery, single-cell transcriptomics, and RNA-based
therapeutics, highlighting their potential integration into
precision medicine frameworks for FH treatment.

Molecular mechanisms of IncRNAs in cholesterol
homeostasis

IncRNAs in cholesterol synthesis and uptake

Cholesterol synthesis is a complex process that occurs
primarily in the liver, where acetyl-CoA is converted
into cholesterol through the mevalonate pathway [19].
This pathway is tightly regulated by multiple transcrip-
tional and post-transcriptional mechanisms, including
the sterol regulatory element-binding proteins (SREBPs),
which act as master regulators of cholesterol biosyn-
thesis [20-22]. Low-density lipoprotein (LDL) uptake
is another key mechanism in cholesterol homeostasis,
mediated by the LDL receptor (LDLR), which binds cir-
culating LDL and facilitates its clearance from the blood-
stream [21, 23, 24/].

Recent studies have identified several IncRNAs that
modulate these processes, either by directly influencing
key regulatory genes or by acting as molecular sponges
for microRNAs (miRNAs) that suppress cholesterol
synthesis. Here, we discuss some of the most critical
IncRNAs involved in cholesterol biosynthesis and LDL
uptake.

LeXis: a negative regulator of cholesterol biosynthesis

LeXis (Liver-expressed IncRNA regulating cholesterol
homeostasis) has been identified as a crucial regulator
of cholesterol biosynthesis [7, 25-27]. It interacts with
the ribonucleoprotein RALY, which is involved in RNA
processing and gene regulation, to suppress the activity
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of SREBP2, a master transcriptional regulator of choles-
terol biosynthetic genes [19, 25, 26, 28, 29]. By inhibit-
ing SREBP2, LeXis downregulates key enzymes in the
mevalonate pathway, including HMG-CoA reductase
(HMGCR) and HMG-CoA synthase 1 (HMGCS1), lead-
ing to a reduction in intracellular cholesterol synthesis
[25, 26]. Moreover, studies suggest that LeXis is regulated
by nuclear receptors such as Liver X Receptors (LXRs),
linking it to broader lipid metabolism pathways [25].

Experimental studies in mice have demonstrated that
LeXis overexpression significantly reduces plasma cho-
lesterol levels and protects against diet-induced hyper-
cholesterolemia [25, 30]. Conversely, LeXis knockout
mice exhibit increased hepatic cholesterol synthesis and
higher LDL-C levels, further confirming its role as a neg-
ative regulator of cholesterol biosynthesis [25, 30, 31].
Additionally, LeXis appears to function as a crucial link
between SREBP2 and LXR-mediated pathways, coordi-
nating lipid metabolism and cholesterol homeostasis. By
suppressing the transcriptional activity of SREBP2, LeXis
exerts an overarching effect on lipid metabolic networks,
positioning itself as an essential checkpoint in cholesterol
biosynthesis [25, 30, 31].

Notably, recent evidence has revealed a novel extra-
cellular role for LeXis. A study demonstrated that LeXis
is (along with LASER and HIF1 A-AS2) transported by
high-density lipoprotein (HDL) particles in subjects with
FH [32]. Importantly, HDL-bound LeXis was significantly
associated with cardiovascular risk markers, showing an
inverse correlation with lipoprotein(a) [Lp(a)] levels and
pulse wave velocity (PWV), a surrogate marker of arterial
stiffness and vascular dysfunction [32]. This suggests that
LeXis may exert both intracellular and extracellular func-
tions, with potential as a circulating biomarker for vas-
cular damage and cardiovascular risk stratification in FH.

Further investigations have elucidated that LeXis
functions through epigenetic modifications, influenc-
ing histone methylation patterns that modulate SREBP2
target gene expression [33, 34]. The RALY-LeXis com-
plex dynamically interacts with the regulatory elements
of cholesterol biosynthetic genes [25, 34—36], indicating
that targeting LeXis pharmacologically could provide
a new avenue for cholesterol-lowering therapies in FH
patients.

This dual intracellular and extracellular functionality
reinforces LeXis’s therapeutic and diagnostic potential,
linking its mechanistic roles in gene regulation to its
emerging utility as a plasma-based biomarker for vascu-
lar risk.

IncARSR: a positive regulator of cholesterol synthesis
IncARSR (IncRNA Activated in Renal Cell Carcinoma
with Sunitinib Resistance) has been found to modulate
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cholesterol metabolism by upregulating HMGCR, the
rate-limiting enzyme in cholesterol biosynthesis [37-
39]. Mechanistically, IncARSR functions as a compet-
ing endogenous RNA (ceRNA) by sponging miR-30c, a
microRNA known to inhibit HMGCR translation [40,
41]. By preventing miR-30c from binding to HMGCR
mRNA, IncARSR enhances HMGCR expression, leading
to increased cholesterol synthesis [7, 40, 42]. Studies in
hypercholesterolemic models have shown that IncARSR
overexpression correlates with elevated LDL-C levels and
hepatic cholesterol accumulation, reinforcing its role in
cholesterol dysregulation and atherosclerosis progression
[18, 43, 44].

