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Abstract

Up regulation of cell cycle-regulating and DNA repair genes appears to have
a negative impact on recurrence-free survival in patients with papillary thyroid
cancer. Furthermore, recurrence is associated with thyroid dedifferentiation.
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reflecting remaining challenges in systemic delivery of siRNA. Small Interfering
RNA (siRNA) is a promising drug candidate, expected to have broad therapeutic
potentials toward various diseases including viral infections and cancer. With
recent advances in bio conjugate chemistry and carrier technology, several
siRNA-based drugs have advanced to clinical trials. The difficulty in siRNA
delivery is in large part due to poor circulation stability and unfavorable
pharmacokinetics and bio distribution profiles of siRNA.

Received: September 20, 2021; Accepted: October 22,
2021; Published: October 29, 2021

In this research we describe the pharmacokinetics and bio distribution of
siRNA Nano medicines, focusing on those reported in the past 5 years, and
their pharmacological effects in selected disease models such as hepatocellular
carcinoma, liver infections, and respiratory diseases. The examples discussed
here will provide an insight into the current status of the art and unmet needs
in siRNA delivery.

Keywords: RNA interference; Small interfering RNA; Delivery;

Pharmacokinetics; Biodistribution; Cancer

Introduction

RNAI as a potential therapeutic

RNA interference (RNAI) is an endogenous post-transcriptional
regulation process, which involves small regulatory RNAs such as
Small Interfering RNAs (siRNAs) or MicroRNAs (miRNAs) that
silence target messenger RNAs in a sequence-specific manner. Ever
since the discovery of RNAi in Caenorhabditis elegans [1] and the
demonstration of siRNA activity in mammalian cells [2], RNAi has
gained significant attention as a potential therapeutic for various
diseases including viral infections and cancer, especially for those
lacking ‘druggable’ targets. The efforts to develop siRNA therapeutics
resulted in the first trial in human [3] in less than a decade since
the discovery. However, realizing the clinical potential of siRNA
therapeutics has found to be a daunting task, in large part due to the
unfavorable Pharmacokinetics (PK) and Biodistribution (BD) profiles
of systemically administered siRNA [4-6]. This challenge has been
tackled in various ways, including chemical modification of siRNAs
and/or the use of Nano particulate delivery systems based on lipids,
polymers, and inorganic platforms, which aim to protect the siRNAs
from serum proteins and renal clearance and help cross target cell
membranes. These approaches have improved the bioavailability of
siRNA and enabled at least 30 siRNA-based drugs to enter clinical
trials [7]. Nevertheless, 70% of them address ocular diseases, where
siRNA is administered locally, or target the liver, lung, or kidney, the
filtering organs in which the formulations are naturally captured,

indicating that the systemic delivery of RNAIi therapeutics to other
organs remains a critical challenge. To overcome this challenge and
translate the broad potential of RNAi therapeutics to clinical benefits,
it is important to understand the level of PK and BD control achieved
by current delivery approaches. The purpose of this chapter is to
provide an overview of the current status of the art in siRNA delivery
with respect to the effects of carriers on PK, BD, and pharmacological
effects of systemically administered siRNA. Due to the large volume
of literature, we mainly discuss the studies published in the past 5
years.

Methods

Therapeutic applications of siRNA and target genes

Ocular disease: RNAi has been found to be effective in the
treatment of ocular diseases [8]. In early studies, local injection of
siRNA targeting Vascular Endothelial Growth Factor (VEGF) was
shown to reduce neovascularization in several animal models of eye
injuries, such as laser-induced photocoagulation [9], suture-induced
corneal angiogenesis [10], and CpG oligodeoxynucleotide- or herpes
simplex virus-induced neovascularization [11]. Neovascularization
is a critical pathological event in age-related macular degeneration
(AMD) [12] and diabetic retinopathy [13,14]. Therefore, siRNAs
suppressing the expression of VEGF, receptors, and/or its regulation
have been explored as a potential therapy and tested in human for the
treatment of AMD (Bevasiranib silencing VEGF) [15] and diabetic
macular edema (PF-04523655 silencing hypoxia inducible gene) [16].
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Fibrotic eye diseases are significant complications of eye surgeries.
Transforming growth factor p (TGE-p) is identified as a main culprit
of postoperative ocular scarring; thus, siRNA targeting TGF-p or its
receptor is used to inhibit fibrotic responses to wounding. For example,
siRNA targeting type II receptor of TGF-p was shown to reduce
inflammatory responses and collagen deposition in a mousemodel
of subconjunctival inflammation and fibrosis [17]. Similarly, siRNA-
mediated downregulation of IkB kinase beta (IKKp), an activator
of NF-kB-mediated inflammation and cell proliferation, reduced
subconjunctival scarring in a monkey model of glaucoma filtration
surgery [18]. siRNA is also pursued for glaucoma therapy. siRNA
targeting 32-adrenoceptors (SYL040012) was shown to reduce the
expression of B2 adrenergic receptor and the production of aqueous
humor, thereby reducing intraocular pressure [19].

Based on promising preclinical results, several siRNA therapeutics
entered clinical trials for ocular disease therapy [8,20]. Due to the
accessibility and the blood ocular barrier, most siRNAs targeting
ocular diseases are administered via local routes, such as intravitreal
injection, sub conjunctival injection, or topical instillation [8,20].
Therefore, ocular application of siRNA will not be covered in the
following PK/BD discussion.

Results and Discussion

Cancer

Due to the high selectivity and specificity, siRNA has been
widely explored as a new therapeutic agent to replace or supplement
traditional cytotoxic chemotherapy [21-23]. Targets often considered
for siRNA- based cancer therapy include genes promoting uninhibited
cell growth, such as VEGFs [24], c-myc [25], EphA2[26], Raf-1[27],
polo-like kinase 1 (Plkl) [28], Cyclin-Dependent Kinases (CDKs)
[29], and those helping cancer cells survive or resist chemotherapy
such as survivin and Multidrug Resistance (MDR) genes [30] (Table
1).

VEGF and corresponding receptors (VEGFRs) participate in the
regulation of blood vessel development during early embryogenesis
[41]. Binding of VEGF to VEGEFR activates multiple cellular pathways
important for angiogenesis, an essential component of tumor growth
and metastasis. Therefore, siRNAs targeting VEGF/VEGFR are
explored as potential anti-cancer therapeutics. C-myc is an oncogene
overexpressed in various human tumors, which promotes cell
growth, transformation, and angiogenesis [25]. In particular, c-myc

Table 1: Target genes for siRNA therapeutics in cancer.

expression in melanoma is indispensable for nucleotide metabolism
and proliferation of tumor cells [42]. Downregulation of c-myc
inhibits tumor growth and sensitizes cancer cells to chemotherapy,
possibly by induction of p53 and inhibition of Bcl-2 proteins, which
trigger cell apoptosis [43].

EphA?2 is a well-known receptor tyrosine kinase belonging to the
Eph family, overexpressed in many cancers including breast cancers
and ovarian cancers, implicated in poor clinical outcomes [44].
Contact dependent cell-cell interactions controlled by Eph receptors
and ephrin (ligand of Eph receptors) signaling are tightly regulated
in normal embryonic development and maintenance of homeostasis
[45]. During oncogenes is, normal EphA2-EphrinAl signaling is
disrupted due to the loss of cell contacts, leading to overexpression
of EphA2 and oncogenic signal transduction [45]. This dysregulated
signaling is implicated in several critical aspects of oncogenes is such
as cytoskeleton modulation, cell adhesion, migration, metastasis,
proliferation and angiogenesis [45]. Plkl, a serine/threonine-
protein kinase, is responsible for cell mitosis in mammalian cells.
It is overexpressed in various human cancers as a proto-oncogene,
which inactivates tumor suppressor proteins like p53 [46,47]. CDKs
are also serine/threonine kinases and essential for the regulation of
the cell cycle progression [48]. The abnormal expression or activity of
distinct CDK complexes causes cells to escape from a well-controlled
cell cycle, resulting in malignant transformation [49-51]. Palbociclib,
an inhibitor of CDK4/6, received Breakthrough Therapy designation
from the FDA in April 2013, for the initial treatment of patients with
breast cancer [52].

Survivin is an inhibitor of programmed cell death (apoptosis),
expressed in various types of malignant tumor cells, especially in drug
resistant cells [53]. Survivin was initially identified as an inhibitor of
caspase-9 and also found to be involved in the regulation of the mitotic
spindle checkpoint and the promotion of angiogenesis and chemo
resistance [54]. Therefore, siRNA targeting Survivin is pursued as a
way of potentiating the activity of chemotherapeutics. Another main
cause of failure in chemotherapy is Multi-Drug Resistance (MDR)
related P-Glycoprotein (Pgp). Pgp, a typical ATP-binding cassette
membrane transporter, causes efflux of a broad range of drugs from
a cell, reducing effective accumulation of the drugs in the cell [55].
Overexpression of Pgp, also known as MDR 1 protein 1 (MDR-1),
and up-regulation of its functional activity in cancer cells lead to
reduced sensitivity to chemotherapy, thus making an attractive target

Target genes Function of target genes Diseases References

VEGF Angiogenesis Lung cancer and metastasis [31]
VEGFR Angiogenesis Lung adenocarcinoma [32]
c-myc Cell proliferation Melanoma cancer [33]
c-myc, MDM2, VEGF Cell proliferation; p53 inhibition; angiogenesis Melanoma cancer [34]
EphA2 Cell—cell interactions Ovarian cancer [35]
Raf-1 RAS/MAPK signaling pathway Melanoma cancer [36]
PLK1 Cell division Renal cell carcinoma [37]
CDK1 Cell cycle progression Breast cancer [38]
Survivin Drug resistance Drug resistant lung cancer and cervical cancer [39]
MDR-1 Drug resistance Drug resistant ovarian tumor [40]
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Table 2: Target genes for siRNA therapeutics in hepatocellular carcinoma.

Target genes Function of target genes References
VEGF Tumor angiogenesis and pathogenesis [65]
EGFR Cell survival, proliferation, and differentiation [68]

NIK Cell proliferation [71]
ApoB Formation of LDL, metabolism of dietary and endogenous cholesterol [72]
Notch-1 Tumorigenesis; epithelial-mesenchymal transition [73]
Table 3: Target genes for siRNA therapeutics in hepatic viral infections.
Target genes Function of target genes Diseases References
HBX Regulates HBV transcription and translation HBV [78,93]
Core Regulates viral DNA replication HBV [81,82]
IRES in 5-UTR Facilitates RNA translation HCV [86-88]
Core Triggers activation of multiple signaling pathways in HCV HCV [89]
El, E2 Viral attachment to cells HCV [90]

L protein, VP24 v?gfﬁff»nésmigﬁgﬁ 2;?:;:22\/:& Ebola [91]

and VP35 type 1 interferon response virus

for siRNA therapy [56].

