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Gene therapy using small activating RNAs (saRNAs) to upregulate GRK2 and GRKS transcription in neural cells of the rostral
ventrolateral medulla (RVLM) presents a plausible strategy for hypertension management. By enhancing the expression of
these G protein-coupled receptor kinases (GRKs), this approach aims to bias angiotensin II type 1 receptor (AT1R) signaling
towards the -arrestin-dependent signaling pathway, which contrasts the inflammatory, vasoconstrictive, and sympathetic nerve
activity enhancing effects of G-protein mediated signaling. -arrestin signaling mediates anti-inflammatory, vasodilatory, and
reducing sympathetic nerve activity response, making it a novel target for antihypertensive therapy. The targeted modulation
of the RVLM, a critical brainstem region in cardiovascular control, will allow for central blood pressure regulation. Increasing
GRK expression in these neural cells using saRNAs for gene activation is an innovative methodology. This alternative therapeutic
strategy prompts research toward the development of antihypertensive treatments that target the underlying mechanisms rather
than the symptoms, possibly an approach that will benefit patients with continued uncontrolled blood pressure when medicated.
The proposed lipid nanoparticle delivery system via intracerebroventricular (ICV) injections offers a potential method for precise
saRNA administration. However, future studies must be conducted to assess the safety, efficiency, and long-term impact of this
RNAa gene therapy approach, including potential off-target effects and the consequences of chronic activation of the f-arrestin

pathway in the nervous system.
Introduction

Gene therapy for hypertension could renovate the current stan-
dard of care and help alleviate the economic burden uncontrolled
blood pressure has put on the U.S. healthcare system''. High
blood pressure accounts for an estimated $51 billion of the sys-
tem’s costs. Although 70% of hypertension patients are treated,

only half have controlled blood pressure”.

Studies demonstrate the average efficacy rate is 50% for each
common class of blood pressure medication (ACEi, ARBs, f3-
Blockers, CCBs, and diuretics)3.The current trial and error
method to prescribe anti-hypertensive medication is economi-
cally straining, inconvenient for patient use, and a burden on
healthcare services. Physicians layer blood pressure drugs by
prescribing multiple classes of drugs to the maximally tolerated
dosages to inflict a lowering blood pressure response. If the
blood pressure remains uncontrolled, the physician will exper-
iment with a different combination or dosage®. These short-
comings in the current standard of care prove there is a need for
more effective and sustainable treatment without dependence on
adherence to daily medication.

These blood pressure medications have notable limitations.
While ACE inhibitors and ARBs target the renin-angiotensin sys-
tem to reduce vasoconstriction, they can lead to compensatory
mechanisms, incomplete blood pressure control, and side effects

such as hyperkalemia and renal dysfunction®. B-Blockers lower
blood pressure by reducing heart rate and sympathetic activ-
ity but can cause fatigue, metabolic disturbances, and reduced
exercise tolerance. CCBs lower blood pressure by blocking
calcium entry into heart and aterial cells, leading to vasodilation
and improved blood flow®, However, CCBs can induce edema,
dizziness, and reflex tachycardia in many patients. Thiazide
diuretics act by blocking the sodium-chloride (Na/Cl) channel
in the distal convoluted tubule (DCT) of the kidneys, preventing
sodium reabsorption and promoting sodium and water excretion
in urine®. However, they often cause electrolyte imbalance, de-
hydration, and metabolic side effects. These limitations empha-
size the need for alternative strategies that modulate sympathetic
regulation at its central origin rather than acting peripherally.
This study proposes the use of small activating RNAs (saR-
NAs) to modulate the expression of genes such as G protein
receptor kinases (GRKs) that affect the signaling pathway of the
angiotensin II type 1 receptor (AT1R), which plays a vital role
in regulating blood pressure8. This approach may avoid the sys-
temic compensatory effects seen with conventional treatments.
By directly modulating central blood pressure control, this ap-
proach offers a potentially long-lasting, targeted alternative to
current therapies for systemic side effects.

G protein-coupled receptors (GPCR), GRKs, and f3-arrestins
play key roles in many physiological inter- and intra-cellular
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signaling. Accordingly, GPCRs and related protein treatments
comprise 35% of FDA-approved targeted drugs”’. The GPCR
signaling pathway involves the binding of a ligand to the Go
subunit of the G protein complex, causing the Gf37y subunit to dis-
sociate from the complex to activate the secondary messengers
(cAMP, phospholipase C, and Rho/Rae) to reach intracellular
nuclear targets. AT1R, a GPCR that plays a vital role in the
renin-angiotensin-aldosterone system (RAAS), regulates the re-
sponse of vascular resistance, cardiac contractility, fluid intake,
and sympathetic outflow through the GPCR signaling pathway
via ligand Ang II and secondary messenger cCAMP®.

However, if the GRKs phosphorylate the receptor, the -
arrestin protein will bind to sites in ATIR located in the re-
ceptor’s C-tail terminus—the GRK phosphorylation will occur
at serine/threonine clusters in the intracellular C terminal tail
of ATIR that are important for -arr engagement with acti-
vated GPCRs—will lead to the recruitment of adaptor proteins
B-arrestin 1 and 2, initiating the B-arrestin coupling pathway
and suppressing the G-protein signaling®. B-arrestin binding
promotes an internal mechanism of the AT1R called receptor
internalization, which is clathrin-dependent endocytosis of the
receptor, thus resulting in signal desensitization and f-arrestin-
dependent signaling. These findings support the plausibility of
gene therapy to hyperactivate GRKs required to phosphorylate
the C terminal tail of GPCRs to recruit f3-arrestins to manipulate
biased GPCR signaling ™"l Specifically, B-arrestin-dependent
signaling downstream of the AT1R is a pharmacotherapeutic
target for treating heart failure, hypertension, and renal disease
due to its inhibitory effects on the G-protein receptor’s cellular

responsesi~.

Results

Brain Renin-Angiotensin System

AT1R-mediated effects of angiotensin II (Ang II) in the central
nervous system are fundamental to neurogenic hypertension.
GRKSs associated with AT1R in the brain renin-angiotensin sys-
tem (RAS) can serve as targets for saRNA-mediated overexpres-
sion, promoting blood pressure-lowering signaling effects via
phosphorylation of neuronal AT1R. RAS-mediated actions in
the central nervous system (CNS) include Ang II augmentation
of thirst, sympathetic nerve activity, and vasopressin secretion .
Ang II in the brain RAS also induces vasoconstriction and inter-
feres with neuro-vascular coupling %,

ATIR is localized to cardiovascular control centers in the
brain that regulate blood pressure. The hypothalamus’s paraven-
tricular nucleus (PVN) is an endocrine, hormonal, and neural
control center. The PVN is a divider of neural cell groups;
the parvocellular subgroup projects to the rostral ventrolateral
medulla (RVLM) regulating the sympathetic nervous system,
and the magnocellular neuron group projects to the posterior

pituitary to secrete vasopressin. Neurons from RVLM are re-
sponsible for blood pressure homeostasis, baroreflex function,
and control of sympathetic tone. AT1R expression is upreg-
ulated in RVLM neuronal cells and is associated with renal
sympathetic nerve activity, blood pressure, and heart rate. ATIR
is commonly localized to neural cardiovascular control centers
such as RVLM, which regulate blood pressure and fluid bal-
ance 12119,

RVLM neurons regulate the peripheral sympathetic nervous
system. Abnormally increased sympathetic nervous system
activity heightens the risk of cardiovascular disease events. The
sympathetic nervous system and RAS are correlated so that the
sympathetic system can be regulated through the modulation of
RAS to protect against cardiovascular disease. RVLM neurons
are critical in blood pressure regulation. Moreover, stimulation
of AT1R potentiates the activity of RVLM neurons. As proof
of RVLM acting as a primary control region of hypertension
in the body, AT1R blockers (ARB) have been shown to reduce
RVLM activity, resulting in antihypertensive effects in essential
and experimental hypertension patients15.,

The RVLM is a brainstem region critical in cardiovascular
regulation; therefore, inhibiting the RVLM outflow suppresses
sympathetic nervous system activity and arterial blood pressure,
thus demonstrating its significance to hypertension treatment ™.
Consequently, AT 1R localized in RVLM neurons is a therapeutic
target for cardiovascular diseases like hypertension. saRNA
modulation can be implemented in the brain RAS to target
GRKSs that phosphorylate AT1R in the RVLM to hyperactivate
B-arrestin signaling to stimulate blood pressure control.

The RVLM is an optimal target for saRNA therapy due to
its critical role in blood pressure regulation and its relatively
high expression of AT1Rs. While other cardiovascular con-
trol centers, such as the PVN of the hypothalamus and the
dorsal motor nucleus of the vagus (DMV), contribute to cardio-
vascular regulation, they are not as directly involved in blood
pressure modulation as the RVLM. The PVN influences cardio-
vascular function primarily through autonomic and hormonal
mechanisms, regulating the release of vasopressin and activat-
ing sympathetic output indirectly. While important, its role is
more endocrine and autonomic rather than a direct modulator of
blood pressure through neuronal control?*2L. The DMV, on the
other hand, is predominantly involved in the parasympathetic
regulation of the heart, mainly affecting heart rate rather than
systemic blood pressure, making it a less effective target for
saRNA-based intervention.

Among the central cardiovascular control regions—the
medulla oblongata(which houses the RVLM and nucleus tractus
solitarius (NTS)) and the hypothalamus—the RVLM plays the
most direct role in blood pressure regulation, functioning as
the major excitatory output center for sympathetic control®2,
While the NTS and the RVLM are key regulators, angiotensin
signaling is significantly more active in the RVLM due to its
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localization within the Blood-Brain Barrier (BBB ), where it
receives locally produced Ang II. The combination of a high lo-
cal Ang II concentration and increased AT1R expression makes
the RVLM the most responsive region to angiotensin-related
interventions>?.