HOXC-AS1: a regulator of LDL uptake

LDL uptake is a fundamental process that regulates cir-
culating cholesterol levels [45-47]. HOXC-AS], an anti-
sense IncRNA, has been implicated in the regulation of
LDLR expression [48, 49]. LDLR is essential for removing
LDL particles from circulation, and its activity is tightly
controlled by multiple regulatory factors, including IncR-
NAs [7, 23, 49]. Knockdown studies have demonstrated
that HOXC-AS1 depletion reduces LDLR expression,
impairing LDL clearance and increasing plasma LDL-C
levels, a hallmark of FH [48-50]. Mechanistically, HOXC-
AS1 is thought to regulate LDLR gene expression through
chromatin remodeling, suggesting that it may interact
with chromatin-modifying enzymes to alter LDLR pro-
moter accessibility [1, 38, 48, 51]. Furthermore, studies
have indicated that HOXC-AS1 influences histone modi-
fications, thereby affecting LDLR transcriptional activity
[48, 52-54]. These findings highlight HOXC-AS1 as a
potential target for increasing LDL uptake in FH treat-
ment and warrant further investigation into its role in
cholesterol homeostasis and gene regulation.

SRA: a transcriptional coactivator in cholesterol
metabolism

SRA (Steroid Receptor RNA Activator) is a multifunc-
tional IncRNA that has been shown to enhance cho-
lesterol biosynthesis by acting as a transcriptional
coactivator for nuclear receptors, including Liver X
Receptors (LXRs) and Peroxisome Proliferator-Activated
Receptors (PPARs) [36, 54—58]. These nuclear receptors
regulate lipid metabolism by controlling the expression
of genes involved in lipid synthesis, storage, and trans-
port [28, 59]. Recent studies have demonstrated that SRA
overexpression is associated with increased hepatic lipid
accumulation, while its inhibition reduces cholesterol
biosynthesis and promotes lipid clearance [29, 31, 56,
60]. Additionally, SRA has been implicated in fatty liver
disease and metabolic syndrome, highlighting its broader
role in lipid-related disorders [58, 60, 61].
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AT102202 (LncHMGCR): a negative regulator of HMGCR
expression

AT102202 is a long non-coding RNA identified in
HepG2 liver cells that negatively regulates HMGCR, the
rate-limiting enzyme in cholesterol biosynthesis [7, 62].
Treatment with epigallocatechin gallate (EGCG) was
shown to upregulate AT102202, leading to a reduction in
HMGCR mRNA expression and a subsequent decrease
in cholesterol synthesis [7, 62]. Conversely, knockdown
of AT102202 resulted in elevated HMGCR levels, con-
firming its inhibitory regulatory role [62]. While “LncH-
MGCR” is not a formally recognized gene symbol, we use
it here as a functional label to reflect AT102202’s specific
role in modulating HMGCR expression. These findings
highlight AT102202 as a potential therapeutic target for
attenuating hepatic cholesterol production, particularly
in the context of FH.

While regulating cholesterol synthesis and uptake is
crucial for maintaining cellular cholesterol balance, the
removal of excess cholesterol through efflux and trans-
port mechanisms is equally vital. Several IncRNAs also
prominently influence these pathways, affecting lipid
homeostasis and cardiovascular risk.

IncRNAs in cholesterol efflux and transport

Cholesterol efflux and transport play crucial roles in
maintaining lipid homeostasis and preventing exces-
sive cholesterol accumulation, which is a key driver of
atherosclerosis [7, 23, 63]. These processes are primarily
mediated by ATP-binding cassette (ABC) transporters,
such as ABCA1 and ABCGI, which facilitate cholesterol
transfer to HDL for reverse cholesterol transport to the
liver for excretion [64—67]. Disruptions in cholesterol
efflux lead to foam cell formation, contributing to athero-
sclerotic plaque development and cardiovascular disease
[63, 65, 68, 69]. Several IncRNAs have been identified as
key regulators of these processes, influencing cholesterol
metabolism at transcriptional and post-transcriptional
levels.

MeXis: a key enhancer of cholesterol efflux

MeXis (Macrophage-expressed IncRNA  stimulat-
ing ABCAL) has been shown to act as a transcriptional
coactivator for liver X receptors (LXRs), enhancing the
expression of ABCA1, which is essential for cholesterol
efflux [59, 63, 70-74]. Increased expression of MeXis cor-
relates with enhanced cholesterol clearance, improved
HDL formation, and reduced foam cell formation, which
are critical for preventing atherosclerosis [59, 63, 74, 75].
Conversely, MeXis-deficient mice exhibit impaired cho-
lesterol transport and increased lipid accumulation in
macrophages, leading to accelerated plaque development
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[27, 76]. This highlights MeXis as a potential therapeutic
target for promoting cholesterol efflux and reducing car-
diovascular disease risk.

CHROME: a master regulator of cholesterol homeostasis
CHROME (Cholesterol Homeostasis Regulator of
miRNA Expression) is a IncRNA that influences choles-
terol efflux by regulating a set of microRNAs that target
ABCA1 and ABCG1 [21, 27, 77]. CHROME acts by sup-
pressing miRNAs (such as miR-27b, miR-33, and miR-
128), which are known to downregulate genes involved
in cholesterol transport [21, 27, 77, 78]. By inhibiting
these miRNAs, CHROME enhances HDL formation and
reverse cholesterol transport, protecting against choles-
terol accumulation and atherosclerosis [21, 27, 76, 79,
80]. Reduced expression of CHROME has been linked
to dyslipidemia and increased cardiovascular risk [9,
27, 81], making it a promising candidate for therapeutic
intervention.