Liver diseases

As a filtering organ where most Nano particulate delivery systems
are naturally captured, the liver has been the main target for most
siRNA therapeutics currently in clinical evaluation stages [57]. Target
diseases include Hepatocellular Carcinoma (HCC), viral hepatitis,
liver fibrosis, and hypercholesterolemia [58].

HCC: HCC occurs by cumulative generic mutations, which lead
to the dysfunctional regulation of cellular machinery and proliferation
[59]. RNAi therapy has been pursued to modulate the mutated genes
involved in the oncogenesis of HCC, such as Adenomatous Polyposis
Coli (APC), VEGEF-A, Fibroblast Growth Factor Substrate 2 (FRS2),
and Phosphoinositide 3-Kinase (PIK3) [60-63] (Table 2). These
genes play an essential role in signal transduction pathways in HCC
pathogenesis, including Wnt/(-catenin, VEGF, FGF, and PI3K/AKT/
mTOR pathways [64-67]. For example, HCC is a highly vascularized
tumor, where proangiogenic factors like VEGF-A, the major VEGF
responsible for tumor angiogenesis and pathogenesis, are frequently
over-expressed [65]. Therefore, several studies explored siRNA
targeting the VEGF pathway for HCC therapy. The Epidermal Growth
Factor Receptor (EGFR) signaling pathway is another important
target [68], with its overexpression detected in 40-70% of the tumors
in pre-neoplastic HCC [69].

In addition to siRNAs, several miRNAs have been identified as
a potential therapy of HCC. For example, miR-122, a liver-specific
tumor suppressor miRNA frequently down-regulated in HCC, has
drawn increasing attention over the years [70]. Due to the similarity
in structure, miRNAs are delivered in similar ways as siRNAs.

Hepatic viral infections (Table 3): Hepatitis virus infection
accounts for mostcases ofliver infections. When left untreated, patients
infected by hepatitis B, C, and D viruses are chronically disturbed
and further develop liver cirrhosis and HCC [74]. Currently, 90%
hepatitis B vaccine is effective in preventing Hepatitis B Virus (HBV)
infection, but >700,000 deaths still occur worldwide as a consequence
of HBV infection [75]. Patients with chronic HBV infection are

currently treated with antiviral agents such as tenofovir and entecavir
together with immunomodulators like IFN-a 2b, but side effects and
viral resistance limit the effectiveness of these therapies [76]. In this
regard, RNAi is considered a potentially attractive treatment for HBV
infection. Hepatitis B virion is composed of circular double stranded
DNA, which contains four overlapping open reading frames (ORFs:
S, Pol, X and C) that encode essential proteins like pre-core protein
(also known as HBeAg), core protein (HBcAg), envelope protein
(HBsAg), X protein and viral polymerase [77]. Among them, the X
protein, encoded by ORF X gene, was known to regulate transcription
and translation by transactivation of viral and cellular promoters,
and several studies showed that HBx-specific siRNAs could suppress
HBV viral replication [78,79]. ORF C is another valid target. It
encodes polyadenylation region that plays important function in all
the transcripts [80] and contains sequences that can encode Nuclear
Localization Signal (NLS) needed for transporting Covalently Closed
Circular DNA (cccDNA), which serves as the template for viral
transcription [81,82].

Hepatitis C Virus (HCV) comprises seven different genotypes
with more than 50 subtypes and billions of quasi-species [83]. Current
treatment by PEGylated interferons and nucleoside inhibitors like
ribavirin is effective in 70-80% of patients with genotype 2 or 3 but
less effective in patients with other genotypes [84]. Side effects are also
common among patients receiving this combination treatment [84].
HCV genome sequences are highly variable as compared to HBV,
but 5'-untranslated region (5-UTR) contains conserved Internal
Ribosome Entering Site (IRES), essential for virus replication,
providing a useful target for RNAi therapy [85-88]. Moreover,
siRNAs targeting HCV-core gene [89] or El, E2 [90] resulted in
dramatic reduction in virus RNA by interfering with multiple
signaling pathways in HCV or inhibiting the viral attachment to the
cells. In addition to hepatitis virus infections, the liver is also one
of the primary sites for Ebola virus replication, and RNAi has been
pursued as a potential treatment [91,92].

Respiratory diseases: RNAi as a potential treatment of
respiratory diseases has been reviewed extensively in recent literature
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Table 4: Target genes for siRNA therapeutics in respiratory diseases.

Target genes Function of target genes Disease References
Ga12 & Ga13 Promotes the growth and oncogenic transformation Small cell lung cancer [96]
Wilms' tumor gene (WT1) Encodes a transcription factor involved in gonadal development Melanoma lung metastasis [97]
Nucleocap;fnzrotem (NP) Produces nucleocapsid proteins Influenza infection [98,99]
P orotein Essential for RNA-dependent RNA polymerase (RdRP) holoenzyme to exit the Respiratory syncytial virus and (100]
P promoter and to form a closed complex capable of sustained elongation parainfluenza virus
Epithelial sodium channel Stimulates sodium and water absorption, counteracting cystic fibrosis Cvstic fibrosis [101]
(ENaC) transmembrane regulator (CFTR) activity Y
Interleukin-4 (IL-4) Promotes the differentiation and proliferation of Th2 cells and facilitates the antibody ' Asthma-associated inflammatory [102]
class switching of B cells to IgE reactions
IL-13 Induces vascular cell adhesion molecule-1 and chemokines (e.g. eotaxin, MIP-1a) to |  Airway resistance in allergen [103]
recruit and activates inflammatory cells; directly affects airway smooth muscle exposure
[94,95]. A number of studies have demonstrated the use of siRNAs L
L X . . Pharmacokinetics
for the treatment of lung cancer, viral infection, cystic fibrosis, and Auc
inflammatory lung diseases (Table 4). Knockdown of G proteins B free In'".DTPA-siRNA  202.7
(Gal2 and Gal3) was shown to abolish H69 tumorigenicity in mice 4 In"".DTPA-siRNA/PEI 25K 167.2
for the treatment of Small Cell Lung Cancer (SCLC) [96]. Silencing of 1007 @ n""".DTPA-siRNA/PPP3  510.6
¥ In"".DTPA-siRNA/PPP5 688.7

the Wilms’ Tumor gene (WT1) was shown to be effective in treating
melanoma lung metastases [97]. Administration of siRNAs targeting
the conserved regions of influenza virus genes or nucleocapsid
protein gene resulted in prevention and treatment of influenza
infection [98,99]. The effectiveness of siRNA was also demonstrated
in Respiratory Syncytial Virus (RSV) and Parainfluenza Virus (PIV)
infections [100]. siRNA therapeutics have been pursued for the
therapy of cystic fibrosis, a genetic disorder that fatally affects the
lung functions. Epithelial Sodium Channel (ENaC) was identified as a
potential target for RNAi therapy of cystic fibrosis [101]. For asthma-
associated inflammatory reactions, the knockdown of IL-4 alleviated
airway inflammations [102], and siRNA targeting IL-13 reduced
airway resistance in allergen-challenged mice [103].

Pharmacokinetics of siRNA therapeutics

Preclinical studies: For systemic delivery of siRNA, it is critical
to maintain siRNA stable with a long half-life (t,,) in circulation. To
investigate the effect of carriers on the circulation t, , of siRNA, the
siRNA is often labeled with radioactive elements or fluorescent dyes,
and the radioactivity or fluorescence intensity of blood is measured
at regular time points. siRNA complexed with Nanoparticles (NPs)
typically shows a longer t, , (the time required to reduce the plasma
concentration of a drug to one half of its initial value), higher Area
Under The Curve (AUC) (the overall amount of a drug in the
bloodstream after a dose), lower plasma Clearance (Cl) (the volume
of plasma in the vascular compartment cleared of a drug per unit
time), and longer Mean Retention Time (MRT) (the average time a
drug molecule stays in the body) than free (naked) siRNA, provided
that the complex remains stable in circulation.

Xia et al. used Magnetic Mesoporous SilicaNPs (M-MSN) as a
carrier of siRNA [31]. Here, siRNA was loaded in mesopores of the
carrier, which was capped with polyethyleneimine (PEI) and surface-
modified with Polyethylene Glycol (PEG) and a fusogenic peptide.
Fluorescence Dye (Cy3) was conjugated to the 5" end of the sense
strand for detection of siRNA in blood. The blood level of free Cy3-
siRNA was reduced to 1% of the Injected Dose per Gram (ID/g) of
blood within 20 min. In contrast, Cy3-siRNA loaded in M-MSN
maintained ~5% of the injected dose per gram of blood in the first
hour [31]. This difference translated to significantly increased

%ID/ml

time [min]

Figure 1: PK of siRNA polyp lexes and free siRNA as measured by gamma
scintillation counting of blood samples. PPP indicates PEI-g-(PCL-b-PEG); 3
and 5 indicate graft density of PCLPEG to PEI [104].

bioavailability of siRNA. Free Cy3-siRNA showed an AUC of 40.13
+ 30.49 min mg/mlL, a plasma Cl of 57.96 + 58.07 mL/ min/kg, and a
MRT of 70.67 + 20.39 min, whereas Cy3-siRNA packaged in M-MSN
showed AUC, Cl, and MRT of 573.34 + 145.12 min mg/mL, 2.41 +
0.51 mL/min/kg, and 310.15 + 21.68 min, respectively [31].

As with other Nano medicine, surface modification of carriers
with PEG helps extend the t,, and increase the AUC. Kissel et al.
developed ampbhiphilic biodegradable non-viral polymeric siRNA
carrier, based on PEIL, Polycaprolactone (PCL), and PEG [104]. To

study PK of siRNA

Complexed with the polymer, they used ''In-radiolabeled siRNA
and measured the radioactivity of the blood samples over time. Upon
Intravenous (IV) injection, siRNA/PEI-g-PCL-b-PEG complexes
showed longer circulation times, less steep a and { elimination
phases, and higher AUC values as compared to free siRNA or siRNA/
PEI complexes (Figure 1) [104].