Since the RVLM consists of heterogeneous neuronal and
glial populations, different cell types may respond differently to
GRK2/GRKS upregulation, influencing therapeutic outcomes.
AT1R is highly expressed in C1 catecholaminergic neurons,
which drive sympathetic outflow and vasoconstriction®*, GRK2
is predominantly expressed in cholinergic interneurons, which
modulate autonomic functions and cardiovascular regulation,
while GRKS is found in both neurons and glial cells, where it
influences long-term hypertrophic and inflammatory signaling
in the brain stem>29,

To maximize therapeutic benefits and minimize off-target
effects, saRNA delivery should be restricted to target neurons
involved in blood pressure regulation. This can be achieved
through surface ligand functionalization of LNPs, enhancing
targeting to C1 neurons, where AT1R is highly expressed. A
study using RVG29-Fuctionalized LNPs successfully targeted
the BBB and enhanced neuroprotective properties for deliver-
ing quercetin to the brain in Alzheimer’s disease. The LNP
functionalization enabled targeted brain delivery by utilizing
and nicotinic acetylcholine receptors for neuronal uptake. The
RVG29 peptide could be similarly employed to target C1 neu-
rons for saRN-mediated GRK2/GRKS5 upregulation*Z.

Additionally, charge-based targeting using cationic lipids can
enhance neuronal uptake and avoid glial toxicity. Unintended
GRKS upregulation in glial cells could lead to astrocytic overex-
pression, disrupting neuroinflammatory balance or microglial
activation, contributing to oxidative stress rather than alleviating
hypertension. Another potential risk is the accidental spread
of saRNA molecules to the NTS, another cardiovascular con-
trol center in the brain stem, which could interfere with blood
pressure homeostasis, potentially leading to synergistic or an-
tagonistic effects?®. This study will aim to mitigate non-specific
cellular targeting with dual saRNA LNP systems with distinct
promoters to fine-tune neuronal specificity and minimize non-
specifc cellular targeting.

B-arrestin Signaling in AT1R Pathways

B-arrestin signaling and biased ligands regulate AT 1R pathways.
It was found that AT 1Rs have multiple active forms, allowing
for the binding of Ang II and f-arrestin-biased agonists. Bi-
ased agonists (TRV120027, TRV027, [Sarl,lle4,lle8]-Ang II
(SII-Angll)) are different than balanced agonists like Ang II
because of their role as receptor ligands that can selectively
signal either G protein or B-arrestin pathways=?. A study found
beneficial effects of the f3-arrestin-dependent AT1R pathway
by performing biased agonist TRV0217 infusion into the in-

tracerebroventricular portion of the central nervous system in
spontaneously hypertensive rats. The study found that chronic
activation of B-arrestin signaling in the RVLM had significant
effects on multiple organ systems. In the heart, it increased
cardiac contractility and output while reducing cardiac hyper-
trophy but also exacerbated aldosterone-dependent heart failure
and load-induced hypertrophy. In the kidneys, it lowers blood
pressure, and reduces kidney damage and preeclampsia, but
negatively contributes to renal fibrosis and decreases sodium
reabsorption. In blood vessels, it decreases vascular resistance,
endothelial hypertrophy, and blood pressure while also reduc-
ing preeclampsia risk, but it increases inflammatory responses
and susceptibility to aortic aneurysms. In the brain, it lowers
vascular resistance, blood pressure, salt intake, and sympathetic
outflow. Thus, chronic -arrestin activation in the brain exerts
both beneficial and detrimental peripheral effects®?. Clinical
study shows the possibility of saRNA treatment to increase f3-
arrestin-dependent AT 1R signaling pathways as a successful
approach to treat hypertension. This approach surpasses current
clinical strategies targeting f3-arrestin signaling, as biased ago-
nists typically have a short half-life and limited specificity for
ATI1R. Unlike biased agonists that directly activate f3-arrestin
at the receptor level, this method enhances f3-arrestin signaling
upstream by upregulating GRKs, providing a more sustained
and targeted effect. While existing therapies rely on -arrestin
biased AT1R ligands, this approach offers broader modulation
of B-arrestin pathways, potentially improving efficacy.
Additionally, ATIR B-arrestin activation causes beneficial
peripheral neural effects, including reduced sympathetic nervous
system activity, improved baroreflex sensitivity, inhibition of
hypertensive vascular reactivity to Ang I, and vasodilation via
an increased sensitivity to acetylcholine-mediated relaxation>Y.
Another study investigating S-arrestin signaling in neuronal
ATIR found that overexpression of 3-arrestsinl in the RVLM
located in the brainstem of hypertensive rats had a lowering
blood pressure effect without affecting normotensive controls.
Thus, different nuclei in the brainstem that are the center for
producing, regulating, and activating RAAS components are

suggested as potential therapeutic targets>L.

Instead of completely blocking both G protein and f-arrestin
signaling pathways of AT1R like the first-line antihypertensive
medication therapy ARBs, the inhibition of G protein signal-
ing pathways that cause hypertensive effects can be focused
upon2. This selectivity can be practiced by Ang II competitors
that lower blood pressure by binding to the active site of ATIR,
preventing Ang II-mediated vasoconstriction. Although ARBs
result in antihypertensive effects, the selective activation of
ATIR B-arrestin signaling could provide protective cardiovascu-
lar and antihypertensive effects. Using saRNAs to upregulate the
expression of GRKs leads to increased AT1R phosphorylation,
thus overstimulating the f-arrestin dependent AT1R signaling
pathway and blocking the G protein pathway, which leads to
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reduced blood pressure.

GRKs Role in -arrestin Signaling

GRK phosphorylation of neuronal ATIR promotes the f3-
arrestin signaling pathway, which stimulates antihypertensive
effects. Therefore, upregulating GRKSs via saRNA treatment is a
potential way to control blood pressure. The GRK family chem-
ical structure comprises a conserved central catalytic domain,
an N-terminal domain that plays a role in kinase localization
to the cell membrane, and a variable C-terminal domain that
mediates translocation. The serine/threonine phosphorylation
site clusters in C-terminal tails are essential for the formulation
of stable GPCR-B arrestin complexes=2=%,

A mutational and truncation analysis of ATIR found that
Thr332-Lys333-Met334-Ser335-Thr336-Leu337-Ser338 amino
acids on the C-terminus are essential for receptor internaliza-
tion following GRK-dependent phosphorylation, especially the
Ser335-Thr336-Leu337 motif. The serine and threonine amino
acids have multiple functionalities in -arrestin-dependent sig-
naling, including regulation of receptor endocytosis and main-
taining stable interactions between ATIR and f-arrestins after
Ang II stimulation.

Additionally, B-arrestinl has lysin K11, and f-arrestin 2 has
lysin K12, which are critical for interaction with phosphate-
binding residues(serine/threonine-rich regions) to form a stable
AT1R-B arrestin complex, for proper scaffolding of the signal
complex, and activation of the Erk MAPK cascade.

Accordingly, phosphorylation patterns on the receptor C-
terminus are indicative of GRK selectivity (interaction stability
and arrestin activation). Variation in the phosphorylation pat-
terns causes a differential response in internalization, signaling,
and activated f3-arrestin conformations. Certain classifications
have been identified, such as Class B receptors form stable ar-
restin complexes, whereas Type A receptors loosely interact
with B-arrestin. A study conducted targeted knockdown of each
GRK by RNA:I identified differential responses in AT1R depend-
ing on the GRK family. For instance, GRK2/3 phosphorylation
of AT1R is associated with receptor endocytosis, and GRK5/6
is linked with Erk1/2 activation but minimal -arrestin binding
receptor internalization®.

GRK2’s potential for pharmaceutical therapy and role in the
pathologies of different diseases make it a distinct kinase from
the GRK family. Structures specific to GRK2 include an amino-
terminal RGS homology domain for interaction with Goeq and
Ga11 family members, a pleckstrin homology domain for medi-
ating the binding of phospholipids to the Gy subunit, and a vari-
ant C-terminal domain=7%_ Additionally, GRK2 is cytosolic,
allowing it easier access to GPCRs embedded in membranous
microdomains=?. The upregulation of GRK2 by therapeutic
drugs, such as the proposed saRNA treatment, can effectively
impact AT1R activity.

While GRK?2 is a part of the $-androgenic receptor kinase
subfamily due to its role in canonical agonist-induced desensiti-
zation pathways, GRKS is in the GRK4 subfamily for its role
in ligand-independent GRK phosphorylation*?. Structures spe-
cific to GRKS include a nuclear localization motif that promotes
the kinase’s translocation to the nucleus, a nuclear export se-
quence, and a phosphatidylinositol bisphosphate (PIP2) binding
domain. GRKS is a membrane-associated kinase expressed in
heart tissue, lung tissue, smooth muscle, skeletal muscle, and
the brain. GRKS was identified as a GPCR-associated signaling
factor that can bridge the pathophysiology of cardiovascular and
neurodegenerative disorders+!.

A study assessed GRKS5’s ATIR functionality using immuno-
precipitation with an anti-AT 1R antibody and immunoblotting
using an anti-phosphothreonine antibody (a site of GRKS ac-
tion). A 100% increase in phosphorylated AT1R was discov-
ered as a result of GRKS upregulation®?. Ang II upregulates
both neuronal AT1R and GRKS, but GRKS overexpression or
knockdown also depends on changes in AT1R expression. This
is known since GRKS regulates AT1R and p65 NF-kb (an in-
hibitory transcription factor of AT1R) post-Ang II- stimulation.
Therefore, neuronal GRKS knockdown using siRNAs results in
a greater increase in ATIR and p65 NF-kb after Ang II stimula-
tion“*. Hence, overexpression of GRKS via saRNA treatment
will result in fewer AT1R, thus reducing its hypertensive effect
in the neuronal RAS system. So by upregulating GRKS via
saRNA modulation, not only will -arrestin dependent ATIR
signaling pathways be activated, but less AT 1R will be expressed
in neural cells overall, significantly reducing any hypertensive
effects from AT1R signaling.