ANRIL: a link between inflammation and cholesterol
transport

ANRIL (Antisense Noncoding RNA in the INK4 Locus,
also known as CDKN2B-AS1) plays a dual role in lipid
metabolism and inflammation [82, 83]. Elevated expres-
sion of ANRIL has been associated with NF-kB-mediated
inflammatory responses, which indirectly impair cho-
lesterol efflux mechanisms [82-85]. ANRIL modulates
vascular endothelial function and affects macrophage
cholesterol handling, linking it to both atherosclerosis
progression and impaired lipid metabolism [85—89]. Fur-
thermore, ANRIL has been shown to regulate the expres-
sion of genes within the INK4/ARF locus, influencing cell
cycle pathways that contribute to vascular remodeling
and plaque stability [87-91]. Given its inflammatory role,
ANRIL is emerging as a potential target for interven-
tions aimed at both inflammation control and cholesterol
homeostasis restoration.

Lnc-HC: a dual regulator of cholesterol efflux and bile acid
metabolism

Lnc-HC is a hepatocyte-enriched long noncoding RNA
that plays a critical inhibitory role in both cholesterol
efflux and hepatic catabolism [18]. Functionally, it sup-
presses the expression of ATP-binding cassette trans-
porters ABCA1 and ABCG1, thereby impairing the efflux
of excess intracellular cholesterol to HDL [7, 18, 92-94].
This inhibition promotes cholesterol retention in mac-
rophages and hepatocytes, contributing to foam cell for-
mation and atherogenesis [92, 93]. In parallel, Lnc-HC
downregulates cholesterol 7 alpha-hydroxylase (CYP7
A1), the rate-limiting enzyme in bile acid synthesis, fur-
ther exacerbating hepatic cholesterol accumulation by
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limiting its catabolic clearance [18, 92-94]. Mechanis-
tically, Lnc-HC is thought to exert its effects through
interactions with nuclear receptors such as PPARa, influ-
encing both transcriptional activity and downstream
lipid-handling pathways [92, 93]. Knockdown of Lnc-HC
has been shown to enhance ABCA1/ABCGL1 expression
and restore CYP7 Al-mediated bile acid production [92—
94], underscoring its dual contribution to dyslipidemia in
FH and its potential as a therapeutic target.

Maintaining cholesterol homeostasis not only requires
effective synthesis and efflux regulation but also depends
on efficient catabolic breakdown [7]. The hepatic conver-
sion of cholesterol into bile acids represents a key mecha-
nism for reducing intracellular lipid burden. The next
section examines other IncRNAs that influence this cata-
bolic pathway and contribute to lipid regulation in FH.

IncRNAs in cholesterol catabolism

Cholesterol catabolism is a crucial process that facilitates
cholesterol homeostasis and prevents its excessive accu-
mulation in tissues [23, 95]. The primary pathway for cho-
lesterol breakdown involves its conversion into bile acids
in the liver, which are subsequently excreted through the
enterohepatic circulation [96—100]. The process is tightly
regulated by nuclear receptors, transcription factors, and
various epigenetic mechanisms, including IncRNAs [97,
99, 101-103]. Recent studies have identified several IncR-
NAs that play pivotal roles in cholesterol catabolism by
modulating the expression of key enzymes involved in
bile acid synthesis and lipoprotein metabolism.

RP5-833 A20.1: a modulator of lipoprotein metabolism
RP5-833 A20.1 is another IncRNA that has been impli-
cated in cholesterol clearance through its interaction
with NF1 A, a transcription factor that regulates lipopro-
tein metabolism [76, 104, 105]. NF1 A plays a crucial role
in lipoprotein uptake and cholesterol trafficking [106].
Experimental studies have shown that RP5-833 A20.1
inhibits NF1 A activity, thereby impairing lipoprotein
metabolism and reducing cholesterol clearance [76, 104,
105, 107]. Knockdown of RP5-833 A20.1 restores NF1 A
function, enhancing lipoprotein metabolism and promot-
ing cholesterol excretion [76, 105, 107], highlighting its
potential role in modulating cholesterol homeostasis and
bile acid metabolism.

LncRNA-DYNLRB2-2: a potential modulator of cholesterol
homeostasis

LncRNA-DYNLRB2-2 has been implicated in cholesterol
efflux and lipid metabolism regulation [105, 108, 109].
Specifically, its overexpression in macrophage-derived
foam cells has been associated with increased expression
of ATP-binding cassette transporter A1 (ABCA1) and G
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protein-coupled receptor 119 (GPR119), both of which
facilitate cholesterol efflux and reduce lipid accumulation
[105, 108, 109]. These findings suggest that LncRNA-
DYNLRB2-2 may play a role in maintaining lipid balance
and preventing excessive cholesterol buildup.

Although its precise molecular mechanisms remain
unclear, its involvement in cholesterol efflux highlights
its potential relevance to hepatic cholesterol metabo-
lism. Further studies are needed to explore whether
LncRNA-DYNLRB2-2 could serve as a therapeutic target
for enhancing cholesterol clearance in conditions such as
FH. A deeper understanding of its regulatory functions
may provide novel insights into cholesterol homeostasis
and lipid-related disease management.

Beyond their metabolic roles, IncRNAs significantly
impact inflammation and vascular processes underly-
ing atherosclerosis. Understanding their regulatory roles
provides deeper insights into FH-associated cardiovascu-
lar risk.

IncRNAs in atherosclerosis and inflammation
Atherosclerosis, the underlying cause of most cardio-
vascular diseases, is a chronic inflammatory disorder
driven by lipid accumulation, endothelial dysfunction,
and immune system activation [110, 111]. In FH, exces-
sive low-density lipoprotein cholesterol (LDL-C) triggers
inflammatory responses that accelerate plaque formation
[1, 112-114]. Emerging evidence suggests that IncRNAs
play significant roles in modulating inflammatory path-
ways, endothelial integrity, and macrophage activation,
all of which contribute to atherosclerosis progression
[111]. Here, we discuss key IncRNAs involved in these
processes and their implications for FH and cardiovascu-
lar disease management.