On the other hand, siRNA/PEI complex showed a similar PK as
free siRNA due to the instability of the complex (i.e., early dissociation
of the complex in blood). Similarly, Harashima et al. compared PK
parameters of a liposomal siRNA carrier, called a Multifunctional
Envelope-Type Nanodevice (MEND), with and without PEGylation,
and confirmed the significance of PEG modification [37]. siRNA
and lipid envelope were labeled with radioisotopes, 32P and 3H,
respectively, and traced in normal mice after IV injection. The siRNA
encapsulated in the MEND was eliminated from the bloodstream as
rapidly as free siRNA, suggesting rapid clearance via the Mononuclear
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Figure 2: Blood concentration profile of systemically injected MENDs. The
lipid envelope and siRNA were labeled with RIs 3H and 32P, respectively.
MENDs and free siRNA were injected via the tail vein of ICR mice, and
then at 0.17, 1, 3, 6, and 24 h after injection, the radioactivity in plasma was
measured by liquid scintillation counting. The data are represented as the
mean = SD (n=3). MEND, multifunctional envelope-type Nano device; RI:
Radio Isotope [37].
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Figure 3: In vivo performance of siRNA encapsulated in PEG-PLL (MPA)
micelles. Blood circulation profiles, determined by IVRT-CLSM after
intravenous injection (3.6 nmol siRNA/mouse) into BALB/c nude mice (open
triangle: naked Chol-free/Cy5-siRNA, closed triangle: naked Chol/Cy5-
siRNA, open circle: Chol-free/Cy5-siRNA micelles and closed circle: Chol/
Cy5-siRNA micelles). Data represent the average value (n=3) [105].

Phagocyte System (MPS) (Figure 2). On the other hand, siRNA
formulated in the PEGMEND showed a longer t, - (16.9hvs. 1.35h of
free siRNA) and higher AUC (344 ugh vs 2.1 ug h of free siRNA). The
*H-labeled lipid component showed a similar blood concentration
profile as *’P-labeled siRNA, suggesting that the complex was stable
during circulation.

Another approach to increase the stability of siRNA/carrier
complex involves covalent crosslinking of the carrier and introduction
of hydrophobic interactions [105]. Kataoka et al. developed a polyion
complex micelle system based on Cholesterol-Conjugated siRNA
(chol-siRNA) and PEG-poly(L-lysine) block-co-polymer (PEG-
PLL) Modified with 1-(3-mercaptopropyl)Amidine (MPA),where
the micelles were stabilized by disulfide cross-linking of the polymer
and hydrophobic association of cholesterol groups [105]. siRNA was
fluorescently labeled by conjugating Cy5 dye to 5’ end of the antisense
strand, and the blood level of siRNA was measured by Intravital Real-
Time Confocal Laser Scanning Imaging (IVRT-CLSM) [105,106].

Unmodified siRNA (chol-free siRNA) loaded in PEG-PLL(MPA)
micelles were rapidly eliminated from circulation, similar to naked
siRNA, with a blood t, less than 5 min, indicating that disulfide
crosslinking of polymer alone did not stabilize the siRNA/micelle
complexes. In contrast, micelles containing chol-siRNA showed a t ,
longer than 20 min, which indicated the contribution of cholesterol
to the stability of the complex (Figure 3) [105].

One caveat of using labeled siRNA in PK studies is that the labeled
siRNA can be catabolized and misrepresent siRNA. Moreover, the
labeling can cause structural modification in siRNA and change its
PK and BD. For example, siRNA labeled with ''In via conjugation to
3" end [107] and siRNA labeled with 3H through internal substitution
[108] showed different PK and BD profiles. The former showed
predominantly high distribution in the kidney and low distribution
in the liver compared to other organs, but the latter showed high
distribution in the salivary gland, spleen, and liver, in addition to the
kidney 1 h after administration [107,108].

To overcome such challenges, the amount of siRNA circulating
or accumulating in tissues of interest has been determined by other
analytical means such as Northern blotting [109], mass spectrometry,
and qRT-PCR [37], which can selectively detect full-length siRNA.
Swart et al. compared PK profiles of *H-labeled siRNA with [110] and
without a Lipid Nanoparticle (LNP) vehicle [108] after IV injection.
Both free siRNA and LNP-complexed siRNA showed amulti-
exponential decrease in the concentration of total radiolabeled
components with, however, vastly different elimination half-lives: 10
min for free siRNA and 162 h for siRNA/LNP complex [108,110]. Mass
spectrometric profiling of metabolites in plasma, urine, and tissues
found that free siRNAs were rapidly metabolized and distributed to
tissues as low molecular weight metabolites [108]. In contrast, when
injected as a siRNA/LNP complex, the guide strand of 3H-siRNA was
detectable in plasma up to 48 h and 168 h post-dose, as measured by
LC-MS-Radioactivity (RA) and RTqPCR, respectively, with a Cmax
of 1.04 uM (LC-MS-RA) or 2.56 uM (RT-qPCR) after 1 h [110]. LC-
MS-RA analysis found siRNA degradation products (14-18 mers) as
the predominant component of total radioactivity in plasma but did
not detect complete degradation products, which indicates the LNP
formulation protected siRNA from metabolism at least partly [110].

Clinical studies: QPI-1002 was the first siRNA therapeutic
systemically delivered to human [I111]. QPI-1002 was a siRNA
targeting proapoptotic protein p53, developed for the prevention of
delayed graft function in patients receiving kidney transplantation.
Since the target organ (kidney) was the natural destination of siRNA,
it was administered as free siRNA without a carrier [111]. QPI-1002
completed Phase II trials in 2014, but its PK results are not available.

Clinical PK data for siRNA-lipid complex have been reported
recently. ALN-VSP was LNPs (also known as SNALPs, stable nucleic
acid-lipid particles) containing VEGF-A and Kinesin Spindle Protein
(KSP) siRNAs, with a size of 80 to 100 nm and a near neutral zeta
potential, developed for the treatment of advanced cancer and
liver metastases [112]. ALNVSP was administered as 15-min IV
infusion, and blood levels of total and unencapsulated siRNA were
determined by the hybridization ELISA method and analyzed by
non-compartmental method. The C__and AUC were similar for
both siRNAs and dose-dependent. Most siRNA circulated as LNP
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Figure 4: PK assessment of CALAA-01 in patients. (a) Time course of
average plasma concentration of the SiRNA component of CALAA-01
following the end of infusion for all dosing cohorts. (b) Time course of plasma
CALAA-01 siRNA following the end of infusion from cycles 1-3 of CALAA-01
from one patient who received 30 mg/m? CALAA-01. Lines connecting data
points are guides for the eye only [115].

according to the comparison between total and free siRNA, and the
level declined to a plateau in 6-7 h [112]. Another lipid-based siRNA
tested in human was Atu027, a siRNA targeting protein kinase
N3 (PKN3) carried by cationic LNPs, developed for the therapy
of primary tumors and metastases [113]. Atu 027 was given as IV
infusion for 4 h and analyzed with ELISA detecting single strand
RNA. The blood level increased during the infusion period and
declined after the end of infusion. The siRNA level declined more
rapidly than lipid components, which suggests potential dissociation
of the complex during circulation.

CALAA-01 was the first polymer-based siRNA therapeutic
tested in human for cancer therapy [22]. CALAA-01 consisted of
two components: siRNA designed to reduce the expression of the
M2 subunit of ribonucleotide reductase (RRM2), a well-established
target for cancer therapy, and the carrier component made of cationic
Cyclodextrin-Based Polymer (CDP), PEG modified with a terminal
Adamantane Group (ADPEG), and AD-PEG conjugated to human
transferrin (AD-PEG-Tf). NPs targeted to transferrin receptors were
produced by mixing siRNA and CDP, to which the AD-conjugated
polymers were attached via inclusion complex formation [114]. PK
studies from Phase I clinical trials with 24 patients were recently
reported and comparedwith data obtained from multispecies animal
studies [115]. siRNA in plasmawas analyzed by the hybridization-
ligation assay, which detected the oligonucleotide via hybridization
of complementary template and ligation of signaling probe to the
template [116]. The plasma concentrations of siRNA component
of CALAA-1 rapidly declined to below the detection limit by 30
min after the end of infusion in most patients, with no apparent
accumulation upon multiple dosing (Figure 4) [115]. There was a
good correlation between AUC and C... of siRNA, which increased
linearly with the dose (in mg/kg) [115]. Similar trends were observed
in preclinical studies with different animal species including mice,
rats, dogs, and monkeys. It is worthwhile to note that CALAA-1 was

cleared through the kidney [117], unlike other NP-based therapeutics
that undergo accumulation in the MPS. The authors attributed it to
disassembly of siRNA/polymer complex at the kidney glomerular
basement membrane but excluded the possibility of disassembly in
circulation due to the stability demonstrated in the gel mobility shift
assay [117].

Biodistribution of siRNA therapeutics

Similar to PK studies, siRNA BD is studied by tracking surrogate
signals of fluorescent dyes or radioactive elements incorporated
in siRNA or siRNA itself via PCR. Less frequently, NP carriers are
tracked in lieu of siRNA under an assumption that the NPs represent
the siRNA BD. Many BD studies are performed in animal models
with solid xenograft tumors. siRNA stably encapsulated in NPs show
increased tumor accumulation as compared to naked siRNA to
some extent, due to the increased circulation t1/2 and the Enhanced
Permeability and Retention (EPR) effect common in solid tumors.
However, the majority of the injected dose ends up in organs where
the MPS is located, including the spleen, liver and lung.

Tracking siRNA labeled with fluorescent dyes: Huang et al. used
a Liposome-Polycation-Hyaluronic acid (LPH) NP system decorated
with GC4-Single Chain Variable Fragment (scFv) for systemic
delivery of a combination of siRNAs [34]. FITC-labeled siRNA was
first complexed with protamine in the presence of Hyaluronic Acid
(HA), combined with cationic liposomes, and injected IV to mice
bearing experimental lung metastasis. At 4 h after IV injection,
major organs were collected and lysed to yield supernatants; ofwhich
fluorescence intensity was determined to represent the level of
siRNA. With free siRNAs, most fluorescence signals were seen in the
liver. siRNA carried by LPH NPs showed similar BD as free siRNA,
except for 3 times stronger intensity in tumors [34]. This group used a
similar NP system based on a Liposome-Polycation-DNA (LPD) with
PEGylated Asn-Gly-Arg peptide (PEG-NGR) as a targeting ligand
for the delivery of doxorubicin and siRNA combination [118]. At 4
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Figure 5: Tissue distribution of FITC-siRNA (a) and DOX (b) delivered with
LPD-PEG-NGR (NGR). Data = mean * SD, n=3. *p <0.05 compared with free
siRNA or DOX (Free) [118].
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Figure 6: Normalized organ distribution of Cy5. 5-siRNA delivered by CAP/
siRNA and CAP/siRNA/dopa-HA. Normalized organ fluorescence intensity
was obtained by dividing the fluorescence intensity of the organ by the area
of the organ using image analysis software [119].

h post-injection, the fluorescent signals of siRNA and doxorubicin
delivered as LPD-PEGNGR NPs were mainly detected in tumor,
followed by the liver and kidney, whereas free siRNA was mainly seen
in the liver and kidney and free doxorubicin was broadly seen in the
tumor, liver, kidney, spleen, and heart, respectively (Figure 5) [118].