However, the combined overexpression of both GRK2 and
GRKS5 may not necessarily yield synergistic antihypertensive
effects and could potentially lead to adverse outcomes. GRK2
primarily facilitates AT1R internalization through receptor en-
docytosis; it is cytosolic and acts rapidly following receptor
activation. In contrast, GRKS plays a dual role—it phospho-
rylates AT1R but also regulates gene transcription via nuclear
signaling. Overexpression of GRKS can lead to a reduction in
overall AT1R expression, contributing to a long-term regula-
tion'1243,

Targeting both GRKs could theoretically enhance antihyper-
tensive effects through immediate desensitization (GRK?2) and
sustained receptor downregulation (GRKS). However focusing
on the upregulation of a single GRK may offer a more controlled
therapeutic strategy. Given the potential adverse effects asso-
ciated with GRKS overexpression, including interference with
adaptive signaling mechanisms in the cardiovascular system,
targeting GRK2 alone may be a more favorable approach to
minimize off-target effects>.

This study will investigate the dual modulation of GRK2 and
GRKS. Their potential synergistic effects stem from both con-
tributing to B-arrestin-mediated ATIR desensitization, which
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could enhance suppression of excessive sympathetic activity—a
potentially beneficial outcome in heart failure. However, an-
tagonistic effects may arise due to their distinct cellular roles:
GRK?2 is primarily cytoplasmic and regulates acute AT1R de-
sensitization, while GRKS has nuclear effects, modulating gene
transcription (ex. hypertrophy-related pathways)#*, This sug-
gests differential timing in their actions, where GRK2 exerts
rapid effects, while GRKS5 has longer-term regulatory functions
that could either complement or counteract GRK2 activity.

Biased-Agonist Independent versus Ang II-induced Path-
ways of 3-arrestin Signaling

Although both GRK2 and GRKS5 can mediate receptor-f3-
arrestin interaction—confirmed by a single S-arretsin2 con-
formational change sensor recording similar conformational
changes for both GRK2 and GRKS5 as a result of -arrestin 2
attaching to phosphorylated intracellular receptor domains—
selectivity of the GRK is dependent upon the configuration of
the GPCR, availability of phosphorylation sites, and proximity
to other intracellular domains®>. Findings from a receptor panel
for GRK-specificity of B-arrestinl and 2 recruitment to different
GPCRs confirm GRK selectivity dependency on GRK-specific
GPCR phosphorylation patterns.

Ang Il-induced fB-arrestinl and 2 recruitment to AT1R via
GRK2 phosphorylation differs from the ligand-independent
recruitment of fB-arrestins due to GRKS5 phosphorylations.
Recorded BRET data subjugated to statistical analysis found
increased basal molecular interactions in ligand-independent
recruitment of f3-arrestins associated with GRKS5, whereas Ang
IT-induced B-arrestin recruitment was associated with GRK24.
To further assess GRK2 functionality, a different study utilizing
dynamic mass distribution (DMR) to assess AT 1R activity found
that GRK2 overexpression is strongly associated with Ang II-
dependent internalization, thus dampening cellular signaling of
ATIR*.,

Hence, synthetic ligands like TRVO7 are unnecessary for
GRKS and GRK2 saRNA overexpression therapy due to the
biased-agonist independent and Ang II-induced pathways of
B-arrestin signaling exhibited when phosphorylated by these
kinases, respectively*®4? This allows blood pressure control
from saRNA overexpressed GRK2 and GRKS hyperactivating
B-arrestin signaling pathways independent of biased ligands and
in the presence of Ang II.

Off-Target Effects of GRKS and GRK2 Phosphorylation

Other GPCRs, specifically neurotransmitter receptors, are regu-
lated by GRK2 and GRKS in the cardiovascular control centers
in the brain. Therefore, overexpression of these GRKs from
saRNA treatment to promote [3-arrestin antihypertensive sig-
naling pathways may have potential off-target effects. Such

that saRNA treatment may cause increased [-arrestin signal-
ing in other nearby neurotransmitters, including a-Adrenergic
Receptors that are involved in the sympathetic control of blood
pressure, Beta-Adrenergic Receptors (S AR) that play a role in
heart rate and contractility regulation, and Dopamine Receptors
that influence various neurological processes, including motor
control and reward pathways=>.

Adrenergic Neuroreceptors

Adrenergic neuroreceptors bind catecholamines, epinephrine,
and norepinephrine. These are components of the sympathetic
nervous system. They have an alpha and 8 subfamily, with the
alpha group having the a1l (a1A, 1B, o1D) and a2 (2A,
a2B, a2C) subtypes and the  group having the 81, B2, and
B3 subtypes.

GRK?2 phosphorylates the a2a neuroreceptor, which can
cause rapid desensitization, whereas the o2c receptor is resistant
to desensitization due to its specific receptor conformation shape
induced by agonists in the a2c receptor is not accessible for
GRK binding and phosphorylation®!. -arrestin signaling in the
a2 adrenergic receptor (¢2AR)subtype results in the blockade
of vasoconstriction®2. Therefore, upregulating GRKs, which
causes an increase in f3-arrestin signaling of ®2AR, will be a
positive off-target effect for hypertension treatment.

Meanwhile, a1-adrenergic neuroreceptors (¢¢1AR) are in-
volved in neurotransmission and regulation of the sympathetic
nervous system by binding neurotransmitters norepinephrine
and epinephrine. -arrestin-dependent signaling of the ot1AR
has anti-oxidative, anti-inflammatory, and anti-proliferative
properties that benefit hypertensive patients. Therefore, up-
regulation of GRKs via saRNA overexpression will cause an
increase in B-arrestin signaling of ¢ AR, resulting as a positive
off-target effect for hypertension treatment=93/,

Beta-Adrenergic antagonists are a widely prescribed hyper-
tension medication. The antihypertensive effect of f-Blockers
comes from competitive binding to the f1 and B2 receptors.
This inhibits B 1 receptors from inducing renin secretion, there-
fore decreasing blood pressure. The binding to the 32 receptor
(which has a role in cardiac function, metabolism, and vascular
tone) inhibits peripheral vasoconstriction and bronchoconstric-
tion. As a result, the drugs lower blood pressure>%,

Beta-Adrenergic Receptor 1( f1AR) and Beta-Adrenergic
Receptor 2 (B2AR) recruitment of arrestins occurs as a result of
GRK phosphorylation, but Beta-Adrenergic Receptor 3 (B3AR)
has a short C-terminal tail; therefore, it lacks GRK phosphoryla-
tion sites so upregulation of GRK will not affect B3AR. GRK-
mediated receptor phosphorylation of B1AR and $2AR causes
B-arrestin recruitment, sequential receptor internalization, and
Erk activation. Therefore, it appears as a better pharmacological
option to B-Blockers. Although S-Blockers prevent excessive
catecholamine stimulation of B ARs, decrease cellular apoptotic
signaling, and normalize BAR expression, reducing cardiac re-
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modeling and mortality. The effects of - Blockers are not
long-lasting; instead, -arrestin-dependent signaling activated
by GRKs overexpressed by saRNAs could stimulate cardiopro-
tective signaling and have inotropic effects via BARs. This will
have longer-lasting antihypertensive effects than 3-Blockers>>.

Therapeutically selected -arrestin signaling can counteract
the hypertensive effects from catecholamine-induced G-protein
signaling, including vasoconstriction, endothelial dysfunction,
sodium reabsorption, and retention actions that increase blood
pressure”®. So, overexpression of GRKs via saRNAs can have
beneficial off-target effects for B 1AR and S2AR.

However, the B2AR-f-arrestin-1 signaling pathway has been
associated with the accumulation of DNA damage in the stress
response pathways. As a result, DNA damage may be an un-
wanted off-target effect of saRNA-mediated GRK upregula-
tion>78,

Other Neurotransmitter Receptors Affected by Overex-
pression of GRKs

Dopamine 1 and Dopamine 2 receptors are regulated by de-
sensitization mechanisms controlled by GRKs. Ligand-activated
dopamine receptors are bound by multifunctional scaffolding
arrestin proteins following GRK phosphorylation, terminating
the G protein pathway. Dopamine receptor internalization or
downregulation are the results of GRK phosphorylation>”. The
functional difference of B-arrestinl and B-arrestin2 is that f3-
arrestinl prefers recruitment to dopamine receptor 2 following
GRK phosphorylation, whereas f-arrestin 2 prefers dopamine
receptor 1. This results in dopamine receptor 1 complexes with
Gs to stimulate adenyl cyclase activity and dopamine 2 receptor
complexes with Gi to inhibit adenyl cyclase activity®?. Demon-
strating the stimulatory and inhibitory effects of dopamine re-
ceptors from f-arrestin-mediated signaling that will possibly be
induced by saRNA upregulation of GRK2 and GRKS.

Dopamine receptor 3-arrestin2 signaling is a treatment for
schizophrenia and related disorders due to its pathway in reduc-
ing psychotic response in the brain. However, dopamine receptor
1 and dopamine receptor 2 receptor internalization will have side
effects of increased risk of substance abuse due to dopamine
receptors’ primary role in drug reward and the pathogenesis of
addiction®’. So saRNA activation of GRKs will potentially have
both positive and negative outcomes in neuropathologies related
to dopamine receptors.

Among the opioid receptors, K-opioid receptors and delta-
opioid receptors are highly expressed in the central nervous
system and engage in interactions with B-arrestin following
GRK phosphorylation. However, K-opioid receptors have lim-
ited phosphorylation sites so GRK-dependent regulation has
little influence on the receptor’s behavior. Activation of p38
mitogen-activated protein kinase pathway following arrestin re-
cruitment to K-opioid receptors by GRK phosphorylation allows
for analgesic effects but with the adversities of sedation, dys-

phoria, and hallucination®2. Moreover, the delta-opioid receptor
is a therapeutic target for neurologic and neuropsychiatric dis-
orders where GRK phosphorylation is not optimal due to it’s
recruitment of fB-arrestins. Delta-opioid receptor-agonist in-
duces seizure results from excessive B-arrestin2 recruitment®.

GRK2 and GRKS regulate a variety of GPCRs in the central
nervous system that are critical for varying neurological pro-
cesses. Adrenergic Receptors, Dopamine Receptors, and Opioid
receptors play a role in the maintenance of cardiovascular and
neural homeostasis, and their dysregulation can contribute to
various neurological or cardiovascular disorders. saRNA activa-
tion of GRKSs can activate -arrestin signaling in these receptors
and cause the above-mentioned positive or negative off-target
effects.