H19: a pro-atherogenic Incrna enhancing endothelial
dysfunction

H19 has been implicated in the pathogenesis of ath-
erosclerosis through its effects on vascular endothelial
cells and smooth muscle cells [115-120]. Studies have
shown that H19 is highly expressed in human atheroscle-
rotic plaques and injured carotid arteries in rat models,
whereas its expression is minimal in normal coronary
arteries [115, 116, 118, 121-125]. In patients with ath-
erosclerosis, elevated levels of H19 have been detected
in plaques, and its upregulation has been associated with
increased proliferation and reduced apoptosis of vascular
smooth muscle cells (VSMCs)[116, 117, 121, 123, 124].
H19 has also been reported to promote the proliferation
of vascular endothelial cells in arteriosclerosis obliterans
and inhibit their apoptosis via the nuclear factor kappa-
B (NF-kB) pathway [126—128]. Increased H19 expression
accelerates atherosclerosis by activating inflammatory
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pathways, while H19 silencing has been shown to sup-
press ex vivo adipogenesis and inflammatory responses
induced by oxidized low-density lipoprotein (ox-LDL)
treatment [124, 129]. Given its role in endothelial dys-
function and vascular inflammation, H19 is a promising
therapeutic target for mitigating atherosclerosis, particu-
larly in patients with FH.

GASS5: an inhibitor of cholesterol efflux and macrophage
foam cell formation

Growth arrest-specific 5 (GAS5) is a IncRNA known
for its role in apoptosis and metabolic regulation [130,
131]. Recent findings suggest that GAS5 suppresses
cholesterol efflux by inhibiting ATP-binding cassette
transporter A1 (ABCA1) expression, a key regulator of
cholesterol removal from macrophages [130]. Reduced
ABCALI expression leads to cholesterol accumulation in
macrophages, promoting foam cell formation, a hallmark
of early atherosclerotic lesions [69, 80, 130, 132, 133].
Inhibition of GAS5 has been associated with increased
ABCA1 expression, enhanced cholesterol efflux, and
reduced atherosclerosis burden [130, 134]. These findings
suggest that targeting GAS5 may be an effective strategy
for improving lipid clearance and reducing inflammation
in FH-associated cardiovascular disease.

MIAT: a key regulator of vascular smooth muscle cell
proliferation

Myocardial infarction-associated transcript (MIAT) is
a IncRNA involved in vascular remodeling and smooth
muscle cell proliferation, both of which contribute to ath-
erosclerotic plaque stability and progression [135-142].
MIAT has been shown to activate NF-«kB signaling, a
major inflammatory pathway linked to atherosclerosis
[143, 144]. By promoting smooth muscle cell migration
and proliferation, MIAT contributes to plaque destabi-
lization and increases the risk of cardiovascular events
[144]. Inhibiting MIAT has been found to suppress
NF-«B activation and attenuate inflammation in athero-
sclerotic models [138, 141, 144], highlighting its potential
as a therapeutic target for stabilizing plaques and reduc-
ing inflammatory responses in FH.

Together, these findings highlight the diverse roles of
IncRNAs in the regulation of cholesterol metabolism and
vascular pathology in FH. From hepatic biosynthesis and
bile acid catabolism to macrophage-driven cholesterol
efflux and vascular inflammation, IncRNAs orchestrate
multiple layers of lipid homeostasis. Figure 1 provides
an integrated schematic of these regulatory pathways,
emphasizing the key IncRNAs involved in each biological
process and their mechanistic targets across relevant cell

types.
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LeXis —| SREBP-2 —| Cholesterol Biosynthesis
IncARSR - Akt - SREBP-2 = Cholesterol Biosynthesis
AT102202 — HMGCR — Cholesterol Biosynthesis
HOXC-AS1 - LDLR - LDL Uptake

SRA - Transcriptional Activation = Cholesterol Biosynthesis

Lnc-HC — CYP7A1 — Bile Acid Synthesis

RP5-833A20.1 - NFIA = Lipoprotein Metabolism & Cholesterol
Catabolism

LncRNA-DYNLRB2-2 - Cholesterol Homeostasis (Indirect Effect)

MeXis = LXR - ABCA1 - Cholesterol Efflux
CHROME — miR-27b/miR-33 -» ABCA1/ABCG1 - Cholesterol Efflux
ANRIL - ABCA1 = Cholesterol Efflux (via inflammatory modulation)

Lnc-HC — ABCA1 — Cholesterol Efflux

H19 - miR-675 —» Cell Proliferation, Inflammation, Endothelial
Dysfunction

GAS5 — ABCA1 = Increased Foam Cell Formation

MIAT - miR-149-5p/CD47 - Vascular Smooth Muscle Proliferation,
Plaque Instability

Note: Solid arrows (—) represent activation or positive regulation, blunt-end lines () represent inhibition or negative regulation

Fig. 1 Schematic overview of key IncRNAs regulating cholesterol metabolism and inflammation in familial hypercholesterolemia (FH). This
schematic illustrates the functional roles of key long noncoding RNAs (IncRNAs) across major regulatory domains in FH, including cholesterol
synthesis and LDL uptake, cholesterol catabolism, cholesterol efflux and transport, and atherosclerosis-related inflammation. The pathways are
shown across hepatocytes, macrophages, and vascular cells. Positive regulation is indicated by solid arrows (—), and inhibition by blunt-end lines

