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ABSTRACT

As the second most common cancer and the first leading cause of cancer deaths, lung
cancer attracts much research attention. Since cyclooxygenase-2 (COX-2) is overexpressing in
nearly 80% of lung cancer patients, COX-2 inhibitors may benefit cancer patients via breaking the
COX-2/arachidonic acid (AA)/ prostaglandin E2 (PGE2) axis, which is highly relevant to cancer
progression. However, the COX-2 inhibitors fail to improve survival of cancer patients in clinical
studies. To effectively take advantage of COX-2 overexpression in lung cancer, in this study, we
advanced a novel strategy, instead of direct COX-2 inhibition, redirecting COX-2 catalyzed
dihomo-y-linolenic acid peroxidation by knocking down delta-5-desaturase (D5D) in lung cancer
cells. We found that the D5D siRNA knockdown could repress the AA and PGE; formation in
lung cancer cells. While a distant free radical byproduct, 8-hydroxyoctanoic acid (8-HOA) was
derived from DGLA by COX-2. Both exogenous 8-HOA and DGLA-derived endogenous 8-HOA
resulted in inhibition of proliferation, survival, migration but activation of apoptosis in lung cancer
cells. We believe that the inhibitory effect of 8-HOA lung cancer is possibly due to histone
deacetylase (HDAC) and YAP1/TAZ inhibition. Additionally, we demonstrated the synergistic
effect between 8-HOA and first-line chemo cisplatin on lung cancer. To improve the efficiency of
D5D inhibition, we used innovative RNA nanotechnology to specifically deliver D5D siRNA to
lung cancer in vitro and in vivo. The D5D siRNA was harbored by 3 way-junction (3WJ) RNA
nanoparticle along with epithelial cell adhesion molecule (EpCAM) aptamer as targeting module,
and Alexa 647 as imaging module. By using lung cancer and normal lung epithelial cell models,
we demonstrated that 3WJ-EpCAM-D5D siRNA nanoparticles could suppress lung cancer cell
growth by promoting 8-HOA formation in a COX-2 dependent manner. The EpCAM aptamer

ensured the specific in vivo delivery of RNA nanoparticles to lung tumors, avoiding damage to



other tissues and toxic/off-target effect. 3WJ-EpCAM-D5D siRNA nanoparticle significantly
inhibited xenograft tumor growth in nude mice by regulating apoptosis, metastasis, and
proliferation. Overall, our strategy generated an effective and safer outcome and paved the road to

COX-2-based precise medicine for lung cancer therapy.
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1. INTRODUCTION

Lung cancer (small cell and non-small cell) is the second most common cancer in both men
and women. Non-small cell lung cancer (NSCLC) is the major type of lung cancer. A variety of
therapeutic and adjuvant approaches have so far been studied for treating lung cancer, including
chemotherapy, targeted therapy, cyclooxygenase-2 (COX-2) inhibition, and polyunsaturated fatty
acids (PUFAs) manipulation [1,2]. PUFAs can be classified as n-3 or n-6 fatty acids according to
the position of the final double bound. Although n-6 PUFAs are inevitable and more widespread
in the human daily diet than n-3s, n-6-based dietary strategies in cancer treatment have not received
much research attention. In downstream of n-6 PUFAs pathway, COX-2 plays a key role in cancer
progression via promoting the generation of prostaglandin E> (PGEz). Thus, the classic strategy of
limiting COX-2-catalyzed n-6 fatty acid peroxidation and subsequent PGE> formation has been
tested as an adjuvant approach to improve chemotherapy outcomes for many types of cancers,
including lung cancer [3,4]. However, many COX-2 inhibitors suffer from safety issues, and
clinical responses remain limited [5,6]. To improve the clinical management of lung cancer, there
is a critical need to develop better strategies addressing both the overexpression of COX-2 in
cancer cells and the inevitable COX-2-catalyzed peroxidation of n-6 PUFAs, which are the
primary fatty acids in our diet.