A CD44-targeted, inorganic siRNA delivery system was prepared
by combining Calcium Phosphate (CaP)-siRNA complex and
3,4-Dihydroxy-L-Phenylalanine (dopa)-conjugated HA [119]. This
system took advantage of the ability of CaP to co-precipitate with
siRNA and form condensed NPs, dopa to bind to the CaP crystals,
and HA to prevent the growth of crystal size and to target CD44 and
CD168 (also known as Receptor for Hyaluronan Mediated Motility,
RHAMM) overexpressed in various cancer cells [119]. The CaP/
Cy5.5-labeled siRNA/dopa-HA NPs were administered IV in nude
mice bearing HT29-luc tumors. Ex vivo imaging after 4 h showed
relatively high accumulation of the NPs in the tumor and the liver
but no significant signals in the spleen and the lung (Figure 6). The
accumulation of CaP/siRNA/dopa-HA in the liver was attributed to
the presence of the HA receptor in hepatocytes. Without dopa-HA,
CaP/siRNA formed particles as large as N4 um, which were captured
predominantly by the liver, most likely due to the size [119].

CaP was also used to stabilize polymeric micelles [120]. siRNA
was first encapsulated in micelles of PEG-conjugated polyaspartamide
derivative (poly[N’-[N-(20aminoethyl)-2-aminoethyl]aspartamide])
and stabilized with CaP complexation [120]. BD of siRNA was
examined by tracing the fluorescence of Alexa Fluor 647-labeled
siRNA in transgenic mice with spontaneous pancreatic tumors. At 6
h after injection of the hybrid micelles, 0.9% and 1.5% of the injected
siRNA were found in each gram of pancreas/tumor and kidney,
respectively, which corresponded to 6 times (pancreas/tumor) and
half (kidney) the levels of naked siRNA, with no significant difference
in other organs [120]. The siRNA/micelles accumulated in tumors
achieved 61% reporter gene silencing at 24 h after injection, whereas
scrambled siRNA/micelles had no effect [120].

A hybrid of cationic lipid and polymer NPs was used for the
delivery of CDK1 siRNA for the therapy of Triple Negative Breast
Cancer (TNBC) [38]. siRNA was encapsulated in PLA-PEG block-co-
polymer by the double emulsion method. Here, cationic cholesterol

derivative was included in the organic phase to help condense siRNA
in the NPs. Upon IV administration to SUM149 tumor bearing
mice, Cy5-siRNA encapsulated in NPs showed persistent signals
in the tumor, liver, spleen and kidney up to 72 h post-injection,
whereas free Cy5-siRNA was barely seen at 12 h after injection
[38]. At a dose of 2 mg/kg every other day, CDK siRNA/NP system
suppressed the growth of SUM149 and BT549 xenograft tumors, an
effect comparable to 50 mg/kg dinaciclib (a known CDKI1 inhibitor),
whereas neither free CDK1 siRNA nor scrambled siRNA in NPs was
effective. Real-time PCR and Western blot of tumor tissues found
that CDK1 siRNA-loaded NPs suppressed the levels of CDK1 mRNA
and CDK1 protein expression levels, respectively, confirming that the
tumor suppression was mediated by CDKI1 silencing in tumors [38].

To enhance the formation and stability of siRNA-carrier
complex, Kim et al. used a polymerized siRNA (poly-siRNA), where
several siRNA molecules were linked to one another via disulfide
bond, and Thiolated Human Serum Albumin (tHSA), which formed
a stable complex with the poly-siRNA via intermolecular disulfide
crosslinking [121]. The poly-siRNA/tHSA complex was systemically
delivered to mice bearing Squamous Cell Carcinoma (SCC7) and
human Prostatic Carcinoma (PC-3) tumors. siRNA was labeled
with Cy5.5 fluorescence dye, and the fluorescence intensity of each
organ was measured by ex vivo imaging [121]. Overall, poly-siRNA/
tHSA complex showed a stronger fluorescence signal throughout
the whole body than free poly-siRNA, indicating relatively good
stability of poly-siRNA/tHSA NPs [121]. Ex vivo imaging of organs
at 24 h after intravenous injection revealed that animals treated with
naked poly-siRNA had relatively high fluorescence intensity in the
liver, kidney, and tumor, whereas those treated with poly-siRNA-
tHSA complex did predominantly in tumors [121]. Consistently,
poly-VEGF siRNA/tHSA showed superior anti-cancer effects to that
of a complex containing poly-scrambled siRNA through inhibition
of tumor angiogenesis [121]. This group later replaced tHSA with
Thiolated Glycol Chitosan (tGC) for the delivery of poly-siRNA and
observed a similar pattern-relatively high fluorescence level in tumor
as compared to that of naked poly-siRNA [40].

Tracking radiolabeled siRNA: BD of the CDP-based siRNA
NPs (discussed in Section. 3.2) was evaluated using siRNA labeled
with 64Cu and Positron Emission Tomography (PET)-Computer
Tomography (CT) in vivo imaging [114]. Free 64Cu-DOTA-
conjugated siRNA showed rapid blood clearance through liver
accumulation (23% ID/cm3 at 60 min) and kidney filtration followed
by the bladder accumulation (73% ID/cm3 at 60 min). 64Cu-
DOTAsiRNA packaged in Transferrin Receptor (TfR)-targeted CDP
NPs showed similar BD to that of naked 64Cu-DOTA-siRNA, except
for slightly higher liver accumulation (26% ID/cm3 at 60 min) and a
delayed peak in kidney accumulation [114]. In both cases, % injected
dose per cm3 tumor was no higher than 2%.

Swart et al. used *H-labeled siRNA to study BD of siRNA delivered
with LNPs [110]. BD of siRNA/LNPs was estimated by Quantitative
Whole-Body Autoradiography (QWBA) and Matrix-Assisted Laser
Desorption Ionization Mass Spectrometry Imaging (MALDI-MSI)
techniques, where QWBA measured the radiolabeled siRNA and
MALDI-MSI measured the cationic lipid component. Following a
single intravenous administration, animals treated with free siRNA
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Figure 7: (a) Concentration-time profiles of radiolabeled naked 3H-SSB siRNA in dried blood, plasma, and selected tissues [108]; (b) concentration-time profiles
of radiolabeled 3H-SSB siRNA in LNP in dried blood, plasma, and selected tissues; (c) selected whole-body autoradioluminographs and (d) selected whole-body
MALDI-MS images at 1, 48, and 168 h [110] after a single intravenous administration of free 3H-SSB siRNA(5 mg/kg siRNA) or [3H]-SBB siRNAin LNP vehicle (2.5
mg/kg siRNA) tomale CD-1 mice. In (c), the whitest area corresponds to the highest concentration of radiolabeled siRNA. In (d), the whitest area corresponds to
the highest concentration of DLin-KC2-DMA (one of the main components of the LNP vehicle).

Reprinted from References [108,110]. Copyright (2013, 2014) The American Society for Pharmacology and Experimental Therapeutics.
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showed the highest radioactivity in kidney and salivary gland, and the
radioactivity in different organs declined in a similar pattern (Figure
7a) [108]. In contrast, animals treated with siRNA/LNPs showed the
highest radioactivity of siRNA in the spleen and liver, which lasted
over 168 h, whereas the blood level radioactivity gradually decreased
(Figure 7b) [110]. MALDI-MSI found similar distribution of the
cationic lipid as that of siRNA radioactivity, suggesting that siRNA
and lipid circulated together and co-distributed as a LNP complex
(Figure 7c and d).

Harashima et al. evaluated the BD of siRNA delivered with MEND
by tracking siRNA and the carrier separately [37]. Here, siRNA was
labeled with 32P and the carrier with 3H. Both siRNA and the carrier
showed significant increase in tumor accumulation with PEGylation
of the MEND. According to the radioactivity measurement, the
levels of tumor accumulation of siRNA delivered with MEND and
PEG-MEND were 3.0% ID/g of tumor and 5.1% ID/g of tumor,
respectively. On the other hand, when measured by the stem-loop
primer-mediated qRTPCR, which measured full-length siRNA, the

values were much lower: 0.0079% ID/g tumor (siRNA by MEND)
and 1.9% ID/g tumor (siRNA by PEG-MEND). **P-labeled siRNA
showed differential organ distribution according to the delivery
methods (free, MEND, PEG-MEND) (Figure 8a). It is worthy to note
that the radioactivity of free siRNA was detected in the liver, spleen,
kidney, and lung 6 h after injection, but the stem loop qRT-PCR did
not detect siRNA in any of these organs (Figure 8b). This discrepancy
strongly suggests that the radioactivity measurement may have
overestimated the amount of siRNA by counting catabolites of the
labeled siRNA as well. BD of siRNA indeed coincided better with that
of carriers when measured with the stem-loop qRT-PCR [37].

Tracking siRNA itself: With the notion that the labeled siRNA
may be degraded to inactive catabolites, alternative methods
are used to detect siRNA itself instead of labels. For example,
Northern blotting was used to determine the integrity of siRNA
and complement quantitative measurement based on radioactivity
counting [109]. Various formulations including chitosan, liposome,
or JetPEI NPs were injected intravenously into mice as complexes
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Figure 8: Comparison of the methodology between radioisotope and stem-
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h after injection were measured by the two methodologies. Free siRNA and
formulated siRNA in these organs were determined by using radioisotope (a)
and stem-loop qRT-PCR method (b). N.D.: not detected.
Reprinted from Reference [37]. Copyright (2013) Nature Publishing Group.

with #P-labeled siRNA. The radioactivity measurement found that
liposomal formulation increased the accumulation of siRNA in the
lung five- to tenfold higher than other organs (Figure 9a), with 5%
of 30-minute levels still present at 24 h (Figure 9b). Similarly, JetPEI/
siRNA complex showed greater levels in the lung (two- to tenfold)
than in the other organs (Figure 9a). On the other hand, chitosan/
siRNA complex showed different organ distribution patternswith
pronounced accumulation in the kidney (Figure 9a). The Northern
blotting analysis with total RNA extracted from tissues showed
consistent patterns over 24 h, confirming the validity of radioactive
label as a marker of intact siRNA [109].

Alternatively, qPCR was employed to study BD of siRNA
delivered with LNP [122]. Seven organs of interest were collected at
different time points, and the level of siRNA was measured with the
stem-loop qPCR. At 0.5 and 2 h post-IV injection, the siRNA levels
were highest in the liver, followed by the spleen and kidney, with little
in the lung and heart, and almost none in the duodenum and brain.
Reflecting the siRNA distribution, the greatest level of target mRNA
knockdown was observed in the liver (85%) and spleen (25%), with
no detectable knockdown in the lung, kidney, heart, duodenum, or
brain [122].