(). Created in BioRender

LncRNAs as diagnostic biomarkers in FH

LncRNAs are emerging as dynamic molecular indi-
cators in FH, given their roles in lipid regulation and
atherosclerosis (Table 1). Unlike traditional lipid pro-
filing or static genetic tests, IncRNAs reflect real-time
metabolic states and can be detected in blood, offer-
ing a non-invasive means of cardiovascular risk strati-
fication. Recent work revealed that IncRNAs such as
LEXIS, LASER, and HIF1 A-AS2 are transported by
HDL particles in FH patients, with HDL-bound LEXIS
inversely associated with plasma levels of lipoprotein(a)
and pulse wave velocity (PWV), an indicator of arterial
stiffness [32]. These findings suggest that HDL-bound
IncRNAs may serve not only as mechanistic regulators
but also as circulating biomarkers of vascular dysfunc-
tion. Building on this insight, the following sections
explore the diagnostic potential of IncRNAs, their inte-
gration into existing FH detection strategies, and the
challenges that remain for clinical translation.

Challenges in current FH diagnosis

The diagnosis of FH remains a clinical challenge despite
advancements in lipid profiling, genetic testing, and
established scoring systems such as the Dutch Lipid
Clinic Network (DLCN) score [4, 150]. Traditional lipid
profiling, which assesses LDL-C levels, lacks specificity
as cholesterol levels can be influenced by various meta-
bolic and environmental factors, including obesity, diet,
and secondary dyslipidemia [8, 151-153]. Furthermore,
LDL-C levels alone are insufficient to differentiate FH
from polygenic hypercholesterolemia, leading to poten-
tial misclassification [1, 154]. Genetic testing, while
providing high specificity, is not without limitations. A
significant proportion of clinically diagnosed FH patients
do not exhibit mutations in LDLR, APOB, or PCSK9, the
primary genes implicated in monogenic FH [155-160],
suggesting that additional, unidentified molecular mech-
anisms may contribute to FH pathology. Additionally,
the high cost and limited availability of genetic testing,
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particularly in developing regions, restrict its widespread
application. Clinical scoring systems, such as the DLCN
and Simon Broome criteria, rely heavily on family his-
tory and physical findings [161], both of which may be
unreliable due to incomplete medical records or vari-
able phenotypic expression among affected individuals.
Moreover, these criteria may lack sensitivity in pediatric
populations, where lipid levels fluctuate due to develop-
mental factors [159, 162-165], further complicating early
diagnosis. The inability of existing diagnostic modalities
to consistently identify FH across diverse populations
underscores the pressing need for novel, non-invasive
biomarkers that are both sensitive and specific. IncRNAs
have emerged as promising candidates, given their roles
in cholesterol metabolism, lipid homeostasis, and car-
diovascular disease progression, potentially bridging the
diagnostic gap in FH.

The potential of Incrnas as biomarkers and their
integration into FH diagnostic algorithms
The integration of IncRNAs into FH diagnostics presents
a novel approach to overcoming limitations associated
with lipid profiling, genetic testing, and clinical scor-
ing systems. Unlike traditional diagnostic tools that rely
on static measurements of LDL-C or genetic mutations,
IncRNAs offer a dynamic, molecularly precise method to
assess cholesterol metabolism, disease progression, and
treatment response. Their ability to reflect real-time met-
abolic changes makes them ideal candidates for integra-
tion into FH diagnostic algorithms, particularly in cases
where existing methods fail to provide conclusive results.
One of the fundamental advantages of IncRNAs as
diagnostic biomarkers is their tissue specificity. Unlike
LDL-C measurements, which provide only a systemic
assessment of lipid levels, IncRNAs exhibit tissue-
restricted expression patterns [145, 166—171], enabling
more accurate molecular profiling of lipid metabo-
lism disorders. For example, LeXis, CHROME, and
Lnc-HC, which have been detailed in the Molecular
Mechanisms of IncRNAs section, are known to regulate
hepatic cholesterol biosynthesis and efflux, making them
potential liver-specific biomarkers for FH. In addition,
IncRNAs such as ANRIL and H19, which modulate vas-
cular inflammation and endothelial function, could serve
as markers of FH-related cardiovascular risk, adding
another layer of clinical utility beyond lipid profiling.
Another critical feature of IncRNAs is their stabil-
ity in circulation. Many IncRNAs are protected within
extracellular vesicles (exosomes) or bound to RNA-
binding proteins, preventing degradation in plasma
and serum [172-177]. This structural stability enhances
their suitability for non-invasive liquid biopsy applica-
tions, unlike messenger RNAs, which are prone to rapid
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degradation [178]. CHROME, for instance, is actively
secreted in exosomes and regulates cholesterol efflux
through miRNA interactions, highlighting its potential
as a circulating biomarker for lipid dysregulation in FH
patients [27].

In addition to their stability and tissue specificity,
IncRNAs provide functional insights into FH pathogen-
esis, making them superior to genetic testing in certain
contexts. While genetic screening identifies muta-
tions in LDLR, APOB, or PCSKY, it does not account
for epigenetic regulation or environmental influences
on disease progression [5, 149, 179-182]. In contrast,
IncRNA expression is dynamically regulated by cho-
lesterol levels, inflammatory cytokines, and oxidative
stress, making them more responsive indicators of FH
severity and treatment outcomes [30, 148, 183-187].
For instance, Lnc-HC negatively regulates ABCA1 and
ABCG], impairing cholesterol efflux, and its upregula-
tion has been associated with higher LDL-C levels in
FH patients [63, 64, 69, 74, 188—190]. Similarly, ANRIL
expression correlates with increased cardiovascular
risk, reinforcing its potential use in FH risk stratifica-
tion [82, 83].