Delta-5 desaturase (D5D) is a rate-limiting enzyme in the downstream of PUFAS synthesis
pathway that introduces double-bonds to the delta-5 position in the fatty acid chain [7]. Given the
key role of the PUFAs synthesis pathway in energy homeostasis, the act of D5D has been
commonly studied in metabolic diseases, such as hepatic steatosis and type 2 diabetes [8,9]. The
main function of D5D is to catalyze eicosatetraenoic acid (ETA) to eicosapentaenoic acid (EPA)

in the n-3 PUFASs pathway and dihomo-y-linolenic acid (DGLA) to AA in the n-6 PUFAs pathway



[7]. However, the function of D5D on cancer has remained poorly understood. Our lab recently
provided evidence that DGLA derived free radical byproduct, 8-hydroxyloctanoic acid (8-HOA),
appears to work in an autocrine manner to not only suppress pancreatic and colon cancer growth
but also inhibit cancer metastasis [10,11]. We also demonstrated that the genetic knockdown of
D5D via siRNA or shRNA could elicit anticancer effects from DGLA by promoting the formation
of 8-HOA [11-17]. Despite the effective knocking-down of D5D by siRNA in vitro, the RNA
interference (RNAI) system has been hindered by several roadblocks for in vivo study and clinical
applications, such as low stability and off-target effect [18,19]. Therefore, the active and target
delivery system is required to improve the efficiency of D5D siRNA in the in vivo and in vitro
system.

To improve the efficiency of D5D siRNA and investigate the effect of this new strategy on
lung cancer, we applied the innovative RNA nano-technology to deliver D5D siRNA to lung
tumors. The feasibility of RNA nanotechnology in cancer therapy is exemplified by the
bacteriophage phi29 pRNA system, which naturally forms dimers and hexamers via hand-in-hand
interactions between right- and left-interlocking loops [20]. The crystal structure of the pRNA-3-
Way Junction (3WJ) motif held at the center of the pRNA monomer was recently reported,
allowing the construction of ultra-stable and self-assembling nanoparticles with very high affinity.
Various targeting modules have been tested successfully with the pRNA-3WJ nanoparticle to
specifically target cancers. In the current thesis plan, we combined our novel COX-2 cancer
biology concept with innovative RNA nanotechnology to deliver the therapeutic D5D siRNA
specifically to tumor tissues. We demonstrated that 3WJ RNA nanoparticles could selectively
deliver D5D siRNA to lung cancer cells with high epithelial cell adhesion molecule (EpCAM)

expression, whereas it avoids damage to normal cells. EpCAM targeted 3WJ D5D siRNA



nanoparticle successfully redirected the DGLA peroxidation pattern in lung cancer, resulting in
the generation of 8-HOA. Both, our in vitro and in vivo results suggested that DGLA-derived 8-
HOA could serve as an HDAC inhibitor that suppresses cancer progression through inhibiting
cancer cell proliferation, metastasis, and promoting apoptosis. Our study not only challenged the
classic cancer treatment strategies on how to manipulate in situ high COX-2 levels and D5D
catalyzed n-6 fatty acid metabolism in the diet for cancer treatment, but also provide new insights
in overcoming significant barriers that restrict therapeutic delivery to tumors by using unique
RNA-nanotechnology.
1.1. The Structure and Distribution of D5D

D5D and delta-6 desaturase (D6D) are respectively coded by FADS1 and FADS2 genes,
which are located on chromosome 11q12-13.1 [21]. These two genes are oriented as a cluster with
<11 kb region in a head-to-head pattern, whereas FADS3 is in the same cluster (6.0 kb away from
FADS?2) in a tail-to-tail manner with FADS2. FADS1, FADS2, and FADS3 genes consist of 11
introns and 12 exons and occupy 100 kb regions in total. The closely associated FADS genes on
chromosome 11 may explain the phenomenon that FADS1 could replace the function of FADS2
in FADS2 deficient breast cancer cells [22]. The variants of the FADS gene cluster have been
reported that are closely associated with fatty acid consumption, pregnancy, auto-immune
diseases, and cancers. The minor allele carriers of the single-nucleotide polymorphism (SNP)
rs136261927, rs174537, rs174541, rs174545, rs174546, rs174547, rs174548, rs174549, rs174550,
rs174553, rs174555, rs174556, rs174561, and rs42187261 in FADS1 have been found correlated
to change of D5D activity in certain populations and dietary oils, such as EPA, eicosadienoic acid

(EDA), and AA [23].