Tracking carriers: Carrier concentrationsin tissues are sometimes
measured as an indirect measure of siRNA distribution. Chen et al.
developed a new carrier of siRNA based on HA, hydrophobic ally
modified for self-assembly formation, conjugated with a phosphate
receptor Zn (II)-Dipicolylamine (DPA/Zn) for RNA binding, and
stabilized with CaP surface layer [123]. BD of the siRNA/Carrier
Assembly (CaP-HDz/siLuc-NFs) was studied by tracking Cy5.5-
labeled carriers in a Human Colon Cancer (HCT116) xenograft
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Figure 9: Organ distribution of siRNA delivered with different carriers at 30
min (a) or 24 h (b) after IV injection, analyzed with Northern blotting. Lane
1: 1.5-ng duplexes (Ctrl 1); lane 2: 1 ng siRNA/NP complex (Ctrl 2); lane 3:
blank; lanes 4—13: duplexes or siRNA/NP complex in organs. Ctrl, control;
LNA, locked nucleic acid; siLNA, LNA-modified siRNA; siLNA-light, lightly
LNA-modified siRNA.

Reprinted with permission from Reference [109]. Copyright (2009) Nature
Publishing Group.

mouse model. From 3 h post-administration, tumors showed strong
fluorescence, which reached themaximumat 6 h and lasted until 48
h post-injection (Figure 10a). Ex vivo images exhibited consistently
strong fluorescence intensities in tumors. Noticeable fluorescence
signal was also found in the liver, lung, and kidney at 48 h after
injection (Figure 10b). As an indirect measure of the siRNA integrity,
a model siRNA silencing the luciferase-expressing gene (siLuc) was
delivered with the CaP-HDz carrier, showing 79.4% reduction of
luminescence signal in tumor (Figure 10c and d).

Mirkin et al. developed Spherical Nucleic Acid (SNA) gold
NP conjugates as a carrier of siRNA, where siRNA duplexes were
conjugated to an inorganic gold NP core via thiol-gold bond, forming
densely packed, highly oriented nucleic acid corona around the core
[124]. BD of SNA particles was evaluated in Glioblastoma Multiform
(GBM)-bearing mice based on the level of Au in the tissue by ICP-
MS. Similar to other siRNA delivery systems, most Au was detected
in the liver and spleen after 24 h, and 1% of the total SNA injected was
found in the brain tumor. The delivery of intact siRNA was confirmed
by evaluating the silencing effect of siRNA targeting Bcl2Likel2
(Bcl2L12) oncogene and survival of GBM-bearing mice [124].

BD of M-MSN (discussed in Section. 3.1), containing iron in the
core, was studied by measuring the iron level in organs by Atomic
Absorption Analysis (AAS) [31]. M-MSN NPsloaded with siRNA were
injected to A549 lung cancer bearing mice. One day after injection,
10% of the total administered NPs accumulated in the tumor, and
~4% remained after 3 days. The highest iron concentration was found
in the liver (~27% ID/g), followed by the lung (~15% ID/g), spleen
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Figure 10: In vivo monitoring of tumor-targeting and gene silencing effect of CaP-HDz/siRNA-NFs. (a) In vivo near-infrared fluorescence (NIRF) imaging of HCT116
tumor-bearing mice systemically administered with CaP-HDz/siLuc-NFs labeled with Cy5.5. (b) Quantitative analysis of fluorescence intensities at the major
organs and tumor tissues of mice treated with CaP-HDz/siLuc-NFs labeled with Cy5.5 48 h after IV injection. (c) In vivo Bioluminescence Imaging (BLI) of fLuc

gene expression in fLuc-expressing HCT116 tumor-bearing mice intravenously injected with PBS, free siLuc, or CaP-HDz/siLuc-NFs (280 uL; RNA = 700 pmol).
(d) Quantitative analysis of fLuc expression at tumors after intravenous injection of CaPHDz/ siLuc-NFs into the fLuc-expressing HCT 116 tumor mice (n= 4). Red
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(~14% ID/g) and kidney (~4% ID/g) after 24 h (Figure 11a). Separate
tracking of the fluorescently labeled siRNA loaded in M-MSN
revealed that the carrier distribution was consistent with siRNA
distribution, which was significantly higher than that of free siRNA.
Fluorescence images of excised mouse organs (brain, tumor, spleen,
lung, kidney, heart, stomach and liver) obtained 24 h after injection
of the NPs showed relatively high siRNA accumulation in the liver,
lung, spleen and kidney as well as in tumor. In contrast, organs from
the animals receiving free siRNA showed little fluorescence except for
the liver and kidney (Figure 11b) [31].

Tracking carriers may serve as a surrogate of siRNA in a BD
study if siRNA and carriers remain stable in circulation, but this may
not be always a valid assumption. Escriou et al. tracked carriers and
siRNA, separately labeled with distinct fluorescent dyes, and found
different BD patterns [125]. They used liposomes containing cationic
lipid (DOPE) and an anionic polymer (Polyglutamate, PG) as a
complexation aid and studied the effect of PG on BD of the complexes
in the lung and liver. The tissue level of lipid remained constant
irrespective of the presence of PG (Figure 12a). However, siRNA level
increased by 2-3 folds with PG (Figure 12b), which was interpreted
as a consequence of the enhanced stability of the PG-containing
complexes [125]. The conclusion would have been different if they
measured the level of carriers only.

Targeted vs. non-targeted: One notable trend observed with the
so-called ‘targeted’ gene carriers is that the targeting ligands seemed
to play a minimal role in changing initial BD of siRNA. The dual-

stabilized polymeric micelles, discussed in Section 3.1, were further
decorated with Cyclic RGD (cRGD) peptide ligands for tumor-
targeting [105]. Ex vivo organ imaging at 4 h after IV injection found
that BD of Cy5-labeled siRNA fluorescence was similar between non-
targeted and targeted micelles, with the majority of signals found in
the kidney and liver. A difference attributable to cRGD was seen as
slight increase in tumor accumulation (Figure 13) [105].

A comparable observation was made in an earlier study with TfR-
targeted CDP-basedNPs (discussed in Section. 3.2), where both non-
targeted and targeted NPs showed similar BD and tumor localization
of siRNA (Figure 14) [114]. Despite the similarity in BD, siRNA
delivered with TfR-targeted NPs showed 50% greater gene silencing
effect than non-targeted NPs, indicating more efficient entry of the
targeted NPs into tumor cells [114]. This study suggests that the
contribution of a targeting molecule is to facilitate cellular uptake of
the NPs rather than to actively guide the NPs to the target tissues
as the name implies [114]. On the other hand, other studies show
the increase in overall tumor localization of targeted NPs [126,127].
In interpreting those studies, it will be worthwhile to consider that
the increased tumor accumulation is likely a net result of the EPR-
driven extravasation of NPs (initial BD: targeted ~ non-targeted) and
efficient cellular uptake and retention at target cells (targeted > non-
targeted).

Pharmacological effects of siRNA therapeutics

Due to the favorable BD of siRNA delivery systems, the liver
and lung are among the primary targets of siRNA therapeutics.
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Figure 11: (a) Distribution profile of M-MSN_NC siRNA@PEI-PEG-KALA in tumor and various organs of tumor-bearing mice after tail vein administration. The
% of NP distribution was determined from measurement of Fe element content at different time points (1 day, 3 days, 7 days after particle injection), subtracting
the basal Fe content of tumor bearing mice without particle injection (n = 3). (b) Fluorescence images of excised mouse organs (heart, liver, spleen, lung, kidney,
brain, tumor and stomach) 24 h after injection of M-MSN_Cy3-siRNA@ PEI-PEG-KALA (left), naked-Cy3-siRNA (right) using an IVIS spectrum imaging system
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This section provides a brief overview of recent preclinical studies
on pharmacological effects of siRNA therapeutics in liver and lung
diseases.

Liver diseases

HCC: Initial efforts to treat HCC with siRNA involved free
siRNA injection. siRNA targeting VEGF expression in hepatoma
and endothelial cells with no specific carrier system was tested in a
murine orthotopic hepatoma model [61]. Animals were injected with
200 pg/kg of siRNAVEGF intraperitoneally, every 2 days for 14 days
starting from24 h prior to tumor cell inoculation. When determined
terminally, tumor burden was reduced by 63% [61]. The antitumor
efficacy was attributed to the inhibition of tumor angiogenesis,
corresponding to intratumoral microvessel density [61]. Similarly,
siRNA targeting antiapoptotic protein heme oxygenase 1 (HO-1)
was intraperitoneally injected to immune-competent mice bearing
HO-1+ Hepal29 tumors in the liver and reduced tumor growth by
50% with no damages in normal organs [128]. The authors [129]
attributed this effect to proapoptotic and possibly antiangiogenic
activity of siHO-1 [128].

For improving siRNA delivery to the liver andHCC, NPs based
on cationic lipid such as 1,2-dioleyloxy-3-trimethylammonium

propane (DOTAP) are widely used as a carrier of siRNA. Schmitz
et al. made a complex of VEGF-targeting siRNA with DOTAP and
injected the complex intraperitoneally multiple times to mice with
pre-existing liver fibrosis as well as orthotopic HCC (Hepal29 cells
injected to the left liver lobe) [130]. The VEGF-siRNA/DOTAP
complexes resulted in significant reduction in the number of HCC
satellites in the liver (82% mice had < 30 satellites), whereas free
VEGF-siRNA and control siRNA had a minimal effect (22.1% and
12.5% mice with < 30 satellites, respectively). DOTAP helped VEGF-
siRNA enter HCC satellites and silence VEGF expression in hepatic
tissues. However, the effect of the internalized VEGFsiRNA-DOTAP
complex on tumors was more likely through immune activation
via interferon-1 upregulation than VEGF silencing [130]. In fact,
intratumoral VEGF expression was not reduced by VEGF-siRNA/
DOTAP complexes but rather increased [130]. More recently, Shen et
al. screened several lipid NPs for optimal siRNA delivery to HCC and
identified a combination of lipids that showed significant anti-tumor
effect with cancer-targeting siRNAs [131]. An interesting note in this
study is that good in vitro transfection efficiency did not necessarily
translate to good in vivo silencing effect in orthotopic HCC tumors,
which indicates the significance of circulation stability of gene-carrier
complexes [131].
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Figure 12: Lipoplexes recovery after 1V injection. siRNA lipoplexes, formed
with or without PG at a charge ratio of 8,were labeledwith fluorescent lipid (a,
5% Rhoda mine-DOPE incorporated in cationic liposome) or with fluorescent
siRNA (b, 5" Rhoda mine-labeled siRNA used to form siRNA lipoplexes)
and IV injected (10 pug siRNA/mouse). Two hours post injection, lung and
liver were removed and fluorescent lipid (a) or fluorescent siRNA (b) were
extracted and quantified; n =4 (a) or n = 8 (b), **p < 0.005; ***p < 0.002.
Reprinted with permission from Reference [125]. Copyright (2011) Elsevier.