Given these advantages, the incorporation of IncRNAs
into FH diagnostic frameworks could enhance disease
classification and patient stratification. This is particu-
larly relevant for distinguishing monogenic FH from
polygenic hypercholesterolemia, a long-standing chal-
lenge in clinical practice [5, 181, 191]. As monogenic
FH arises from a single pathogenic mutation, whereas
polygenic hypercholesterolemia results from multiple
small-effect genetic variants, IncRNA-based molecular
profiling could provide additional discriminatory power,
guiding personalized treatment strategies.

Moreover, IncRNAs could improve FH diagnosis in
pediatric populations, where current lipid-based screen-
ing lacks sensitivity [159, 163, 165, 192, 193]. Given that
LDL-C levels fluctuate during childhood [163, 192],
standard clinical criteria often fail to identify at-risk chil-
dren early enough for effective intervention. Circulating
IncRNAs with stable expression patterns could serve as
early biomarkers for pediatric FH, allowing for earlier
risk assessment and preventative lipid-lowering therapy
initiation.

Ultimately, integrating IncRNA biomarkers into exist-
ing FH diagnostic algorithms could address critical gaps
in current screening methods. Their ability to comple-
ment genetic testing, improve phenotype prediction,
distinguish between FH subtypes, and facilitate early
pediatric diagnosis positions them as next-generation
tools for precision medicine in lipid disorders. However,
further validation in large, multicenter clinical studies is
necessary before IncRNAs can be formally incorporated
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into routine FH
protocols.

screening and risk stratification

Challenges in translating IncRNAs to clinical use

Despite the promising role of IncRNAs as biomarkers
in FH diagnostics, significant challenges remain before
their routine clinical implementation can be realized.
One of the primary obstacles is the lack of standardized
detection methods. Unlike conventional lipid profiling
or genetic testing, which have well-established proto-
cols, IncRNA detection is subject to variations in RNA
extraction, quantification techniques, and normalization
approaches [194-196]. These inconsistencies can lead to
batch effects and inter-laboratory variability, complicat-
ing the reproducibility of findings across different stud-
ies. To address this, standardized protocols for RNA
isolation, sequencing, and data normalization must be
developed to ensure reliability and clinical applicability.

Another key challenge is the validation of IncRNA bio-
markers in large, diverse patient cohorts. While several
studies have identified circulating IncRNAs as poten-
tial FH biomarkers, most have been conducted in small,
single-center cohorts, limiting their generalizability
[197-200]. Large-scale, multicenter validation studies are
required to assess interindividual variability, ethnicity-
based expression differences, and disease-stage specific-
ity. Additionally, many IncRNAs exhibit tissue-specific
expression patterns, raising concerns about whether cir-
culating levels accurately reflect disease severity or risk in
a given patient population.

The biological variability of IncRNA expression fur-
ther complicates their clinical application. LncRNAs
are highly responsive to metabolic and environmental
factors, including dietary intake, medication use, and
inflammatory status, which can introduce variability in
expression levels [201, 202]. This contrasts with genetic
testing, where pathogenic variants remain static through-
out life. Consequently, longitudinal studies are needed
to determine whether IncRNA fluctuations over time
provide meaningful insights into disease progression
and treatment response, or whether they introduce con-
founding factors that limit diagnostic accuracy.

A significant barrier to clinical translation is the lack
of regulatory frameworks for IncRNA-based diagnostics.
Unlike well-characterized lipid biomarkers or genetic
mutations, IncRNAs represent a new category of molecu-
lar markers that require distinct validation criteria before
they can be incorporated into clinical guidelines and
regulatory approval pathways. The process of obtaining
approval from organizations such as the U.S. Food and
Drug Administration (FDA) and European Medicines
Agency (EMA) involves extensive validation in prospec-
tive clinical trials, which has yet to be systematically
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undertaken for IncRNAs in FH diagnostics. Moreover,
the cost-effectiveness of implementing IncRNA-based
screening at a population level remains uncertain, par-
ticularly when compared to existing low-cost lipid profil-
ing methods.

Despite these challenges, emerging technological
advancements in RNA sequencing, liquid biopsy plat-
forms, and machine learning algorithms offer poten-
tial solutions. The integration of high-throughput RNA
sequencing with artificial intelligence-driven biomarker
discovery could enhance the robustness of IncRNA-
based diagnostics by identifying multi-IncRNA signa-
tures rather than relying on single-marker approaches.
Additionally, the development of cost-effective, point-of-
care RNA detection assays may facilitate the adoption of
IncRNA biomarkers into routine clinical practice.

In summary, while IncRNAs present a groundbreak-
ing opportunity to revolutionize FH diagnostics, their
successful clinical translation requires overcoming
methodological, biological, and regulatory challenges.
Future research should focus on standardizing detec-
tion protocols, conducting large-scale validation studies,
addressing expression variability, and establishing clear
regulatory pathways. With continued advancements,
IncRNA-based diagnostics could become a cornerstone
of precision medicine approaches for FH detection and
risk assessment.

IncRNAs as therapeutic targets in FH

The therapeutic landscape for FH has traditionally relied
on statins, PCSK9 inhibitors, and lipid-lowering agents,
yet these treatments are not universally effective, par-
ticularly in patients with homozygous FH (HoFH) or
those who exhibit statin intolerance [38, 203—-205]. Given
the central role of IncRNAs in cholesterol metabolism,
recent research has explored their potential as therapeu-
tic targets, aiming to modulate lipid homeostasis, reverse
dysregulated pathways, and enable precision medicine
approaches in FH treatment. Advances in RNA-based
therapeutics, Al-driven biomarker discovery, and single-
cell transcriptomics are now shaping the development
of IncRNA-targeted interventions, offering a novel para-
digm for personalized FH treatment.