FADS1 and FADS2 genes contain 1335 bp for encoding 444 amino acids. D5D is a typical
front-end fatty acyl-CoA desaturase, which binds to the endoplasmic reticulum (ER) membrane
and catalyzes the synthesis of downstream PUFAs. The D5D enzyme belongs to the superfamily
of iron-dependent enzymes that consists of two domains, cytochrome b5 domain at N-terminal
with heme-binding motifs and desaturase domain at the C-terminal with histidine boxes where one
of the histidine residue is replaced by glutamine, which is responsible for the activity of desaturase.
The replacement of the glutamine back to histidine (or isoleucine) could result in abrogating the
desaturase’s activity [7,22]. However, the precise crystal structure of D5D is still unclear as to the
difficulties in stabilizing the membrane-bound enzyme with full activities [24]. Since the D5D and
D6D shared many similarities in gene SNP, protein structure, and function, it could be a challenge
to isolate enzymes that exclusively exhibit D5D activity on their substrates (DGLA and ETA)
rather than catalyzing on broad PUFAs’ precursors. Fatty acid desaturases are widely distributed
in most tissues in animals as the essential function to synthesize PUFAs for energy supply and
signaling transduction (serve as first/second messengers). The D5D enzyme is highly expressed in
the brain, lung, pancreas, liver (highest), and variety of cancer cells [7]. The low D5D activity in
serum lipids has been identified as a potential biomarker in the prediction of disease status, such
as metabolic risk in children, hepatic steatosis, type 2 diabetes, and cancers [9,25-27]. A recent
The Cancer Genome Atlas (TCGA) database analysis indicated that the mRNA expression levels
of FADS1 are increased in head-neck squamous cell carcinoma tissues in comparison with
noncancerous tissues [28].

1.2. The Physiological Function of D5D
D5D and D6D in the n-3/-6 PUFAs pathway are responsible to convert dietary essential

fatty acids (a-linolenic acid and linolenic acid) to a series of downstream PUFAs by introducing



double-bonds to the fatty acid chain from the carboxylic end, increasing unsaturation (Scheme 1).
Another type of desaturase catalyzing PUFAs synthesis from methyl-end to pre-existing double
bonds, such as D12D and D15D, are not present in humans/mammals. Therefore, mammals have
to uptake a-linolenic acid and linoleic acid from their daily diet to maintain the balance of fatty
acid compositions. Saturated fatty acids have a higher transition temperature compared to
unsaturated fatty acids. Therefore, the ratio of saturated to unsaturated fatty acid has been identified
as the primary determinant of the melting temperature of triglycerides for regulating cellular
membrane fluidity [7,24,29]. In our daily diet, a-linolenic acid and linoleic acid are the major
resource of n-3 and omega-6 fatty acids, respectively [30]. Both n-6/-3 fatty acid synthesis
pathways shared the same set of enzymes, including D6D, elongase, and D5D, of which D5D is
in response to catalyze the formation of EPA in the n-3 pathway and AA in the n-6 pathway [21].
Interestingly, EPA and AA are the precursors of a variety of inflammatory mediators, such as
prostaglandins (PGs) and leukotrienes (LTs), for regulating physiological and pathological
functions [31]. Selective knocking down FADS1 by in vivo antisense oligonucleotide has been
found to induce hepatic inflammation and atherosclerosis in mice [32,33]. In vitro study further
confirmed the knockdown of FADS1 activates classic M1 macrophages and inhibits M2 activation,
and cause alterations of liver X receptor (LXR) associated gene expression, implicating the key
role of D5D in liver lipid metabolism [34]. Additionally, a population-based Kuopio Ischaemic
Heart Disease Risk Factor Study has suggested that higher D5D activity is favorably associated
with stroke and metabolic risk factors, including low systolic/diastolic blood pressure, insulin
level, C-reactive protein concentrations, BMI, and better homeostatic model assessment indices
[35]. A high DGLA concentration and low D5D activity in blood is a valuable predictor of hepatic