To further improve cell specificity of siRNA delivery, cell-
interactive ligands have been added to the carrier. For example,
a model siRNA was encapsulated in PEGylated DOTAP-based
immunoliposomes decorated with anti-EGFR Fab’ [132]. A BD
study in an orthotopic mouse model of HCC showed that the
immunoliposomes accumulated in the liver and were taken up by
HCC cells to greater extents than non-targeted liposomes, achieving
higher silencing effect on the model luciferase gene expression [132].
This system was later used for the co-delivery of doxorubicin and
siRNA targeting RRM2, a gene important for DNA synthesis and
repair and highly expressed in HCC [126]. The siRNA and drug
delivered with immunoliposomes showed 50-60% ID/g in the HCC
tumors, compared to 20-30% ID/g of non-targeted liposomes, 8 h
after injection. Accordingly, animals treated with siRNA-RRM2
and doxorubicin in immunoliposomes showed the most significant
retardation of tumor growth, compared to those receiving each
treatment or dual loads in non-targeted liposomes [126].

Liver infections: Due to the preferable BD in the liver, hepatitis
infections like HBV and HCV were one of the earliest targets of
siRNA therapeutics. For example, siRNA targeting the S region of
HBYV RNA was delivered with SNALPs based on a mixture of cationic
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Figure 13: BD of non-targeted (gray bars) or actively-targeted (black bars)
Chol/Cy5-siRNA micelles (1.8 nmol siRNA/mouse) at 4 h after IV injection via
tail vein of BALB/c nude mice.

Reprinted with permission from Reference [105]. Copyright (2014) Elsevier.
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Figure 14: Tissue distribution of 64Cu-DOTA-siRNA delivered by targeted
(Tf) and nontargeted (PEG) NPs. (a) Fused micro-PET/CT images of mice at
1, 10 and 60 min after injection. (b) Blood clearance and tumor localization of
Tf-targeted and non-targeted siRNA NPs.

Reprinted with permission from Reference [114]. Copyright (2007) National
Academy of Sciences, USA.

and fusogenic lipids [133,134]. Here, 2'-OH of siRNA was chemically
modified to increase the resistance against nucleases [133]. IV-
injected SNALP particles were accumulated predominantly in the
liver (28%) with minimal accumulation in other organs (8.2% in
spleen and 0.3% in the lung) by 24 h after injection [133]. Reflecting
the high liver accumulation, siRNA delivered with SNALPs achieved
a significant reduction of the level of HBV DNA copies and HBsAg
proteins for 7 days after dosing [133]. In another case, siRNAs
targeting HBV transcript sites 1407 or 1794 were delivered with lipid
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Figure 15: Study flowchart. RFS, Recurrence-free survival; RSEM, RNA-
Seq by expectation maximization; TCGA, The Cancer Genome Atlas; THCA,
thyroid cancer.

assemblies based on three different lipids, including one conjugated
to PEG2000 by oxime linkages, which could be cleaved at pH lower
than 5.5 [78]. A BD study with the radiolabeled assemblies found that
regardless of the PEG concentration in the formulation, most of the
dose (>50%) was detected in the liver after 1 h post-injection, and
other organs such as spleen, kidney, blood and lung showedminimal
accumulation of the particles. Accordingly, HBV transgenic mice
receiving the siRNA-lipid assemblies showed significant reduction
in HBV replication, indicated by the reduced levels of HBV mRNA
and HBeAg proteins in the liver and HBsAg in serum, equivalent to
daily intraperitoneal treatment of Lamivudine, a licensed drug for
HBYV treatment [78]. Later, this group introduced a new cationic
lipid DODAG (N',N’-dioctadecyl-N-4,8-diaza-10-aminodecanoyl-
glycylamide) and achieved a similarly effective knock-down of HBV
infection [135].

siRNA targeting 5-UTR of HCV genome was encapsulated
in liposomes composed of a cationic lipid, Phosphatidylcholine
(PC) and lactosylated phosphatidylethanol, which targeted the
asialoglycoprotein receptor on hepatocytes [86]. A BD study with
a fluorescently labeled (Alexa-568) siRNA in BALB/c mice showed
preferential accumulation of siRNA in the liver in 30 min after
injection with the lactosylated liposomes, whereas those delivered
with non-lactosylated liposomes showed equally strong signals in the
spleen and liver [86]. In a pharmacodynamics study with an HCV
transgenic mouse model, siRNA targeting 325-344 nucleotides of
HCV genome, delivered with the lactosylated liposomes, efficiently
suppressed HCV protein expression in a dose dependent manner 48
h after a single treatment [86]. Similarly, siRNA was incorporated in
cationic liposomes (‘DTC-apo’) composed of DOTAP and cholesterol
decorated with apolipoprotein A-1, the protein component of high-
density lipoprotein (HDL) targeting hepatocytes. ABD study using
fluorescently labeled 21-mer dsDNA encapsulated in DTC-apo
showed relatively high fluorescence intensity in the liver compared

to other organs like kidney, lung, and spleen [89]. Without the
apolipoprotein ligand, fluorescence was preferentially seen in the
lung and spleen [89]. In vivo silencing effect was tested in a HCV
mouse model created with hydrodynamic injection of plasmid DNA
expressing viral structural proteins. HCV-specific siRNA/DTC-apo
complex inhibited viral gene expression by 65% in the liver at 2 mg/
kg siRNA on day 2 post administration. The extent and duration of
siRNA were further improved by 2’-O-methylmodification of siRNA
[89]. ApolipoproteinA-1was later replaced with a recombinant form
of apolipoprotein (rhApo) derived from Escherichia coli to avoid the
safety concern (e.g., pathogen contamination) related to the origin
(plasma) [136]. In addition to siRNA, synthetic sShRNA targeting the
IRES of the HCV genome was incorporated in a mixture of lipids to
form lipid NPs, showing long lasting potent efficacy against HCV in
mice with minimal toxicity [87].

More recently, it was demonstrated that simple co-injection of
a hepatocyte-targeted peptide could help deliver siRNA targeting
conserved HBV sequences to the liver [77]. The peptide consisted
of N-acetylgalactosamine (NAG), a ligand with high affinity for
asialoglycoprotein receptors highly expressed on the hepatocytes,
and melittin-like peptide (MLP), an endosomolytic agent to facilitate
endolysosomal escape of siRNA [77]. A co-injection of NAG-
MLP with liver-tropic cholesterol-conjugated siRNA increased the
hepatic gene silencing effect in a dose-dependent manner, resulting
in multilog repression of viral RNA, proteins, and viral DNA with
long duration of effect in mouse models of HBV infection. This
formulation is unique in that it does not require preformulation of
the complex like typical siRNA delivery systems, thus reducing the
complexity in large-scale manufacturing. It has recently entered
phase Ila clinical trial for the treatment of chronic HBV infection
(NCT02065336) [137].

As one of the primary sites for Ebola virus replication, the liver
also serves as a valid target for siRNA therapy of Ebola virus infection.
siRNA targeting individual regions of Zaire Ebola virus (ZEBOV) L
gene was delivered with SNALPs [92]. Despite the evidence suggesting
premature release of siRNA in circulation (differential BD of labeled
SNALPs and siRNA), siRNA/SNALPs provided post-exposure
protection to guinea pig challenged with a lethal Ebola virus. Animals
challenged with ZEBOV received siRNA treatment at 1, 24, 48, 72,
96, 120, and 144 h after the infection. On day 30, 100% survival rate
(n=5) was observed in the group treated with the siRNA/SNALP
formulation, while the control group treated with scrambled siRNA/
SNALPs presented 20% survival rate. Consistently, the plague titer
analysis on day 7 showed a significantly reduced blood level in animals
treated with siRNA/SNALPs compared to the control group. Later
this group encapsulated a cocktail of three siRNAs that each targeted
L protein, VP24 and VP35 genes in ZEBOV in SNALPs and showed
complete post-exposure protection against ZEBOV in monkeys [91].
Tekmira Pharmaceuticals commenced a Phase I clinical trial for the
cocktail siRNA-SNALP formulation (TKM-100802) in Jan 2014
(NCT02041715) [138]. Two patients transported from West Africa
to the United States during the 2014 outbreak of Ebola virus disease
were treated with TKM-100802 and other supportive measures and
recovered without serious long-term sequelae, although the actual
role the siRNA formulation played in the recovery of these patients
remains to be investigated [139].
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Respiratory diseases: For systemic delivery of siRNA to the lung,
cationic polymers such as PEI are frequently used as carriers [140]. In
an early study by Klibanov et al., deacylated PEI was used as a carrier
of siRNA to the lung [99]. Here, deacylation increased the number
of protonatable nitrogens of PEI, thereby facilitating complexation
with siRNA and transfection of target cells. Luc-siRNA-deacylated
PEI complexes were administered to mice transfected with luciferase-
encoding DNA by retroobrital injection, and the luciferase activities
in different tissues were measured at 24 h after the treatment. The
Luc-siRNA/polymer complexes showed 77 or 93% suppression of
the gene expression in the lung, depending on the molecular weight
of the polymer. Consistently, siRNA targeting influenza viral genes,
as complexed with deacylated PEI, led to significant reduction in the
virus titer in the lung of influenza-infected mice 24 h after injection
[99]. More recently, Bolcato-Bellemin et al. used PEI as a carrier of
siRNAwith sticky overhangs (ssiRNA) targeting cyclin B1 or survivin
to suppress tumor progression in a lung metastasis model [141]. Here,
ssiRNA formed a larger linear nucleic acid structure via hybridization
of the complementary overhangs andmade a more stable complex
with PEIL which survived better than a classic siRNA/PEI complex in
circulation [142].