Al-driven biomarker discovery for targeting IncRNAs in FH

therapy

Machine learning (ML) and artificial intelligence (AI)
have revolutionized biomarker discovery, paving the way
for IncRNA-targeted therapies in FH. Al-based models
have demonstrated the ability to identify key molecu-
lar regulators of cholesterol metabolism by integrating
multi-omics datasets, single-cell transcriptomics, and
electronic health records (EHRs) [206—216]. For instance,
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generative Al algorithms have been used to optimize
biomarker selection, increasing the predictive power
of IncRNA signatures linked to lipid homeostasis [217—
221]. This approach could allow for the personalized
selection of IncRNA-based therapeutic targets tailored to
individual genetic and metabolic profiles.

Additionally, network medicine approaches, such
as weighted gene co-expression network analysis
(WGCNA), have identified IncRNA-miRNA interactions
as well as several hub genes and potential biomarkers for
atherosclerosis, such as EGR1, PTGS2, and TNF, which
are linked to inflammatory pathways and could serve as
targets for early diagnosis and intervention [222]. Gene
network analysis has also pinpointed influential genes
and miRNAs, such as AGT, LPL, and miR-26 [223],
which play roles in the pathogenesis of atherosclerosis
and could be targeted to mitigate disease progression.
Such models could be applied to FH therapy to determine
which IncRNAs, as well as these other key genetic ele-
ments, should be silenced (e.g., Lnc-HC, which inhibits
cholesterol efflux) versus those that should be activated
(e.g., LeXis, which suppresses hepatic cholesterol biosyn-
thesis), thereby enhancing the precision of personalized
IncRNA-targeted interventions.

Despite its promise, the clinical implementation of Al
in IncRNA biomarker discovery faces several challenges.
A major limitation is the availability of large, high-qual-
ity, and well-annotated datasets, which are essential for
training robust and generalizable models. Inconsistencies
in data collection methods, lack of standardization across
studies, and underrepresentation of diverse populations
can introduce bias and reduce model validity. Addition-
ally, integrating heterogeneous multi-omics datasets
remains a computational challenge, particularly when
combining transcriptomic, proteomic, and clinical data
[224]. Another concern is the’black box’nature of some
deep learning algorithms, which can limit interpretability
and clinician trust [225]. Regulatory uncertainties further
complicate the deployment of Al-driven tools in clinical
settings, as validation standards and approval pathways
are still evolving. Finally, few Al-predicted IncRNA bio-
markers have been prospectively validated in multicenter
trials, which limits their current translational readiness.
Addressing these limitations will be critical to realizing
the full potential of Al in precision medicine for FH.

Single-cell transcriptomics and the identification of IncRNA
therapeutic targets

Recent advancements in single-cell RNA sequencing
have provided unprecedented resolution, enabling the
identification of cell-type-specific IncRNA expression
patterns relevant to FH pathology [226-229]. Unlike
traditional transcriptomic analyses that rely on bulk
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RNA sequencing, which can mask cellular heterogene-
ity, advanced single-cell RNA sequencing (scRNA-seq)
techniques have been successfully applied to pinpoint
cholesterol-regulating IncRNAs at the individual cell
level [229-233]. This is particularly important for under-
standing the roles of IncRNAs in hepatic and arterial
macrophage populations, where they modulate choles-
terol efflux, foam cell formation, and lipid accumulation.
For instance, the application of scRNA-seq in FH models
could elucidate the precise functions of IncRNAs such as
CHROME in HDL metabolism and Lnc-HC in suppress-
ing ABCAl-mediated cholesterol efflux, leading to the
development of targeted RNA-based therapies.

RNA-based therapeutics for IncRNA Modulation in FH
RNA-based therapeutics represent a transformative
approach to FH treatment, allowing for the precise mod-
ulation of IncRNA expression through antisense oligonu-
cleotides (ASOs), small interfering RNAs (siRNAs), and
CRISPR-based gene editing technologies.

Antisense oligonucleotides (ASOs) for IncRNA silencing

ASOs have been widely investigated for their ability
to suppress disease-associated IncRNAs. For instance,
Mipomersen, an ASO targeting Apolipoprotein B
mRNA, has demonstrated a significant reduction in
LDL-C levels in clinical trials [234]. A systematic review
and meta-analysis reported a mean LDL-C reduction
of approximately 25% in patients with homozygous FH
[235]. This success has paved the way for ASO-based
IncRNA-targeting therapies. Specifically, ASOs targeting
Lnc-HC, which represses cholesterol efflux by inhibiting
ABCA1 and ABCG], could be explored to restore lipid
clearance mechanisms in FH patients.

siRNA therapies for IncRNA inhibition

Small interfering RNAs (siRNAs) have demonstrated
high specificity in targeting IncRNA transcripts, leading
to their degradation via RNA-induced silencing complex
(RISC) mechanisms [12, 236, 237]. In the context of FH,
siRNAs targeting Lnc-HC or ANRIL could be used to
suppress their pro-atherogenic effects, thereby reducing
LDL retention and vascular inflammation. Recent stud-
ies have shown that siRNA-based PCSK9 inhibitors sig-
nificantly lower LDL-C levels by increasing LDL receptor
activity [238-241]. This suggests that similar siRNA-
based approaches could be applied to IncRNAs involved
in cholesterol metabolism.