Mitigating Off-Target Effects

Optimizng saRNA modifications is crucial to preventing ex-
cessive GRK?2/5 stimulation of dopamine and opioid pathways
while still promoting the desired effects on adrenergic receptors.
Overactive GRK phosphorylation of dopamine and opioid recep-
tors has been associated with negative consequences. Therefore,
conducting in vitro assays, such as binding affinity studies, is
essential to evaluate the likelihood and reccurrnce of off-target
effefcts before saRNA administration®*.,

Additionally,implementing a monitoring system is critical
for assesing both efficacy and potential off-target effects. For
example, transcriptome analysis, including RNA sequencing
before and after saRNA treatment, can help identify unintended
gene expression changes. Similarly, proteomic profiling, which
assesses protein expression levels , can detect off-target effects
at the translation level .

To further enhance specificity, targeted delivery mechanisms
should be employed to direct saRNA specifically to cells ex-
pressing the intended receptors, minimizing systemic exposure
and reducing off-target effects. Utilizing LNPs engineered to
recognize and bind to specific cell surface markers can facilitate
precise delivery®©?,

Moreover, sequence optimization plays a key role in improv-
ing specificity. Designing saRNA sequnces to closely match
the target mRINA while minimizng homology to non-target se-
quences can help reduce unintended interactions. Maintaining
an optimal GC content(typically around 40% to 60 %) can also
influence binding affinity and enhance target specificity®®.

Neuronal Circuits Affected by GRKs

The upregulation of GRK2 and GRKS via saRNA-mediated
mechanism is expected to reduce excessive sympathetic outflow,
contributing to antihypertensive effects. However, this mod-
ulatory may also lead to potential consequences but with the
potential consequences such as diminished adaptive autonomic
responses, altered baroreflex function, and off-target effects on
neurotransmission.
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The impact on C1 catecholaminergic neurons (sympathoexci-
tatory circuit): the C1 neurons in the RVLM play a critical role
in AT1R-mediated signaling, regulating sympathetic outflow.
GRK2/GRKS upregulation could attenuate AT1R signaling, re-
ducing excessive sympathetic activity. While this reduction
may contribute to antihypertensive effects, it could also blunt
adaptive responses to stress and exercise by affecting vasomotor
control©Z,

The Cholinergic Circuit from the Pednuculpotine Tegmen-
tal Nucleus: cholinergic projections to the RVLM facilitates
baroreflex control and sympathetic activation. GRK2/GRKS5
modulation may alter muscarinic receptor signaling, potentially
impairing cardiovascular reflexes. This could potentially impact
autonomic balance and reduce exercise induced cardiovascular
responses 5.

The GABAergic Inhibitory neurons from the Caudal
Ventrolateral Medulla (CVLM): CVLM provides inhibitory
GABAergic input to the RVLM, regulating sympathic output.
GRK2/GRKS upregulation in the RVLM may alter GABAargic
receptor signaling, modifying the balance between sympathetic
excitation and inhibition, which could modify blood pressure
regualtion®”.

The Glutamatergic inputs from the PVN: PVN neurons
project to the RVLM and regulate sympathetic outflow through
AT1R activation. Increased GRK2/GRKS expression could de-
sensitize AT1R-mediated excitation in the RVLM, potentially
reducing stress-induced hypertension and improving cardiovas-

cular regulation’.

RNA-Targeted Therapeutics

RNA-targeted therapeutics are becoming novel pharmacological
approaches to hypertension treatment. Clinically approved RNA
therapy so far for hypertension treatment includes the implemen-
tation of direct antisense oligonucleotides(ASO), a nucleic-acid-
based therapeutic, that inhibits liver angiotensinogen mRNA
translation, as well as small interfering RNA (siRNA) that
suppresses liver angiotensinogen via the RNA interference
pathwayZ!'”2 For example, IONIS-AGT-LRxis a hepatocyte-
directed ASO drug in the clinical development process for hyper-
tension and heart failure. It targets the start of the RAS pathway
by suppressing the synthesis of liver-deriver angiotensinogen'’>.
Whereas, Zilebesiran is the siRNA therapeutic agent that in-
hibits the synthesis of angiotensinogen by post-transcriptional
silencing of the angiotensinogen gene’#.

saRNA presents a promising and practical alternative to RNA
interference methods like siRNA and ASO due to its lower
dosage requirements and longer-lasting effect, potentially lead-
ing to fewer side effects. In terms of efficacy, siRNA and ASOs
are potent gene silencing tools, they require continuous adminis-
tration due to their transient effects. In contrast, saRNA enables
prolonged gene activation, reducing the need for repeated dosing

and enhancing therapeutic efficiency.

Regarding safety, siRNA and Asos may induce off-target
effects or immune responses due to unintended interactions
with non-target RNAs. However, saRNA’s requirement for
promoter-specific targeting may lower these risks. Further stud-
ies are needed to fully confirm its specificity and potential im-
munogenicity. From a practicality standpoint, saRNA’s self-
amplifying nature allows for lower therapeutic doses compared
to siRA, improving its feasibility for clinical practice”>.

Gene overexpression via mRNA, CRISPR activation, ASOs,
and saRNAs, are viable options for therapeutic applications.
This study utilizes saRNA for gene overexpression due to several
advantages. CRISPR activation requires delivery of both a guide
RNA and a Cas9 enzyme, making it less practical for clinical
use due to the complexity of current delivery systems. The
ASOs are designed to inhibit mRNA translation via the upstream
open reading frames in the 5’UTR. Also it is challenging to
produce mRNA longer than 150 nucleotides in length, yields
exponentially decreases as the length increases. The saRNA
is the preferred option because of its ease of synthesis and the
availability of bioinformatic tools that aid in predicting saRNA
sewunces that act on promoters”®.,

Following the biology of protein regulation, where distal en-
hancer elements and active gene promoters interact through
chromosomal looping to recruit transcription factors, chromatin
modifiers, mediator complex, and RNA polymerase II for tran-
scription activation, the roles of RNA therapeutics in gene ex-
pression can be better understood’Z.

Nucleic acid-based therapeutics (NBT) are small molecules
that can directly interact with RNA and protein to recruit endoge-
nous enzymes to target RNA and upregulate proteins. This cate-
gory of therapeutics includes ASOs, natural antisense transcript-
specific oligonucleotides, saRNAs, and microRNA blockers.
To enhance the transfection efficiency of NBTs, scientists of-
ten perform the following chemical modifications: backbone
modifications, ribose sugar substitutions, nucleobase derivatives,
stabilizing or cleavable internucleotide linkages, and function-
alization with various conjugates. To design effective NBTs,
the polyanionic hydrophilic structure of nucleic acids is cru-
cial— due to its pharmacokinetic and pharmacodynamic prop-
erties such that it slows down cellular membrane penetrance,
the endosomal escape increases susceptibility to endonuclease
degradation and off-target interactions 5.

saRNA is a type of small double-stranded RNA (dsRNA)
like siRNA and miRNA, but instead of inhibiting expression, it
induces gene expression via activation of promoter sequences
of targeted genes, this mechanism is termed RNA activation
(RNAa). RNAa is dependent on Argonaute proteins (Ago),
specifically Ago2, for cytosolic maturation of saRNa. Ago2 is
assumed to be an RNA-programmable homology search and
binding protein. RNAa pharmacokinetically takes 48 hours for
gene activation to be detectable®?81. saRNA is an optimal RNA-
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targeted therapeutic for the upregulation of GRK2 and GRKS5
for increased blood pressure control.

Neuronal saRNAs

Numerous studies have successfully tested saRNAs that play a
role in RNAa for the activation of gene expression in cultured
cells. saRNA is a therapeutic agent that influences the devel-
opment of biotechnological applications that don’t require the
synthesis of a hazardous construct system with exogenous DNA
sequences. Current challenges in therapeutic applications of
saRNA therapy are low stability, degradation, opsonization in
the bloodstream, and off-target effects 82

Similar to RNAi (siRNA and miRNA), a posttranscriptional
gene silencing mechanism with dsRNAs, saRNAs are dependent
on the Ago protein family. Overall, transcriptional and epige-
netic modulation of expression dsSRNAs requires Ago2. In both
the RNA-induced silencing complex and RNA-induced tran-
scriptional activation complex (RITA), Ago2 plays the same role
of initial RNA duplex loading and strand processing. Promoter-
targeted saRNA loaded on Ago2 serves as a promoter-associated
platform for the recruitment of RH9 (nuclear DNA helicase II)
and CTR9 (a component of PAF1C response for transcription
initiation and elongation) to assemble the (RITA) complex®.

There are two models of locus-specific gene activation:
promoter-targeted duplex RNA activating and natural antisense
disruption to change chromatin structure®#%>. However, numer-
ous studies have shown that endogenous saRNAs act via the
first model by selectively activating gene expression in neurons
through a promoter-targeted duplex. A study found Ago2-loaded
saRNAs successfully associated with the targeted promoter re-
gions and RNAP II to enhance initiation and elongation in tran-
scription—validating the specificity of RNA-guided genome
targeting mechanisms. Anyways, both RNAa models occur at
the transcriptional level of gene regulation and have an on-target
effect™,

Numerous studies have tested saRNA-mediated locus-specific
neural gene activation. One study intended to find an alternative
approach to genome engineering of gene deficits or therapeutic
stimulation via artificial transactivators for hemizygosity neu-
rological diseases. saRNAs were tested on a haploinsufficient
Foxgl brain patterning gene that is vital to various neurode-
velopmental and physiological pathophysiologies. The study
selected 8 synthetic saRNAs upregulating Foxg1 in neocortical
precursor and limited the RNAa to neural cells that naturally
express Foxgl and don’t hide endogenous gene tuning. It was
found that the saRNA-mediated gene upregulation involving
recruitment of RNA polymerase II was dependent upon Ago2,
and the saRNA was able to associate with target chromatin via
nascent noncoding RNAs. The saRNAs were delivered into the
cells by intracerebroventricular (ICV) injections of recombinant
AAV vectors. The saRNa successfully reaching target genes

after ICV injection demonstrates the plausibility of saRNA treat-
ment administered via ICV injection for upregulation of certain
GRKs to confer a blood pressure-lowering response®>.