Cationic liposomes tend to accumulate in the liver and hence
are popular in the delivery to the liver, but they are also used for
lung delivery. McMillan et al. used cationic liposomes containing
DOTAP and DOPE as a carrier of siRNA targeting lung endothelium
[143]. A BD study with the liposomes labeled with a non-covalently
incorporated fluorescent dye found the highest fluorescence intensity
was found in the liver, followed by lung and spleen.The liposomes
transfected various cell populations in the lung, including CD146+
endothelial cells and CD326+ epithelial cells. Accordingly, mice
treated with lamin A/C-specific siRNA-liposomes (2mg/kg siRNA)
showed 80% knockdown of lamin A/C in the lung at 48 h after a
single IV injection, with the majority silencing occurring in the
endothelial and epithelial cells [143]. A new choice of cationic lipids
and combinations improved lung-specific BD of liposomes [144].
Kaufmann et al. used “DACC” liposomes containing AtuFECTO01
(B-L-arginyl-2,3-L-diaminopropionic acid-N-palmityl-Noleyl-amide
trihydrochloride) as a cationic lipid for systemic administration of
siRNA. When combined with cholesterol and mPEG2000-DSPE in
optimal ratios, DACC liposomes delivered the most siRNA to the
lung tissues at 1 h after systemic application, followed by the spleen
and liver. On the other hand, other liposomes containingAtuFECT01
and different colipids and/or PEG-lipids showed typical BD pattern
of cationic liposomes (high liver and spleen distribution) [144].
In accordance with the BD profile, DACC lipoplexes with siRNA
specific for Tie-2 gene showed over 80% reduction in Tie-2 mRNA
in lung tissue of mice but no significant Tie-2 knockdown in liver,
kidney and heart tissues after 3 daily injections of 2.8 mg siRNA/
kg [144]. DACC lipoplexes also helped deliver siRNAs targeting
other genes in the lung vasculature including CD31, responsible for
multiple processes of tumorigenesis, increasing the survival rate in
an experimental lung metastasis mouse model [144]. Geick et al. also
found BD favorable for lung delivery of siRNA with a lipopolyamine
called staramine [145]. siRNA level in each tissue wasmeasured by
the stem-loop qRT PCR over 96 h post-intravenous injection. Liver
accumulation was dominant immediately after the injection, but lung

accumulation occurred over time, exceeding the levels in the liver,
spleen, and kidney in 24 h. Consistently, siRNA/staramine complexes
showed ~60% reduction of target mRNA in the lung over 96 h after
a single administration, whereas the level of target mRNA in the
liver was not significantly different from the one treated with control
siRNA [145]. The siRNA retention in the lung was attributed to the
affinity of nanocomplexes for the endothelial lining in the capillary
bed and relatively low exposure to phagocytic cells [145].

Other types of siRNA carriers to the lung include hybrids of lipid
and polymer or lipid and inorganic components. Polymeric NPs
made of conjugates of low molecular weight polycation (PEI) and
lipids were used for delivery of siRNA to lung endothelial cells [146].
Unlike lipid-based carriers, the lipid—polymer hybrid NPs achieved
the gene silencing effect at a dose that did not affect hepatocytes or
immune cells. The biological effects of siRNAs delivered with the
NPs were confirmed in the lung, as an inducer of an emphysema-like
phenotype (by silencing VEGFR-2 gene) or a suppressor of primary
and metastatic Lewis lung carcinoma (by silencing VEGFR-1 and
Dl14) [146].

In addition to systemic administration, siRNA has been directly
delivered to the lung as an aerosol (intratracheal or intranasal
administration in experimental studies). One of the advantages of
airway delivery is the potential to achieve high local concentration
of siRNA in the lung without going through blood circulation, which
can compromise the stability of the siRNA/carrier complexes or
siRNA itself and subject them to distribution in other MPS organs.
Minko et al. administered siRNA/cationic liposome complexes
via intravenous injection or intratracheal instillation to mice
bearing tumors in the lung to compare the BD [147]. At 24 h post-
administration, both the carrier and siRNA showed substantially
high peak concentrations and long retentions in the lung compared
to other organs after intratracheal administration. On the other
hand, IV injection resulted in broad distribution in other organs with
relatively low levels of liposomes and siRNA in the lung [147]. Kissel
et al. also delivered siRNA with PEI or PEG-grafted PEI (PEG-PEI) as
carriers via intratracheal instillation and observed the BD of siRNA
and the polymer by single photon emission computed tomography
(SPECT) and radioactivity counting of organs [148]. Both siRNA and
PEG-PEI were detectable in the lung at 48 h after instillation. Without
PEG, siRNA/PEI complexes showed differential lung accumulation
of each component: negligible level of siRNA and high level of PEI
(even higher than that of PEG-PEI), which suggested dissociation
of the complex in the lung and preferential association of PEI with
mucus and cell membranes [148]. The locally delivered EGFP-specific
siRNA/PEG-PEI complexes reached bronchial cells and alveolar cells
and knocked down the EGFP expression in the lung by 42% after 5
days post-instillation [148]. Airway administration is potentially
a promising way of delivering siRNA to the lung; however, studies
to date suggest remaining challenges in airway delivery of siRNA,
including the destructive interaction with anionic components in
the lung [148] and local irritation that can lead to inflammatory
consequences [149].

Potential toxicity of siRNA therapeutics: siRNA with
suboptimal potency can result in unintended side effects such as
downregulation of off-target genes or activation of innate immune
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responses [150]. Efforts to mitigate these off-target effects include
chemical modification of siRNA, redesign of the sequence, and the
use of siRNA cocktails [150-152]. Toxicity may also come from the
delivery systems. For example, intravenously injected lipoplexes have
shown to induce the production of pro-inflammatory cytokines with
signs of hepatocyte injury [153,154]. These pro-inflammatory effects
were initially attributed to the polynucleotide part of the complex
rather than the carrier [153,154]; however, later studies have reported
intrinsic pro-inflammatory properties of some cationic lipids [155-
157]. PEI, the most commonly used polymeric gene carrier, shows
molecular weight, structure, and dose-dependent toxicity [158]. This
challenge is currently tackled by developing degradable polycations,
which can be degraded into less toxic small molecules [159].

DNA Recurrence-associated genes

It is important to identify systemically recurrence-associated
genes using The Cancer Genome Atlas RNA sequencing database
[160]. Recurrence of papillary thyroid cancer is not uncommon, but
incorporating clinicopathologic parameters to predict recurrence is
suboptimal. It has been found that [160] 1,807 genes were associated
with recurrence-free survival. There were 676 genes of which high
expression was associated with a greater risk of recurrence. These genes
were enriched in pathways involved in cell cycle regulation and DNA
repair. Among 1,131 genes of which low expression was associated
with recurrence, Kyoto Encyclopedia of Genes and Genomes-
annotated functions were metabolism, calcium signaling, glycan
biosynthesis, and the Notch signaling pathway. Canonical pathways
identified by Ingenuity Pathway Analysis included RXR function,
nitric oxide signaling, interleukin-8 signaling, and nutrient sensing.
In addition, low expression of the majority of thyroid differentiation
genes was associated with a significantly less recurrence-free survival.

The incidence of thyroid cancer, particularly papillary thyroid
cancer, has been increasing rapidly in recent decades [161]. Papillary
thyroid cancer tends to be biologically indolent and has an excellent
prognosis. Nonetheless, more than one-quarter of patients may
experience disease recurrence during long-term follow-up [162].
Several schemes, including clarification of the staging classification
of the American Joint Committee on Cancer, have been developed to
predict risk for death but not the risk for recurrence.

In 2009, the American Thyroid Association (ATA) first proposed
a 3-level, initial risk-stratification system to predict disease recurrence
and/or persistence [163]; however, the proportion of variance
explained by the ATA system for risk of recurrence is suboptimal,
ranging from 19% to 34% [164]. Although a new, dynamic, risk-
stratification system has been developed, the information required
for stratification is available mainly during the follow-up period. This
situation indicates a need for early identification of additional factors
associated with disease recurrence.

Genetic and molecular approaches are being used increasingly
for recognizing important biologic processes in oncology. The
most frequent genetic alteration seen in papillary thyroid cancer
is a point mutation at codon 600 of the BRAF gene (BRAFV600E)
[165]. It remains debatable whether this information concerning
this mutation added predictive value for disease-specific mortality or
risk of recurrence beyond the current clinicopathologic information
collected for tumor staging [166].

In recent years, the prognostic importance of the TERT promoter
mutations in thyroid cancer has attracted much attention; nonetheless,
the frequency of the TERT promoter mutations in papillary thyroid
cancer is considerably less than that in poorly differentiated or
anaplastic cancer [167]. Given the biologic complexity of cancer, it
is unlikely to find a single target accounting for disease recurrence. A
systemic approach is required to identify a gene expression signature
associated with recurrent disease.

The Cancer Genome Atlas (TCGA) project is meant to
produce a comprehensive atlas of cancer genomes to accelerate our
understanding of the molecular basis of cancer and improve cancer
prevention, detection, and therapy. The TCGA study of papillary
thyroid cancer analyzed a large cohort of tumor tissue and matched
normal tissues across multiple sequencing platforms [168]; however,
the follow-up data were not available at the time of initial TCGA
publication. In this study [160], it has been e employed a systematic
approach for characterizing recurrence-associated genes and their
relevant functional networks using the updated TCGA data.

Functional enrichment analyses: Recurrence-associated genes
were subjected to functional enrichment analyses [160], which were
conducted using 3 software packages separately: Web-based Gene
Set Analysis Toolkit (WebGestalt), [169] Database for Annotation,
Visualization, and Integration Discovery (DAVID), [170] and
Ingenuity Pathway Analysis (Qiagen, Redwood City, CA) [171].
WebGestalt and DAVID analyses were focused mainly on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) annotation database
[172,173]. In WebGestalt, the minimum number of genes for
enrichment was set at 5, and the significance analysis was performed
using the hypergeometric test with the significance level set at P = .01.
In DAVID, the parameters were set to their default values.

Using the TCGA thyroid cancer database, 504 patients with data
for both clinical and gene expression were analyzed. Pathologic stages
I, IL, 111, and IV comprised 56%, 10%, 22%, and 11%, respectively.
The median follow-up duration was 29.9 months (mean, 37.7 +
32.1; range, 0.2-180.8 months). During follow-up, 16 (3%) patients
were deceased at 39.0 + 24.5 months. Recurrence was observed in 47
(9%) patients. The median time from initial treatment to recurrence
was 16.1 months (mean, 19.6 + 14.7; range, 0.2-59.5 months). As
expected, an advanced pathologic stage was associated with a greater
likelihood of recurrence [160].

Among 20,502 genes analyzed, the distribution of median RSEM
values was significantly skewed (median, 187.0; interquartile range,
4.1-800.0). To avoid variation caused by low-level expressions,
genes with a median RSEM value of less than 4.1 were excluded from
analysis. A total of 15,374 (75%) genes were applicable to the analysis
of the difference in RFS between high- and lowexpression groups
defined by median splits. A study flowchart is detailed in Figure 15.

There were 676 genes of which high expression was associated
with a significantly lesser RFS [160]. The overlapping KEGG-
enriched pathways were determined at the significance levels of P
< .01 in WebGestalt and P < 0.1 in DAVID, respectively. Of the 10
enriched pathways, most were biologic processes involved in cell
cycle regulation and DNA repair [160]. The Kaplan-Meier estimates
of RES of several representative genes are shown in Figure 16.
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Figure 16: Kaplan-Meier recurrence-free survival of patients with papillary thyroid cancer (n = 504) dichotomized according to genes of which high expression was
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observed between the enriched
functional pathways identified by the KEGG module and Ingenuity
Pathway Analysis (Figure 17A). The top tox lists of Ingenuity
Pathway Analysis were “Cell Cycle: G2/M DNA Damage Checkpoint
Regulation,” “Increases Liver Hyperplasia/Hyperproliferation,” “Cell
Cycle: G1/S Checkpoint Regulation,” “RAR Activation,” and “p53
Signaling.” Consistent with a recent report [174] , it has been found
that expression of BRAF mRNA was not associated with RFS (logrank

Good concordance was

P =0.76).