steatosis as the significant correlation between the ratio of abdominal computed tomography (CT)



attenuation for the liver to the spleen and DGLA/D5D level in the patient’s serum [8]. The activity
of D5D also has been identified as a risk factor of type 2 diabetes where plasma apoB is negatively
correlated with D5D activity [9]. Moreover, the D5D activity is also negatively associated with
serum triiodothyronine in adolescents with eating disorders, indicating that D5D may participate

in thyroid hormone regulation [36].

n-3 PUFAs Alpha-linolenic acid Stearidonic acid Eicosatetraenoic acid Eicosapentaenoic acid
Enzymes Delta-6 desaturase Elongase Delta-5 desaturase
n-6 PUFAs Linoleic acid  Gamma-linoleic acid Dihomo-gamma-linoleic acid Arachidonic acid

N //'
Cyclooxygenase-2
8-Hydroxyloctanoic acid Prostaglandins
Scheme 1. Pathway of n-3 and n-6 polyunsaturated fatty acids (PUFAS) synthesis. (Reprint from
L. Pang, H. Shah, Y. Xu, S. Qian, Delta-5-desaturase: A novel therapeutic target for cancer

management, Translational Oncology 14:11 (2021) 101207, under the terms of the Creative
Commons CC BY license).

Several rodent studies report that the expression and activity of D5D could be influenced
by diet. Indeed, the PUFAs synthesis is regulated under a strong feedback pathway [7]. The D5D
is inhibited by dietary PUFA, especially the high-fat diet [37]. Different transcription factors,
including peroxisome proliferator-activated receptor a (PPARa), retinoid X receptor (RXR), sterol
regulatory element-binding protein 1c (SREBP-1c), have been reported with a strong regulatory
effect on D5D expression [7]. All three desaturases, D5D, D6D, and D9D, can be activated by
SREBP-1c via regulating mRNA expression. Mouse with overexpression of SREBP-1a, -1c, and
-2 appears a higher expression of hepatic D5D than the wild-type mouse. After a fast/refed cycle,
supplementation of carbohydrate diet with linoleate or EPA significantly inhibited D5D
expression, indicating PUFA induced feedback suppression on D5D [38]. PPARa is another
transcription factor that controls p-oxidation in the liver [7]. Activation of PPARa also has been

found could induce D5D in the liver, especially in fast conditions. The cross-talk between SREBP-
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1c and PPARo may build the basic mechanism of how D5D be regulated under different nutritional
statuses and energy states [32,38]. A recent study based on UK Biobank reveals the positive
association between FADS1 with rs174561 variant in the frontal cortex and daytime napping.
Two-sample Mendelian randomization analyses further confirmed that more frequent daytime
napping is correlating to independent risk factors (waist circumference and blood pressure) of
cardiometabolic diseases [39]. Given the fact that many downstream inflammatory mediators are
generated by the D5D-catalyzed n-6 PUFAs pathway, the correlation between daytime napping
and cardiometabolic risks may be explained by activation of AA/PGs-mediated inflammatory
response.
1.3. Correlation between D5D and Cancer

The function of D5D is to produce AA and downstream eicosanoids, which are
contributing to the progression of inflammation. The relationship between D5D and inflammatory
diseases, such as cardiovascular diseases, metabolic syndrome, and diabetes has been well
established [21,31]. Additionally, more newer studies recently revealed the potential correlation
between D5D expression and cancer [27,40,41]. Since inflammation plays a key role in cancer
development, the D5D may be involved in carcinogenesis via mediating PUFAs metabolism in the
tumor microenvironment. Interestingly, the divergence of how D5D correlated to cancer
development has been seen in different studies. The positive correlation between FADS1
expression and cancer progression has been observed in non-small cell lung cancer and esophageal
squamous cell carcinoma where the patients with low FADS1 expression corresponding with poor
overall survival and disease-free survival, indicating FADS1 as a predictor of worse prognosis in
cancer [41]. Conversely, a recent study based on TCGA suggests high FADS1 expression in