Another study successfully used infusion into the cisterna
magna in hypertensive rats to inject dsSRNAs into the RVLM to
silence Noxal to alleviate oxidative stress. This demonstrates
the plausibility of saRNA treatments directly injected into the
brain to bypass the blood-brain barrier to target the cardiovascu-
lar center RVLM®0,

The invasiveness of a direct injection into the brain is a pitfall
to using ICV for saRNA treatment, but peripheral RNA injec-
tions have difficulty passing the blood-brain barrier and would
prove to be an inefficient method. But continued research in
RNA delivery systems could identify a repetitively effective
delivery system that passes the blood-brain barrier. A study
showed promising results using Molecular Trojan Horses com-
bined with Trojan Horse Liposome technology to deliver RNA
or DNA-based therapeutics across the blood-brain barrier via
intravenous administration (IV). In this approach, formulation
techniques like advin-biotin technology are used to attach the
dsRNA to the molecular trojan horse—stabilizing the system
for in vivo delivery. This peripheral injection method could
replace the need for invasive procedures like ICV injection for
the delivery of RNA therapeutics in brain regions”.

To test the specificity of saRNA-guided genome activation,
a study performed chromatin isolation by biotinylated RNA
Pull-down (CHIbRP) to biotinylate a saRNA duplex at the 3’
end of one of the strands of the targeted chromatin associated
with saRNA. Then the duplexes were transfected into cells. Re-
sults observed from RNAa activity of the 3/-biotinylated saRNA
duplexes reveal elements of the Ago2-loading profile that specif-
ically influence targeted gene expression of mRNA and protein
levels. The on-target effect of the Ago2-loaded saRNA guide
and the results of the statistically significant enrichment of target
promoter DNA confirmed sequence-specific binding at targeted
gene promoters™®. Therefore, off-target effects can be mini-
mized by the specificity of saRNA-guided genome activation of
GRK2 and GRKS3 to increase 3-arrestin-dependent signaling of
ATI1R for increased blood pressure control.

Different biochemical tools are used to assess saRNA activity.
For instance, a nuclear run-on (NRO) assay is used to determine
the transcription rate of saRNA-inducible genes. Chromatin
immunoprecipitation (CHIp) analyses are used as proof of en-
richment of RNAa, confirming the transcriptional mechanisms
of saRNA-driven activation. These biochemical tools can be
used to test the efficacy of saRNA-mediated upregulation of
GRK2 and GRKS before administration in vivo®.

Delivery of the saRNAs

Liposome-based Lipofectamine RNAiIMAX
Liposome-based Lipofectamine RNAIMAX is a common
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transfection agent because it applies to various cells. Central
to the lipofectamine system are the cationic lipids, composed
of a phospholipid bilayer with a positively charged phosphate
head and one or two hydrocarbon tails. The cationic lipids
interact with the saRNA via electrostatic attractions of the inner
part of the polar head group with the phosphate backbone of
nucleic acids. The liposome’s positive charge attracts the cell
membrane’s negative charge, allowing for the endocytosis of
saRNA into the cell. However, the chemical structure of the
phospholipid bilayer affects the transfection efficiency: weakly
charged heads and longer alkyl chains have been associated
with high transfection efficiency. But the non-neutrality of the
liposomes poses a toxicity threat to the saRNAs®Y, A study
intended to identify a lipofection protocol for upregulating mir-
21 expression levels in neurons. Successfully reported the use
of lipofection protocol to deliver microRNA, a type of dsRNA,
into targeted neurons in vitro with minimal off-target effects.
Proof of concept for precise lipofection delivery of saRNAs for
upregulation of GRKS into the RVLM®L,

Lipidoid nanoparticles for saRNA delivery to neural cells

Lipid nanoparticle systems (LNPs) may be a better alterna-
tive to lipofectamine for the therapeutic targeting of neurons.
Although cellular uptake is comparable in neural cells, tested
siRNA-loaded LNPs remain stable in neural cells for seven
days, while lipofectamine-facilitated delivery of siRNAs was
not well tolerated by cells and appeared to have higher toxicity
and immunogenicity in neuronal models®?. The outcome of
lipofectamine delivery of siRNAs could potentially have a com-
parable outcome for saRNA delivery. Therefore, LNP delivery
of saRNAs into the RVLM via ICV injection is optimal to confer
a stable and specific association with GRK2 and GRKS5 genes.

LNP characteristics can be manipulated for improved neural
cell delivery. The LNP system consists of cationic lipids and
other helper lipids like distearoylphosphatidylcholine (DSPC),
polyethylene glycol-dimyristoyl glycerol (PEG-DMG), and
cholesterol. The optimal characteristics for neural cells include
high encapsulation efficiency and enhanced intracellular release
via effective endosomal escape by cationic lipids. The efficiency
of the endosomal escape is contributed to the acidic microenvi-
ronment of endosomes that gives LNPs a positive charge to cause
endosomal destabilization when the negative anionic endosomal
lipids associate with the positive LNPs. This leads to effec-
tive saRNA release in the cytoplasm. Furthermore, ionizable
cationic lipids have a pka value below 7 for optimal oligonu-
cleotide encapsulation, and the lipids at the surface are relatively
neutral and around the physiological pH to minimize charge on
LNP systems, reducing toxic side effects and allowing rapid
clearance from circulation, the saRNA treatment can quickly
and safely increase gene expression of GRKs to manipulate the
signaling pathway of AT1R3.

C12-200 lipidoid has the highest delivery efficacies due to its

high cell uptake in vitro. Therefore, saRNA-LNPs using C12-
200 lipidoid would be optimal for maximizing saRNA uptake in
neural cells of the RVLM®%,

Designs of LNP Drugs

LNP technology for genetic drugs requires efficient encapsu-
lation of RNA polymers into LNP systems. lonizable cationic
lipids are preferred for the high loading efficiency of genetic
drugs in an LNP system with a diameter of less than 100 nm
and a low surface charge. This prevents issues with instability,
positive surface charge, and dose-limiting toxic side effects.

So far, LNP technology for in vivo delivery of siRNA for
therapeutic purposes has been used to silence targeted genes
from IV injection for the treatment of cardiovascular disease,
liver disease, and cancer. Onpattro is the first FDA-approved
LNP-based RNAi drug for the treatment of polyneuropathy®>.

The ethanol loading approach to encapsulating oligonu-
cleotides is preferable for siRNA LNP systems due to its meeting
of kinetic, reproducible, and scalable standards for an in vivo
delivery system for genetic drugs. Formulating LNP siRNA
systems requires rapid microfluidic mixing of solutions with
cationic lipids and siRNA. Microfluid mixing with the staggered
herringbone micromixer (SHM) offers high siRNA encapsula-
tion efficiency and improved synthesis of LNP siRNA systems
in the range of 20-100 nm®®.

LNP-mediated delivery of saRNA follows a methodology
similar to that of more experimented siRNA-LNP systems. The
first goal is cellular uptake via endocytosis of LNPs into cells
and endosomes. The second step is saRNA release into the cyto-
plasm of the targeted cell through a pH difference mechanism in
endosomes to instigate LNP release of the RNA. There is also a
sequence-specific association of the saRNA for the upregulation
of the targeted gene. These saRNA LNP systems would be used
for delivery into the RVLM, would be uptake by neural cells,
and would associate with the genetic sequence for GRK?2 and
GRKS to stimulate gene expression””.

ICV Delivery of saRNA-Loaded LNPs

LNPs have emerged as a leading delivery system for siRNA-
based therapies, with optimized cationic lipids demonstrating
effective gene silencing in multiple clinical studies. LNP-siRNA
systems have been successfully used to silence genes in the
liver following IV administration in animal models, and clinical
trials have shown efficacy in treating cardiovascular diseases.
Additionally, studies have demonstrated the feasibility of LNP
delivery for silencing androgen receptor (AR) gene expression in
vivo. However, neuronal delivery of LNPs remains challenging
due to the restrictive nature of the BBBS.

A study investigating LNP-siRNA delivery for neuronal gene
silencing reported promising results both in vitro and in vico. In
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cell culture, 100% of neurons successfully internalized LNPs
with no observable toxicity, leading to a significant reduc-
tion in protein expression. In vivo, ICV administration of
siRNA-loaded LNPs facilitated widespread diffusion and uptake
throughout the brain, resulting in a consistent decrease in mRNA
and protein expression without inducing toxic effects®?.

Further studies have confirmed the feasibility of this approach.
In one experiment, lucierferase siRNA-loaded-LNPs were in-
jected into rat brains, demonstrating that ICV delivery enables
diffusion across extracellular spaces, effectively silencing target
genes at reasonable distances from the injection site. These find-
ings highlight the potential of ICV administration for precise
and sustained gene modulation in the CNS?.