In addition, we found 1,131 genes for which low expression
was associated with a significantly less RFS. The complete list of
these genes is reported in [160]. The 9 significantly enriched KEGG
pathways identified by WebGestalt and DAVID were related to
metabolism, calcium signaling, glycan biosynthesis, and the Notch
signaling pathway [160]. The results appeared partially consistent
with canonical pathways identified by Ingenuity Pathway Analysis
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Figure 17: Ingenuity Pathway Analysis of genes of which high (A) and low (B) expression was associated with recurrence in papillary thyroid cancer.
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(Figure 17B). The top tox lists were “LPS/IL-1 Mediated Inhibition
of RXR Function,” “Cardiac Hypertrophy,” “Xenobiotic Metabolism
Signaling,” “Increases Glomerular Injury,” and “NRF2-mediated
Oxidative Stress Response”.

Initial TCGA global analysis proposed that the differentiation
status of thyroid cancer can be determined by a set of genes involved
in thyroid metabolism and function and were designated the Thyroid
Differentiation Score (TDS) [168]. The TDS comprises expression
data of 13 mRNAs and 3 miRNAs. Interestingly, we found that the
expression of 7 TDS genes was in association with RFS (Figure 18).
Low expression of these TDS genes was associated typically with a
decrease in RFS. The only exception was PVRL4, high expression
of which had a greater risk of recurrence. Low expression of TSHR,
which encodes thyroid-stimulating hormone receptor, was also
associated with a significantly less RFS. It has been shown that [160]
the results of the remaining TDS genes. RES was not associated with
other genes participating in thyroid development, such as NKX2-1
(TTFI, logrank P = 0.74), FOXE1 (TTF2, log-rank P = 0.75), and
PAXS (log-rank P = 0.19).

Genomic global analysis of the TCGA

Initial genomic global analysis of the TCGA of papillary thyroid
cancer revealed that papillary thyroid cancers can be separated
into 2 main groups, BRAFV600E-like and RAS-like [168]. The
classifier design was based on the BRAFV600E-RAS score, which
highly correlated with the TDS, although the 2 scores were derived
independently and have no genes in common. BRAFV600E-like
papillary cancers are enriched for the classic and tallcell histology,
are less differentiated, and have an increased ERK output or
overactivation of the mitogen-activated protein kinase (MAPK)

pathway. Conversely, RAS-like cancers are characterized by
follicular-variant histology, are associated with younger patients, and
have a lesser expression of immune response genes. The 2 groups are
fundamentally different at all genomic levels.

Using the ATA risk of recurrence as a surrogate outcome, the
initial analysis found that the risk of recurrence was associated with
mutation density and the TDS. The TDS only weakly correlated with
tumor purity, indicating that the TDS was not influenced strongly by
tumor stromal content or lymphocyte infiltration [168]. The analysis
on real events during follow-up are in concordance with the results
[160], showing that low expression of thyroid differentiation genes
carried a greater risk of recurrence.

In a previous report, histopathologic characterization of
radioactive (RAI)-refractory disease suggested that
dedifferentiation is not uncommon [175]. Dedifferentiation likely
dampens the responses to RAI therapy. At present, patients with an
RAI-refractory disease have limited alternative options for treatment
and a decreased overall survival, partly because thyroid cancer is
poorly responsive to cytotoxic chemotherapy [176].

iodine

Cancer is driven by changes in patterns of gene expression due
to the accumulation of mutations or epigenetic modifications. The
TCGA data support previous observations that RAI-refractory
lesions have a greater frequency of BRAFV600E [177,178]. Mutations
leading to constitutive activation of the MAPK signaling pathway
inhibit the expression of proteins involved in the biosynthesis of
thyroid hormones, including sodiumiodide symporter SLC5A5
(NIS) [179]. Of note, among the thyroid differentiation genes, it has
been found that downregulation of NIS was the strongest predictor
of a decreased RFS (Figure 18, logrank P = .0003). Nuclear receptor
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Figure 18: Kaplan-Meier recurrence-free survival of patients with papillary thyroid cancer (n = 504) dichotomized according to genes in association with thyroid
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differentiation. The sodium iodide symporter (NIS) is encoded by the solute carrier family 5 member 5 (SLC5A5).
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ligands and epigenetic modifiers have been used to promote tumor
redifferentiation, [180] while conventional redifferentiation agents,
such as retinoic acid, had no clinically important benefits [181].

A plausible explanation is that pathways involving retinoic
acid receptors and/or retinoid: X receptors are also downregulated
in these neoplasms. In these analyses, low expression of retinoic acid
receptor beta (RARB) was associated with a significantly lesser RFS
(log-rank P = .03). Consistent with this observation, recent studies

demonstrated that RARB expression was downregulated in papillary
thyroid cancer and RARB silencing increased cell viability, decreased
expression of NIS, and suppressed iodine uptake in thyroid cancer
cells [182,183]. A more promising strategy may be targeting the
MAPK signaling pathway. Accumulating evidence suggests that
MAPK inhibition may provide better results in terms of iodine uptake
and tumor response [184-186]. Further research is necessary to
provide a more personalized approach, tailored to specific molecular
alterations in individual patient tumors.
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A novel finding in the present study [160] is that high expression
of cell cycle-regulating and DNA repair genes was associated with
recurrence. Alterations in cell cycle-regulating genes promote
transition through the cell cycle and ultimately drive tumor
proliferation. Although prior studies suggest that Ki-67/MIB-1 stain
positivity confers a greater risk of recurrence, [187] differentiated
thyroid cancer haslongbeen considered as a quiescent, chemotherapy-
resistant neoplasm. It is arguable whether modern drugs offer better
effectiveness with fewer adverse events [188].

The findings [160] do not imply that cytotoxic agents possess
high therapeutic potential in papillary thyroid cancer. Transcriptome
analysis across 12 TCGA cancer types indicates that papillary
thyroid cancer is poorly overlapped with other cancers in terms of
differentially expressed genes [189]. Instead, it has been speculated
that a proliferation signature may be used as a prognostic marker.

DNA repair machinery maintains a balance between genomic
integrity and cell death. Previous work mainly focused on the
association between polymorphisms of DNA repair genes and the
risk of developing thyroid cancer [190]. Upregulation of DNA repair
genes may render tumor cells less vulnerable to DNA damage and
more resistant to treatment. It has been found that high expression of
DNA repair genes was associated with an increased risk of recurrence.
It may reflect genomic instability of more aggressive cancer; an
alternative explanation is that tumors equipped with better repair
capacity would more likely survive from RAI therapy.

The TCGA analysis showed that 2 significantly mutated genes
related to DNA repair (PPM1D and CHEK2) occurred concomitantly
with driver mutations in the MAPK pathway [168]. Interestingly,
MAPK inhibition may result in radiosensitization by suppressing
DNA repair pathways [191]. Combination or sequential treatments
with RAI therapy and inhibition of the DNA-damage response may
represent a new concept for the management of papillary thyroid
cancer.

Limitations of this study [160] include the relatively short follow-
up periods and not controlling for histologic variants or tumor stage
of the papillary thyroid cancers studied. Additionally, in the present
study, patients were divided into dichotomous groups for each gene
analyzed. The underlying pathology is more likely to be “continuous”
rather than categorical, and such groupings may not be meaningful
biologically [192].

A recent analysis of the TCGA data by Stanford University used
clinicopathologic characteristics to define good and poor prognosis
[193]. The authors [160] reported individual potential targets and
proposed a Prediction Analysis of Microarrays classifier. This study
aimed atidentifying recurrence-associated genes instead of developing
a validated prognostic index. It has been hypothesized that using
pathway analysis would provide a better mechanistic understanding
of the biologic processes involved in tumor recurrence.

Conclusions

We discussed several siRNA delivery approaches focusing on
their contributions to the control of PK and BD of siRNA. Solid
tumors are obviously one of the most anticipated targets, and many
studies show PK/BD profiles favorable for siRNA delivery to tumors.

Despite the optimism prevalent in the literature, one may recognize
that most clinical translations are made in the applications targeting
the liver and the lung, where the majority of siRNA/NP systems
naturally accumulate. This indicates that systemic delivery of siRNA
in a therapeutic dose to tissues other than MPS organs remains
suboptimal. Given the discrepancy, some of the current experimental
practices may be worth reconsideration. First, many studies rely on
labeling siRNA for PK and BD studies. As mentioned earlier, these
approaches are valid only when the labeled components represent the
full-length, bioactive siRNA; otherwise, inactive catabolites retaining
the label may be mistaken for siRNA in target tissues. In addition, one
should also consider that structural changes due to labeling might
alter the PK/BD profiles of siRNA. To avoid overestimation of siRNA
in PK/BD studies, it is desirable to complement with hybridization-
based methods that can detect full-length siRNA, such as Northern blot
analysis, hybridization-ligation assay, or PCR-based assay. Second,
BD of siRNA is often presented as % of injected dose per unit mass
of tissue at the final time point of the study. While this presentation
offers a useful means to compare the relative concentrations of siRNA
in different tissues, it rarely reports the amount of siRNA collected in
the feces and urine, making it difficult to judge the fraction of siRNA
that was immediately excreted. A caveat of this practice is that relative
siRNA distribution in selected tissues can mislead to an overrated
optimism for target-specific siRNA delivery, when in reality the
absolute amount of siRNA in target tissue may be only a small fraction
of the injected dose. Such misinterpretation may be prevented by
considering the concentration in each tissue in addition to the relative
quantity. Finally, it is not unusual to see studies tracking carriers in
lieu of siRNA in PK/BD studies. This approach may be valid when the
siRNA/carrier complex remains stable throughout the study, which,
however, should not be taken for granted without proof. It is possible
that siRNA/carrier complexes disassemble prematurely during
circulation but still show favorable pharmacological effects due to
other biological events related to the carrier itself. In order to identify
actual contribution of carriers to the siRNA delivery, it is desirable to
track siRNA and carrier separately through distinct labeling and/or
detection techniques.

In conclusion, we identified a set of recurrence-associated
genes in papillary thyroid cancer. Pathway analyses indicate that
upregulation of cell cycle-regulating genes and DNA repair genes and
downregulation of thyroid differentiation genes carried a high risk of
recurrence. Further research [194-197] will be required to determine
whether pharmacologic measures that target these pathways improve
clinical outcomes.
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