bladder cancer patients with poor prognosis, indicating a negative correlation [40]. The in vitro



study further shows that overexpression of FADSL1 could lead to bladder cancer proliferation,
whereas the FADS1 knockdown could arrest the cell cycle [27]. Moreover, FADS1 is upregulated
by a long non-coding RNA 1inc00460 in osteosarcoma, resulting in distant metastasis and reduced
overall survival [42]. A genome-wide association study (GWAS) of colorectal cancer in East
Asians suggests that higher FADS1 expression in colon tumor tissues than normal tissues [43].
Additionally, FADSL1 is also upregulated in patients with hepatocellular carcinoma [44]. Why these
opposite correlations have been observed in the above studies? One possible explanation is that
the function of D5D may vary in different organs and cancers. D5D is one of the enzymes that
participated in PUFAs synthesis. Other enzymes, such as D6D, cyclooxygenase (COX), 5-
lipoxygenase (5-LOX), need to be coupled with D5D to generate corresponding eicosanoids [31].
Since both n-3 and n-6 PUFAs pathways compete for the same set of enzymes, the function of
different eicosanoids could be contrary. The classical concept considers that n-6 PUFASs are pro-
inflammatory, whereas n-3 PUFAs are anti-inflammatory [45]. Worth noting, the positive
correlations of FADS1 with lung cancer and esophageal squamous cell carcinoma are established
by analyzing tumor samples from patients in the same region [41,46]. Given the fact that the diet
structure varies according to the region, more studies may need to be conducted to further
validating the function of D5D in cancer in larger populations across different regions with a
variety of dietary habits. Not only FADS1 expression, but also certain SNPs of FADS1, such as
rs174549, rs174548, and rs174550 have been identified as independent and favorable factors in
predicting oral, lung cancer, colorectal cancer, and laryngeal squamous cell carcinoma progression

[47-50].



1.4. D5D Regulates Cancer Progression via Mediating Prostaglandin E2 (PGE-2)
Production

The role of fatty acid metabolism in cancer has been extensively studied as fatty acids could
serve as an alternative fuel for providing energy to support cancer cell growth and proliferation
[51]. However, fatty acids also contribute to tumorigenesis by mediating various signaling
pathways. D5D is a rate-limiting enzyme that catalyzes the formation of AA/EPA from
DGLA/ETA [21]. The newly formed AA could be continuously transformed to PGE, by COX and
PGE synthase in cancer cells [31]. As the most abundant prostaglandin, PGE> has been identified
that is involved in many aspects of tumorigenesis [52]. COX-2/PGE; axis contributes to the
formation of the inflammatory microenvironment in the tumor, resulting in proliferation, invasion,
epithelial-mesenchymal transition (EMT), cancer cell stemness, and inhibition of apoptosis via
autocrine and paracrine regulation (Scheme 2) [52,53]. Therefore, to explore the mechanism of
PGE> on cancer progression, it is necessary to consider the tumor microenvironment and the
function of non-cancer cells. For example, in macrophages, PGE activates the EP4 receptor,
leading to M2 polarization. M2 macrophage further promotes the secretion of vascular epithelial
growth factors (VEGFSs) and accelerates tumor growth [54]. Moreover, PGE2 promotes migration
and stromal formation by regulating EP2/4 signaling in cancer-associated fibroblasts [55]. Tumor
growth and migration are also depending on angiogenesis for transporting energy and chemical
signals. The activation of PGE>-EP2/4 could promote angiogenesis through CXCR4 and
upregulation of Src [56,57]. Additionally, Orail has recently been identified as one of the
downstream molecules of the EP4/PI3K pathway, which is responding to PGE2-induced cancer
cell migration [58]. Taken together, PGE2 may serve as a hub of communication in D5D-mediated

cancer progression.