Despite these results, ICV delivery of LNPs presents sev-
eral obstacles. Immune response and neuroinflammation: the
lipid composition of LNPs plays a critical role in their inter-
action with the immune system. Ionizable lipids, essential for
endosomal escape and cytosolic release of saRNA, may also
interact with toll-like receptors (TLR) on glial cells, provoking
an inflammatory response. Excessive neuroinflammation could
compromise the therapeutic efficacy and potentially leading to
neurotoxicity. Toxicity mitigation strategies include the use of
cationic lipids which are necessary for endosomal escape and
cytosolic release of the saRNAs, reducing their proportion and
incorporating biodegradable lipid components, such as trehalose
glycolipids exhibit lower toxicity in major organs like the heart
and liver compared to conventional LNP formulations. Also,
systematic innate immune activation due to saRNA delivery
could lead to unwanted gene overexpression, raising concerns
about potential toxic outcomes. Strategies to fine-tune saRNA
sequences and optimize nanoparticle surface properties may
enhance specificity while minimizing adverse effects %0,

Alternative Delivery Methods

IV administration presents a non-invasive alternative to ICV
but faces challenges in crossing the BBB. To enhance BBB
penetration and targeted delivery to regions like the RVLM, ad-
vanced nanoparticle modifications are necessary. For example,
peptide-functionalized LNPs offer a promising pharmaceuti-
cal approach by improving cellular uptake and BBB translo-
cation. Cell-penetrating peptides (CPPs) facilitate targeted de-
livery of nucleic acids by enhancing cellular internalization.
Studies on liposome-siRNA-peptide complexes show that cova-
lent bonding between siRNA-liposomes and targeting peptides
increases receptor affinity, improving cellular uptake. Addition-
ally, polyethylene glycol (PEG)-modified liposomes, enhance
stability and circulation time by reducing immune clearance. In
vivo studies have demonstrated reduced serum degradation of
siRNA and improved brain targeting. However, clinical trans-
lation remains limited—only 24 clinical trials have employed
siRNA therapy to date. The primary obstacles include lack of

in vivo validation since most CPP-based delivery studies have
been conducted in vitro, the potential toxicity from endoge-
nous interactions may lead to off-target effects, and uncertain
BBB penetration (successful cellular uptake does not guarantee
adequatee BBB transversal) 1L

Given the challenges associated with liposomal delivery,
exosome-based carriers present a promising I'V alternative. Ex-
osomes naturally transport genetic material between cells, and
engineered versions, such as siRNA-loaded RBG exosomes,
have shown potential in targeting neurodegenerative diseases,
including Parkinson’ and Alzheimer. However, several key chal-
lenges must be addressed: immune evasion, while exosomes
are biocompatible, immune recognition can still limit efficacy;
defective endosomal systems, inefficient endosomal escape may
reduce therapeutic potency; optimization of cargo modification,
enhancing exosomal loading to reduce pathological proteins
while increasing neuroprotective factors remains a critical chal-
lenge' %2,

While ICV delivery is highly effective in penetrating the
BBB, its invasivenesss limits widespread clinical use. IV admin-
istration with either peptide-functionalized LNPs or exosome-
based systems is a promising alternative, but further research
is needed to improve BBB penetration, targeting specificity,
and in vivo validation. Further strategies should focus on opti-
mizing nanoparticle modifications to ensure safe, efficient, and
clinically viable siRNA delivery to the CNS.

Methods

Hypothetical Lab Methods

dsRNA Design and Syntheis

Using the University of California at Santa Cruz Genome
Database (http://genome.ucsc.edu) 1 kb of promoter sequence
was retrieved for the GRK2 and GRKS genes, and each was
scanned for 4 saRNA targets based on agreed-upon saRNA de-
sign rules. For the promoter analysis, the sequences before
the first exon of gene transcripts were isolated and defined in
genome databases, and basic bioinformatics sequence analyses
were run on the promoter sequence to identify the target gene
sequence for saRNA selection. Repetitive elements were ex-
cluded to eliminate off-target effects. High frequency of CPG
islands and stretches of DNA with unusually high GC content
were identified by the MethPrimeer CPG island prediction pro-
gram (https://www.urogene.org/methprimer/). In order to avoid
hindering the Ago processing of the passenger strand and tran-
scription gene silencing via DNA methylation, the CPG islands
were not included in saRNA targets. Candidates best aligned
with the rules of functional saRNA designs were selected. Each
target saRNA was 19 nucleotides long and had AT-rich 3/ nu-
cleotide overhang. A sense RNA and complementary antisense
sequence were created based on the target sequence. Finally,
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[U][U] overhangs were added to the 3’-end of both RNA strands.
GRK2 saRNA sequences are listed in FIGURE 1. The chemical
synthesis and annelation of RNA strands are performed to create
a dsRNA duplex 103104,

Table 1 GRK2 saRNA Strands: 3 sets of complementary sense and
antisense GRK2 saRNA designs formulated following the above
procedure

GRK2 saRNA designs

Sense: CCAGGUUCUGGGUGACCUA-CUAA[U][U]

Antisense:
GGUCCAAGACCCACUGGAU-GAUU[U][U]
Sense:
AGUGUGGGUCCCAGGUUA-GAC[U]U]

Antisense:
UCACACCCAGGGUCCAAU-CUG[U][U]
Sense:
UCUGGAGUUGACAGUCCAA-UCUA[U]U]

Antisense:
AGACCUCAACUGUCAGGUU-AGAU[U]U]
Sense:
GAUCGAGGUCAUGGUCCAA-AAU[U][U]

Antisense:
CUAGCUCCAGUACCAGGUU-UUAJ[U][U]

Lipidoid synthesis

For the synthesis of C12-200 lipidoid, amine 2[4-2( 2-
aminoethyl)amino)-ethylpiperazine-1-YL)ethan-1-amine (200)i
reacted with the tail 1,2-epoxyhexadecane (C12) at a molar ratio
of 1:5. Glass scintillation vials are used to mix amines and
tails without solvent at 90 degrees celsius for a 3 day period. A
Teledyne ISCO chromatography system is used for lipidoid pu-
rifnl%, A study found 15 to 50-fold greater protein expression
when modifying the delivery vehicle of therapeutic mRNAs,
the study found this method of lipdoid synthesis to be most
effective.

Formulation of LNPs

To form the LNPs, C12-200 lipidoid, cholesterol, and
mPEG2000-DMG must be mixed at a molar ratio of 50:38:35
in 90% (v/v) ethanol and 10% (v/v) 10 mM sodium citrate.
A saRNA solution is prepared via the dilution of saRNA in a
10mM solution of sodium citrate buffer to produce a 10:1 fi-
nal weight ratio of lipidoid. Microfluidic device SHM is used
to mix equal volume amounts of lipid and saRNA solutions.
Then any particles were dissolved in phosphate buffer saline.
Following that, for 90 minutes in 3500 g/mol molecular weight

cutoff cassettes LNPs were dialyzed against the phosphate buffer
saline'%%. A study followed this formulation of LNPs for siRNA
drugs, and the result was a consensus 95% protein silencing in
vivo. The study recommends using their chemical design cri-
teria for degradable lipidoids to reliably predict in vivo siRNA
delivery efficacy without cell culture assays and animal testing
prior®%,

In Vivo GRK SaRNA delivery

Administration of LNPs: injection 0.5mg/kg GRK saRNA.
ICV injection of the drug into the RVLM would allow for saR-
NAs to hyperactivate GRK2 and GRKS expression“®. Studies
with IV delivery of LNP-mRNA systems saw greater protein
expression at 0.5mg/kg dosing 1109 Expression of the saRNA
could be analyzed 48 hours post-injection'’Z, The implemen-
tation of synthetic serum markers expressible in the brain but
transportable in the blood for less invasive analysis of gene ac-
tivation in the RVLM through a blood test could be utilized to
assess the functionality of the saRNA-induced GRK overexpres-
sion. A study can monitor gene expression in the brain because
of the development of synthetic serum markers1%S.

Search Methods

To evaluate the potential of saRNA for upregulating transcrip-
tion of GRK2 and GRKS in neural cells for hypertension man-
agement, this paper e was conducted following these criteria.
Studies were identified through Pubmed using keywords ATIR,
B-arrestin signaling, GRKs, RNAa, gene therapy, saRNAs,
and hypertension. Criteria for inclusion required experimen-
tal studies on gene activation in neural cells, GRK activation,
and hypertension-related outcomes and literature reviews on
ATIR signaling pathways. Search strategies included the use
of boolean operators such as “and” and “or,” which were used
to find studies relating to B-arrestin AT 1R signaling and GRK
overexpression. For precise search strategies, this review used
MeSH(medical subject headings) terms, a feature of Pubmed
that is used for indexing articles, using MeSH terms like Hy-
pertension/gene therapy paired with more specific keywords
like saRNA and GRKs for a precise query. The filtered search
option was implemented to limit results to clinical trials, litera-
ture reviews, and meta-analyses. All of these components are
compiled in the advanced search.

Discussion

The promotion of ATIR signaling via the f-arrestin path-
way was previously thought to only desensitize GPCRs, but
B-arrestin signaling mediates receptor internalization and G-
protein independent signaling. Thus, it offers new hypertension
therapeutic opportunities targeting neuronal AT1R located in
regions of cardiovascular regulation''??.

© The National High School Journal of Science 2025

NHSJS Reports | 11



B-arrestin
.......... dopoden naios

Fig. 1 saRNA-Mediated f3-arrestin Dependent Signaling:

N2

AT1R-f-arrestin mechanisms induce antihypertensive effects,
including a decrease in vascular resistance, lowered blood pres-
sure, reduced saline intake, and minimized sympathetic outflow.
GRKs are the regulators of AT1R selectivity of G protein or -
arrestin pathways. GRK2 and GRKS are commonly associated
with the ATIR receptor, and following their phosphorylation,
B-arrestins are recruited to the receptor to initiate -arrestin-
dependent mechanisms. This report suggests the use of RNAa
with saRNAs to upregulate the transcription of GRK2 and GRKS
in the RVLM neuronal cells due to its regulatory role in the car-
diovascular region and abundance of AT1R receptors. Similar to
Zibestarain, a siRNA therapeutic for hypertension whose gene
silencing effects last six months, it is possible for saRNA gene
activating effects to last patients six months as well following
the proposed ICV injection 410,

A Simplified diagram of saRNA-induced GRK activation
leading to increased GRK-mediated f-arrestin dependent sig-
naling, resulting in antihypertensive effects.

Injected saRNA into the RVLM interacts with Ago2, forming
the saRNA-loaded Ago2 complex, which enters the cytoplasm to
assemble the RITA complex. This complex facilitates RNA acti-
vation and GRK translation. The translated GRK proteins then
phosphorlate AT1R, inducing -arrestin signaling, which leads
to antihypertensive effects—inclduing receptor interlization, in-
hibition of the hypertensive GPCR pathway, vasolidation,and
reduced sympathetic nerve activity.

Ensuring targeted and efficient delivery of saRNAs to RVLM
cells is difficult, which may limit the effectiveness of the ther-
apy. Optimization of LNPs is needed for saRNAs with com-
plex secondary structures, which makes it more challenging to
encapsulate and preserve the saRNA. Naked-saRNA delivery
has numerous challenges, including membrane impermeability,
degradation, molecular phagocyte system entrapment, endoso-
mal escape, and off-target effects. However, LNPs have shown
minimal toxicity and off-target effects for saRNa deliveryH.