CRISPR-based gene editing for IncRNA modulation

CRISPR-based gene editing has emerged as a power-
ful tool for precise genetic modifications, including the
activation or suppression of IncRNAs involved in lipid
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metabolism [242-244]. In FH, AAV-mediated CRISPR-
Cas9 targeting of LDLR mutations has successfully
restored LDL receptor function in preclinical models
[245-247]. A similar approach could be employed to per-
manently suppress pathogenic IncRNAs such as Lnc-HC
while activating protective IncRNAs such as LeXis, which
enhances cholesterol clearance.

Integration into precision medicine frameworks

The combination of Al-driven biomarker discovery,
RNA-based therapeutics, and single-cell transcriptom-
ics provides a foundation for precision medicine in FH
[248, 249]. Machine learning models have demonstrated
the ability to forecast FH patient responsiveness to statin
therapy, and a comparable approach could be employed
to stratify patients based on their IncRNA expression
profiles [249-251]. Additionally, Al-driven predictive
analytics have successfully identified cardiovascular dis-
ease risk through RNA-sequencing and personalized
dietary interventions [218, 248, 252—-255]. Applying these
technologies to IncRNA-based FH therapy could ensure
that RNA-targeted treatments are tailored to individual
metabolic profiles, thereby enhancing efficacy and reduc-
ing adverse effects.

Challenges and future directions in IncRNA-based FH
therapies

Despite the promising potential of IncRNA-targeted
therapies in FH, several challenges must be addressed
before their widespread clinical adoption. One of the
foremost barriers is efficient in vivo delivery, as ensuring
that ASOs, siRNAs, and CRISPR-based gene editing tools
reach their target tissues with high specificity remains
a technical hurdle. The rapid degradation of RNA mol-
ecules in circulation limits their stability, requiring the
development of nanoparticle-based delivery systems or
lipid-based carriers to enhance biodistribution and cel-
lular uptake. Additionally, off-target effects remain a
critical concern, as RNA-based therapeutics can unin-
tentionally silence genes beyond their intended targets.
The application of Al-driven optimization techniques to
refine IncRNA targeting specificity may provide a solu-
tion, yet these methods require further validation in pre-
clinical and clinical settings.

Beyond technical challenges, the regulatory land-
scape for RNA-based therapeutics is still evolving.
Unlike small-molecule drugs and monoclonal antibod-
ies, IncRNA-targeting therapies require new frameworks
for approval by regulatory agencies such as the FDA and
EMA. The necessity of long-term clinical trials to assess
efficacy, durability, and safety will significantly impact
the timeline for translation into clinical practice. Further-
more, the high cost of RNA-based drug development and

Page 11 0f 18

gene-editing technologies raises concerns about afford-
ability and accessibility, particularly in low-resource
healthcare settings.

The ethical implications of gene-editing therapies tar-
geting IncRNAs must also be considered, particularly
given the potential for heritable modifications when
CRISPR-based interventions are applied. Ensuring that
RNA-based therapeutics align with ethical and safety
guidelines is essential before they can be implemented as
standard treatments.

Despite these obstacles, IncRNA-based therapies
remain at the forefront of precision medicine innova-
tions. Continued advancements in Al-driven biomarker
discovery, high-throughput transcriptomics, and gene
therapy delivery systems hold the potential to bridge the
gap between experimental research and clinical applica-
tions. Future research efforts should focus on optimiz-
ing therapeutic efficacy, minimizing off-target risks,
and establishing robust validation frameworks to bring
IncRNA-based interventions closer to real-world clinical
integration.

Conclusion

LnRNAs have emerged as crucial regulators of lipid
metabolism, offering promise as biomarkers and thera-
peutic targets in FH. Al-driven analytics and single-
cell transcriptomics enhance the potential for precise
IncRNA-based diagnostics and treatment. While chal-
lenges such as regulatory approval and clinical trans-
lation remain, integrating these technologies could
revolutionize FH management. Future efforts should
prioritize large-scale validation studies and Al-enhanced
biomarker discovery to advance IncRNA applications in
precision medicine.

Beyond their role in diagnostics, IncRNAs offer poten-
tial for targeted RNA-based therapeutics, such as anti-
sense oligonucleotides, siRNAs, and CRISPR-mediated
gene modulation. Research into IncRNAs like LeXis,
CHROME, and Lnc-HC has shown promising pre-
clinical results in regulating cholesterol homeostasis,
LDL uptake, and atherosclerosis progression. Further
translational research is necessary to refine delivery
methods, enhance therapeutic efficacy, and minimize oft-
target effects. Integrating IncRNA-based interventions
into clinical practice will require collaboration between
bioinformaticians, molecular biologists, and clinicians to
develop robust protocols and regulatory frameworks.

Moreover, the role of IncRNAs in inflammatory
responses and vascular remodeling should be further
investigated, as inflammation is a major contributor to
FH-related cardiovascular risk. The application of Al-
driven multi-omics approaches could help identify addi-
tional IncRNA candidates for intervention, leading to
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more personalized, predictive, and preventative thera-
peutic strategies.

By addressing the limitations of current diagnostic
approaches and therapeutic interventions, IncRNA-based
strategies could significantly impact the early detection
and treatment of FH, ultimately reducing the burden of
cardiovascular disease and improving patient outcomes.
The integration of Al, single-cell transcriptomics, and
RNA-based therapies represents a transformative step
toward precision medicine-driven cardiovascular care.
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