In breast cancer cells, DNA methyltransferase 3B (DNMT3B) can be induced by PGE..
However, the addition of the PGE> receptor antagonist (AH-6809) reverses the change of
DNMT3B. This DNMT3B enzyme plays a key role in DNA methylation, which is a significant
epigenetic change in tumors and metastatic sites [59]. Moreover, reducing PGE; could further
activate the CD8" T cells, preventing breast tumor growth. Therefore, inhibition of PGE, by COX-
2 inhibitors (etodolac and meloxicam) and natural compound sulforaphane appears to be a
promising supplementary therapy to combine with doxorubicin on breast cancer development [60].

Given the vital role of inflammation in cancer, the over-activation of the COX-2/PGE2
pathway has been reported that could upregulate the protein expression of phospho- NF-xB p65.
However, AH6809 and BAY11-7082 (kB kinase inhibitor) suppress the NF-kB pathway, resulting
in less invasion and proliferation in ovarian cancer cells [61]. Additionally, another study indicated
that myeloid-derived suppressor cells (MDSCs) are also involved in PGE2-mediated ovarian
cancer progression by promoting programmed death-ligand 1 (PD-L1) expression and cancer
stemness [62]. More studies investigated the relationship of MDSCs and the NF-xB/COX-2/PGE;
axis in colorectal carcinogenesis. Yan et al. found that PGE2 promotes tumor growth through
deteriorating the immunosuppressive activity of MDSCs. In the colorectal tumor
microenvironment, MDSCs act as the bridge that connecting tumor cells and other immune cells
via receptor-interacting protein kinase 3 (RIPK3)-PGE: circuit, resulting in immunosuppression
and tumor cell proliferation [63]. Not only inhibition of the immune system, but a recent study
also revealed that PGE> could promote colorectal cancer progression by upregulation of miRNA
675-5p (MiR675-5p) [64]. By using RNA-ChIP assays, Cen et al. identified that p53 is the
downstream target of miR675-5p. PGE; activates Akt/NF-xB/p-catenin pathway, upregulating the

expression of Myc, resulting in the expression of miR675-5p in LS174T colorectal cancer cells.
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miR675-5p further binds to TP53 mRNA, decreasing p53 expression [64]. To verify this
mechanism in vivo, researchers injected p53 depleted cells into the colorectal cancer orthotopic
model in NSG mice. It has been shown that PGE: treatment results in tumor metastasis almost at
the same level as the effect of p53 depletion, implicating the role of miR675-5p in PGE2-mediated
colorectal cancer development [64]. Besides miR675-5p, other miRNAs and molecules, such as
miR-370-3p, miR-206, miR-146a, syntenin-1 also could regulate PGE. production and
inactivation in colorectal cancer [65-67]. The increased PGE: in cancer cells could further trigger
a positive activation loop of YAP1/COX-2/EP4, resulting in colorectal cancer cell proliferation
and polyp formation [68]. Another miRNA miR-194-5p has been found that could improve
pancreatic tumor repopulation. After radiotherapy, the dying tumor cells are a major source of
PGE_, which promotes the proliferation of tumor repopulating cells. Aspirin could block the
generation of exosomal miR-194-5p via inhibiting the production of PGE> in dying pancreatic
tumor cells [69]. Additionally, MDSCs infiltration is one of the pathological features of bladder
cancer. Prima et al. demonstrated that the COX-2/microsomal prostaglandin E synthasel
(mPGESL)/PGE; pathway could promote the expression of programmed death-ligand 1 (PD-L1)
in MDSCs. This mechanism helps the bladder cancer cells being attacked by the immune system.
However, the treatment of celecoxib and CAY10526 (mPGES1 inhibitor) suppresses PD-L1
expression in myeloid cells. Interestingly, overexpression of 15-hydroxyprostaglandin
dehydrogenase (15-PGDH) also inhibits PD-L1 expression through converting PGE: to inactive
form 15-keto PGE; [70].