MTL-CEBPA is the first saRNA drug in clinical development.
The RNA therapeutic regulates hepatic and meloid functions
via the upregulation of CCA AT/enhancer-binding protein alpha
transcription factor, which is a tumor suppressor and regulator
of hepatocyte function. CEBPa is a proof of concept for saRNA
drugs that enhance the expression of targeted genes to improve

treatment outcomes. In the clinical trials for MTL-CEBPA, a
patient experienced umor size reduction (partial response) that
lasted for more than two years—this means the therapeutic ef-
fect of the saRNA drug exists. This opens the possibility that
with proper chemical modification of the saRNA the therapeutic
effect could have long-lasting effects. However, not enough
clinical implementation of saRNA therapy has been done to
actually determine the duration of the treatment. The cost effec-
tiveness depend on the duration of the effect and whether repeat
treatments are required. If one treatment lasts over 5 years, the
saRnA therapy could become competitive with chronic medica-
tion costs. But with the ICV model and 2-year limitation, this
new form of therapy will be significantly higher! 12,

Conclusion

RNA therapeutics are gaining prominence in the treatment of
cardiovascular diseases, especially hypertension, where several
studies with antisense RNA siRNA-based drugs have been used
to effectively manage high blood pressure in numerous clinical
studies 314,

RNA therapy for hypertension could renovate the current stan-
dard of hypertension care to improve patient treatment outcomes
and economically benefit the U.S. healthcare system. If RNA
therapy is implemented as first-line therapy, a saRNA injection
will result in a long-lasting and sequence-specific induction of
a targeted gene. Future clinical studies and research must be
continued, but if saRNA therapy proves effective, patients will
experience blood pressure control for a possible 2 years or more,
a hypertension treatment approach more convenient than several
daily doses of blood pressure medication that cause severe issues
with patient adherence. This research highlights the potential
of saRNA-based gene therapy as an innovative and targeted
approach to treating hypertension by modulating key signaling
pathways within neural cells.

References

1 P. K. Phelps, E. F. Kelley, D. M. Walla, J. K. Ross, J. J. Simmons, E. K.
Bulock, A. Ayres, M. K. Akre, R. Sprissler, T. P. Olson and E. M. Snyder,
J Clin Med, 2019, 8, 289.

2 D.T. Lackland, E. J. Roccella, A. F. Deutsch, M. Fornage, M. G. George,
G. Howard, B. M. Kissela, S. J. Kittner, J. H. Lichtman, L. D. Lisabeth,
L. H. Schwamm, E. E. Smith and A. Towfighi, Stroke, 2014, 45, 315-353.

3 B.J. Materson, D. J. Reda, W. C. Cushman, B. M. Massie, E. D. Freis,
M. S. Kochar, R. J. Hamburger, C. Fye, R. Lakshman and J. G. et al., N
Engl J Med, 1993, 328, 914-921.

4 U. Farooq and S. G. Ray, Med Clin North Am, 2015, 99, 733-738.

5 H. K. Flaten and A. A. Monte, Cardiovasc. Drugs Ther., 2017, 31, 471—
482.

6 R.Johnson, P. Dludla, S. Mabhida, M. Benjeddou, J. Louw and F. February,
Heart Fail. Rev., 2019, 24, 343-357.

12 |  NHSJS Reports

© The National High School Journal of Science 2025



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

K. Siram and P. A. Insel, Mol Pharmacol, 2018, 93, 251-258.

N. M. Mathieu, P. Nakagawa, J. L. Grobe and C. D. Sigmund, Hyperten-
sion, 2024, 81, 6-16.

L. Gagnon, Y. Cao, A. Cho, D. Sedki, T. Huber, T. P. Sakmar and S. A.
Laporte, J Biol Chem, 2019, 294, 17409-17420.

P. H. Anborgh, J. L. Seachrist, L. B. Dale and S. S. Ferguson, Mol En-
docrinol, 2000, 14, 2040-2053.

H. Qian, L. Pipolo and W. G. Thomas, Mol Endocrinol, 2001, 15, 1706—
1719.

J. D. Violin, A. L. Crombie, D. G. Soergel and M. W. Lark, Trends Phar-
macol Sci, 2014, 35, 308-316.

C. Sumners, A. Alleyne, V. Rodriguez, D. J. Pioquinto, J. A. Ludin, S. Kar,
Z. Winder, Y. Ortiz, M. Liu, E. G. Krause and A. D. de Kloet, Hypertens
Res, 2020, 43, 281-295.

H. Wu, Q. Sun, S. Yuan, J. Wang, F. Li, H. Gao, X. Chen, R. Yang and
J. Xu, Cardiovasc Toxicol, 2022, 22, 311-325.

K. K. Haack, C. W. Engler, E. Papoutsi, I. I. Pipinos, K. P. Patel and I. H.
Zucker, Hypertension, 2012, 60, 354-361.

L. Gao, W. Z. Wang, W. Wang and 1. H. Zucker, Hypertension, 2008, 52,
708-714.

H. Kumagai, N. Oshima, T. Matsuura, K. ligaya, M. Imai, H. Onimaru,
K. Sakata, M. Osaka, T. Onami, C. Takimoto, T. Kamayachi, H. Itoh and
T. Saruta, Hypertens Res., 2012, 35, 132-141.

E. A. Bourassa, A. F. Sved and R. C. Speth, Mol Cell Endocrinol, 2009,
302, 167-175.

P. G. Guyenet, Nat Rev Neurosci, 2006, 7, 335-346.

B. Savi¢, D. Murphy and N. Japundzié-Zigon, Front. Physiol., 2022, 13,
858941.

X. F. Huang, I. Tork and G. Paxinos, J. Comp. Neurol., 1993, 330, 158—
182.

A. J. Lawrence and B. Jarrott, Prog. Neurobiol., 1996, 48, 21-53.
R. A. Dampney, Adv Physiol Educ, 2016, 40, 283-296.

X. Chen, H. Zhu, M. Yuan, J. Fu, Y. Zhou and L. Ma, J Biol Chem, 2010,
285, 12823-12830.

R. L. Stornetta, C. J. Macon, T. M. Nguyen, M. B. Coates and P. G.
Guyenet, Brain Struct. Funct., 2013, 218, 455-475.

E. S. F. Matthees, R. S. Haider, C. Hoffmann and J. Drube, Front. Cell Dev.
Biol., 2021, 9, 687489.

R. G. R. Pinheiro et al., Pharm. Res., 2020, 37, 139.

P. Penela, C. Murga, C. Ribas, V. Lafarga and F. J. Mayor, Br. J. Pharma-
col., 2010, 160, 821-832.

G. Boerrigter, D. G. Soergel, J. D. Violin, M. W. Lark and J. C. B. Jr., Circ
Heart Fail, 2012, 5, 627-634.

A. C.-G. ao, B. Ogunlade, J. Xu, C. R. A. Silva-Alves, L. G. Mendes-
Jinior, D. D. G. aes, J. C. Cruz, T. M. Queiroz, C. M. Balarini, V. A. Braga,
C. M. Filipeanu, E. Lazartigues and M. D. S. de Franca-Silva, Clin Sci
(Lond), 2018, 132, 1513-1527.

31

32

33

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

S. Negussie, A. Lymperopoulos and M. A. Clark, J Neurochem, 2019, 148,
46-62.

J. C. Sun, B. Liu, R. W. Zhang, P. L. Jiao, X. Tan, Y. K. Wang and W. Z.
Wang, Front Physiol, 2018, 9, 297.

H. Zhang, H. Unal, R. Desnoyer, G. W. Han, N. Patel, V. Katritch, S. S.
Karnik, V. Cherezov and R. C. Stevens, J Biol Chem, 2015, 290, 29127—-
29139.

G. Turu, A. Balla and L. Hunyady, Front Endocrinol (Lausanne), 2019, 10,
519.

A. R. B. Thomsen, B. Plouffe, T. J. C. 3rd, A. K. Shukla, J. T. Tarrasch,
A. M. Dosey, A. W. Kahsai, R. T. Strachan, B. Pani, J. P. Mahoney,
L. Huang, B. Breton, F. M. Heydenreich, R. K. Sunahara, G. Skiniotis,
M. Bouvier and R. J. Lefkowitz, Cell, 2016, 166, 907-919.

P. Y. Jean-Charles, S. Kaur and S. K. Shenoy, J Cardiovasc Pharmacol,
2017, 70, 142-158.

W. Tang, R. T. Strachan, R. J. Lefkowitz and H. A. Rockman, J Biol Chem,
2014, 289, 28271-28283.

C. Ribas, P. Penela, C. Murga, A. Salcedo, C. Garcia-Hoz, M. Jurado-
Pueyo, I. Aymerich and F. M. Jr., Biochim Biophys Acta, 2007, 1768,
913-922.

D. T. Lodowski, J. F. Barnhill, J. A. Pitcher, W. D. Capel, R. J. Lefkowitz
and J. J. Tesmer, Acta Crystallogr D Biol Crystallogr, 2003, 59, 936-939.

D. Calebiro, Z. Koszegi, Y. Lanoiselée, T. Miljus and S. O’Brien, Physiol
Rev, 2021, 101, 857-906.

J. O. Hendrickx, J. van Gastel, H. Leysen, P. Santos-Otte, R. T. Premont,
B. Martin and S. Maudsley, Front Pharmacol, 2018, 9, 1484.

F. Marzano, A. Rapacciuolo, N. Ferrara, G. Rengo, W. J. Koch and A. Can-
navo, Int J Mol Sci, 2021, 22, 1920.

E. Tutunea-Fatan, F. A. Caetano, R. Gros and S. S. G. Ferguson, J Biol
Chem, 2015, 290, 5141-5155.

C. de Lucia et al., Cardiovasc Res, 2022, 118, 169—-183.
J. M. etal., Int J Mol Sci, 2020, 21, 2868.

S. Nuber, U. Zabel, K. Lorenz, A. Nuber, G. Milligan, A. B. Tobin, M. J.
Lohse and C. Hoffmann, Nature, 2016, 531, 661-664.