Despite the importance of PGE> synthesis in cancer, the interrelationships and relevance
of D5D expression and activity in PGE>-mediated cancer progression have remained poorly

understood. One reason is that compared to D5D, COX-2 is a more conspicuous and accessible
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target for regulating PGE: production, because the structure and function of COX-2 have been
widely studied. Many studies have demonstrated the effect and mechanism of COX-2 inhibitors
on various types of cancers in vitro and in vivo. However, clinical studies indicated that long-term
and high-dose treatment of COX-2 inhibitor is required for the PGE; inhibition in clinical practices
[71,72]. Worth noting, not only in cancer cells but also COX-2 is the key molecule regulating
inflammation and other physiological function throughout the body. Thus, the usage of COX-2
inhibitors in cancer treatment may raise safety concerns. Indeed, a significant increase in
cardiovascular side effects has been observed in the clinical study when cancer patients received
the addition of COX-2 inhibitors in the standard treatment [6]. Moreover, another study suggested
that COX-2 inhibitors failed to improve the overall and progression-free survival in cancer patients
irrespective of COX-2 expression in tumors [73]. Therefore, continued research into upstream
molecules of COX-2/PGE: pathways, such as D5D could help us to better understand the role of
fatty acid metabolism in cancer progression and to overcome the limitation of COX-2 inhibitors.
1.5. D5D Regulates Cancer Progression through Activating Ferroptosis
Ferroptosis is the iron-dependent manner of cell death and regulated by lipid peroxidation
in many types of cells, including cancer cells. Studies suggested that induction of ferroptosis could
inhibit cancer development and enhance the efficacy of chemotherapy, targeted therapy, and
radiotherapy [74]. The contribution of D5D and lipid peroxidation to ferroptosis has been recently
explored in cancer cells. The differential expression of D5D has been observed between intestinal-
type and mesenchymal-type gastric cancer cells. By knocking out the D5D gene or using small
molecule D5D inhibitor CP-24879, researchers have demonstrated that the expression and activity
of D5D are positively correlated with the ferroptosis sensitivity of gastric cancer cells. Indeed,

inhibition of D5D diminishes the glutathione peroxidase 4 (GPX4) inhibitor RSL3-induced
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ferroptosis in YCC-16 gastric cancer cells. However, the addition of AA to D5D depleted gastric
cancer cells could reverse the effect of D5D inhibition, restoring the ferroptosis sensitivity of
cancer cells. Not only D5D but also fatty acid elongase 5 (ELOVLD5) is essential for ferroptosis.
During n-6 PUFA synthesis, ELOVL5 catalyzes gamma-linolenic acid to DGLA, which is the
substrate of D5D. Inhibition of ELOVLS5 decreases the sensitivity of cancer cells to ferroptosis.
However, the addition of exogenous D5D substrate (DGLA) triggers cell death via activating the
ferroptosis pathway in fibrosarcoma cells. Worth noting, this phenomenon has been observed in
cells treated with a high dose of DGLA (500 uM), whereas low dose (less than 250 M) appears
no anti-cancer effect in vitro. Therefore, D5D may serve as a central checkpoint in ferroptosis via

manipulating PUFA synthesis [75].
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Scheme 2. Delta-5 desaturase (D5D) regulates cancer progression via mediating arachidonic acid
(AA) and prostaglandin E2 (PGE2) production. (Reprint from L. Pang, H. Shah, Y. Xu, S. Qian,
Delta-5-desaturase: A novel therapeutic target for cancer management, Translational Oncology
14:11 (2021) 101207, under the terms of the Creative Commons CC BY license).
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1.6. Inhibition of D5D as a New Strategy for Cancer Treatment

Since D5D is an independent prognostic biomarker in many types of cancers, targeting
D5D seems like a promising alternative strategy for cancer therapy. By transfecting laryngeal
cancer cells with lentivirus vector with FADS1 shRNA, Zhao et al. found that D5D knockdown
inhibited cancer cell proliferation and migration. Additionally, D5D knocking down cells also
exhibit the prolonged G1 phase and more apoptosis, indicating that inhibition of D5D expression
could suppress laryngeal cancer cell growth. The microarray assay and protein-protein interaction
network indicate that the effect of D5D knocking down may be associated with the AKT/mTOR
pathway. The activation of AKT, mTOR, and S6K1 are decreased in D5D knocking down
laryngeal cancer cells and xenograft tumor tissues in nude mice. It is plausible that FADS1
silencing reduces the production and activation of AA/PGE2/EPs, leading to inactivation of the
AKT/mTOR pathway and cancer cell death [28].