J. Drube, R. S. Haider, E. S. F. Matthees, M. Reichel, J. Zeiner,
S. Fritzwanker, C. Ziegler, S. Barz, L. Klement, J. Filor, V. Weitzel,
A. Kliewer, E. Miess-Tanneberg, E. Kostenis, S. Schulz and C. Hoffmann,
Nat Commun, 2022, 13, 540.

R. Schroder, N. Janssen, J. Schmidt, A. Kebig, N. Merten, S. Hennen,
A. Miiller, S. Bliattermann, M. Mohr-Andrd, S. Zahn, J. Wenzel, N. J.
Smith, J. Gomeza, C. Drewke, G. Milligan, K. Mohr and E. Kostenis, Nat
Biotechnol, 2010, 28, 943-949.

J. S. Smith, R. J. Lefkowitz and S. Rajagopal, Nat Rev Drug Discov, 2018,
17, 243-260.

N. M. Urs, S. M. Gee, T. F. Pack, J. D. McCorvy, T. Evron, J. C. Snyder,
X. Yang, R. M. Rodriguiz, E. Borrelli, W. C. Wetsel, J. Jin, B. L. Roth,
P. O’Donnell and M. G. Caron, Proc Natl Acad Sci U S A, 2016, 113,
E8178-E8186.

E. V. Gurevich and V. V. Gurevich, Cells, 2020, 10, 52.

© The National High School Journal of Science 2025

NHSJS Reports | 13



52
53
54

55

56

57

58

59

60

61
62

63

64
65
66
67
68
69

70
71

72

73

74

75

76

77

78

79

80

D. M. Perez, Front Pharmacol, 2020, 11, 581098.
D. Perez, Front Cell Dev Biol, 2021, 9, 652152.
A.J. Farzam, K., Beta Blockers, 2024.

J.S-J.S.R.C.Y.D.S. Y.C.T.W.K.J. C. D. T. J. B. Carr, R. 3rd, Proc
Natl Acad Sci U S A, 2016, 113, E4107-E4116.

H.O.K. Y. H. T. Y. N. T. O. H. K. Oshima, N., Hypertens Res, 2014, 37,
976-983.

B.S.M. C.R. L. Hara, M.R., Cell Cycle, 2013, 12, 219-224.

JK.EW.S. RRSWGATBWCLKX.S.S.S.GS.AD.D.
R. L. Hara, M.R., Nature, 2011, 477, 349-353.

C. L. J. F. Ogundele, O.M., Anat Rec (Hoboken), 2017, 300, 1307-1314.

S.K.M.N.B.M. V.Z. Y. K. K. M. P.J. W. Kee, T.R., Exp Mol Med, 2024,
56, 129-141.

J. M. Wang, J.Q., J Neurochem, 1995, 65, 2706-2715.

A.S.M.R.R.B.P.P.P.B.T. K J J.J Z B. R. White, K.L.., Mol
Pharmacol, 2014, 85, 83-90.

Y. M.J.Y.S.P.R.L.Z.Z. R. v. R. Blaine, A.T., Front Pharmacol, 2022,
13,914651.

L. e. a. Zhang, Nucleic Acids Res, 2020, 48, 5037-5053.

D. R. Caffrey et al., PLoS One, 2011, 6, €21503.

J. Neumeier and G. Meister, Front. Plant Sci., 2021, 11, 526455.
J.R. Padley et al., Circ. Res., 2007, 100, 284-291.

J.D. Lima et al., J. Physiol., 2019, 597, 1919-1934.

C. M. Heesch, J. D. Laiprasert and L. Kvochina, Brain Res., 2006, 1125,
46-59.

D. P. Li and H. L. Pan, Hypertension, 2007, 49, 916-925.
E. Cruz-Lépez, D. Ye, C. Wu et al., Hypertension, 2022,79, 2115-2126.

M. Addison, P. Ranasinghe and D. Webb, Hypertension, 2023, 80, 2243—
2254,

E. Morgan, Y. Tami, K. Hu et al., JACC Basic Transl Sci., 2021, 6, 485—
496.

R. Khan and W. Frishman, Cardiol Rev., 2024.

D. Papukashvili, N. Rcheulishvili, C. Liu et al., Int. J. Mol. Sci., 2022, 23,
12884.

A. Kwok, N. Raulf and N. Habib, Ther. Deliv., 2019, 10, 151-164.

O. Khorkova, J. Stahl, A. Joji et al., Nat Rev Drug Discov., 2023, 22,
539-561.

T. Roberts, R. Langer and M. Wood, Nat Rev Drug Discov., 2020, 19,
673-694.

X. Liang, H. Sun, J. Nichols and S. Crooke, Mol Ther., 2017, 25, 2075-
2092.

K. T. Gagnon, L. Li, Y. Chu, B. A. Janowski and D. R. Corey, Cell Rep.,
2014, 6,211-221.

81

82

83

84

85
86

87
88

89

90
91

92

93

94

95

96

97
98
99
100

101

102

103

104

105

106

107

108

109

N. H. Tolia and L. Joshua-Tor, Nat Chem Biol., 2007, 3, 36—43.

H. Ghanbarian, S. Aghamiri, M. Eftekhary, N. Wagner and K. D. Wagner,
Cells, 2021, 10, 591.

V. Portnoy, S. H. Lin, K. H. Li et al., Cell Res., 2016, 26, 320-335.

F. Modarresi, M. A. Faghihi, M. A. Lopez-Toledano et al., Nat Biotechnol.,
2012, 30, 453-459.

H. Ghanbarian, N. Wagner, J. F. Michiels et al., Sci Rep., 2017, 7, 41799.

C. Fimiani, E. Goina, Q. Su, G. Gao and A. Mallamaci, Sci Rep., 2016, 6,
39311.

Y. M. Chao, H. Rauchova and J. Y. H. Chan, Biomedicines, 2022, 10, 2232.
W. M. Pardridge, Adv Drug Deliv Rev., 2007, 59, 141-152.

Y. Chu, X. Yue, S. T. Younger et al., Nucleic Acids Res., 2010, 38, 7736—
7748.

P. Y. Chen, L. Weinmann, D. Gaidatzis er al., RNA, 2008, 14, 263-274.

Y. C. Tseng, S. Mozumdar and L. Huang, Adv Drug Deliv Rev., 2009, 61,
721-731.

C. Berardo, V. Siciliano, L. G. Di Pasqua et al., Eur J Histochem., 2019,
63, 3048.

P. Khare, K. M. Dave, Y. S. Kamte et al., AAPS J., 2021, 24, 8.

C. Wan, T. M. Allen and P. R. Cullis, Drug Deliv Transl Res., 2014, 4,
74-83.

M. A. Behlke, Oligonucleotides, 2008, 18, 305-319.

K. A. Hajj, J. R. Melamed, N. Chaudhary, N. G. Lamson, R. L. Ball, S. S.
Yerneni and K. A. Whitehead, Nano Lett., 2020, 20, 5167-5175.

P. R. Cullis and M. J. Hope, Mol Ther., 2017, 25, 1467-1475.
J.B. Lee et al., Int. J. Cancer, 2012, 131, E781-E790.

R. L. Rungta et al., Mol. Ther. Nucleic Acids, 2013, 2, e136.
J. Wang et al., Vaccines (Basel), 2024, 12, 1148.

S. M. Ghorai, A. Deep, D. Magoo, C. Gupta and N. Gupta, Pharmaceutics,
2023, 15, 1999.

M. Izco and L. Alvarez-Erviti, Methods Mol. Biol., 2021, 2282, 395-401.

N. M. Belliveau, J. Huft, P. J. Lin et al., Mol Ther Nucleic Acids, 2012, 1,
e37.

S. H. Kiaie, N. M. J. Zolbanin, A. Ahmadi et al., J Nanobiotechnology,
2022, 20, 276.

A. Reynolds, D. Leake, Q. Boese, S. Scaringe, W. S. Marshall and
A. Khvorova, Nat Biotechnol., 2004, 22, 326-330.

J. Wang, R. F. Place, V. Portnoy et al., J Biol Methods, 2015, 2, el4.

K. A. Whitehead, J. R. Dorkin, A. J. Vegas et al., Nat Commun., 2014, 5,
42717.

Q. G. Xia, L. Lu and P. Li, Sheng Li Xue Bao, 1989, 41, 19-29.

R. F. Place, E. J. Noonan, Z. Foldes-Papp and L. C. Li, Curr Pharm
Biotechnol., 2010, 11, 518-526.

14 |

NHSJS Reports

© The National High School Journal of Science 2025



110

111

112

113

114

R. L. Kanasty, K. A. Whitehead, A. J. Vegas and D. G. Anderson, Mol
Ther., 2012, 20, 513-524.

M. Moazzam, M. Zhang, A. Hussain, X. Yu, J. Huang and Y. Huang, Mol
Ther., 2024, 32, 284-312.

D. Sarker, R. Plummer, T. Meyer, M. H. Sodergren, B. Basu, C. E. Chee,
K. W. Huang, D. H. Palmer, Y. T. Ma, T. R. Evans, D. R. J. Spalding,
M. Pai, R. Sharma, D. J. Pinato, J. Spicer, S. Hunter, V. Kwatra, J. P.
Nicholls, D. Collin, R. Nutbrown, H. Glenny, S. Fairbairn, V. Reebye,
J. Voutila, D. S. Dorman, P. Andrikakou, P. Lloyd, S. Felstead, J. Vasara,
R. Habib, C. Wood, P. Saetrom, H. E. Huber, D. C. Blakey, J. J. Rossi and
N. Habib, Clin Cancer Res., 2020, 26, 3936-3946.

V. J. Dzau and C. P. Hodgkinson, Circulation, 2024, 149, 707-716.

M. Zanaty, F. A. C. Seara, P. Nakagawa, G. Deng, N. M. Mathieu, K. Bala-
pattabi, S. S. Karnik, J. L. Grobe and C. D. Sigmund, Hypertension, 2021,
77, 420-431.

© The National High School Journal of Science 2025

NHSJS Reports

| 15