Not only inhibition of PGE> generation, but suppression of D5D may also trigger free
radical reactions by reprogramming COX-2-catalyzed DGLA peroxidation (Scheme 3). Xiao et al.
identified a series of free radicals from DGLA peroxidation by LC/ESR/MS with a-(4-Pyridyl 1-
oxide)-N-tert-butylnitrone (POBN), which is a spin trap for stabilizing free radicals. Two unique
free radicals (POBN adducts) have been identified from DGLA/COX-2 C-8 oxygenation, POBN/
"C7H1302 (m/z 324) and POBN/ "CgH1503 (m/z 354). These two free radicals appear exclusively
in DGLA peroxidation, but not AA peroxidation, indicating that alternative downstream pathways
of DGLA are existing rather than the AA/PGE: pathway [76]. Gu et al. further improved the spin
trapping/solid-phase extraction approach and investigated the association between these two free
radicals and colon cancer cell growth. In a cellular environment, *C7H130, and "CgH1503 could

immediately capture hydrogen to form corresponding derivates, heptanoic acid, and 8-HOA. MTS
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assay and cell cycle analysis suggest that 8-HOA could decrease the cell viability and delay the G
phase of HCA-7 colon cancer cells. However, heptanoic acid did not affect the cancer cell cycle
and proliferation [77]. To better understand the role of DGLA-derived free radicals in cancer, Xu
et al. assessed the apoptosis of HCA-7 colon cancer cells treated with 8-HOA or hexanol. 8-HOA
(1 uM) significantly induced apoptosis in colon cancer cells by regulating the protein expression
of p53 and procaspase-9. However, the effect of other DGLA’s free radical derivatives (hexanol
and heptanoic acid) on apoptosis is modest. Moreover, 8-HOA also drops the IC50 of fluorouracil
(5-FU) on HCA-7 cells from 1 mM to 0.5 mM, indicating that 8-HOA may serve as the
supplementary treatment for chemotherapy [13]. Moreover, Yang et al. found that 8-HOA also
could suppress the BxPC-3 pancreatic cancer cell proliferation and promote apoptosis.
Additionally, the wound healing assay suggested that 8-HOA could inhibit the migration of HCA-
7 and BxPC-3 cancer cells. The addition of 8-HOA significantly improved the efficacy of
gemcitabine (first-line chemo) on inhibiting pancreatic cancer cell growth. Interestingly, the
increased protein expression of acetyl-histone H3 has been observed in both colon and pancreatic
cancer cells treated with 8-HOA, indicating that histone deacetylase (HDAC) may act as the
downstream effector of 8-HOA [11]. Additionally, the HDAC activity response curve to 8-HOA
has been established on A549 lung cancer cells [78]. A similar effect of 8-HOA also has been
observed on breast cancer cells (MDA-MB 231 and 4T1) [79]. Therefore, it is reasonable to believe
that 8-HOA is a broad-spectrum antitumor agent that regulating many aspects of cancer
progression.

However, it has been observed in the above-mentioned studies that the treatment of 8-HOA
alone without combination with other chemotherapies only can result in less than 30% of inhibition

of cancer cell growth. One possible reason is that the effect of exogenous 8-HOA cannot fully
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represent the effect of endogenous 8-HOA, which is derived from "CgH1503 [76]. Although the
free radical form of 8-HOA ("CgH1503) is transient in the cellular environment, it may still provide
additional cytotoxicity rather than the derivate form of 8-HOA (CsH1603). However, in normal
cellular conditions, the free radical form of 8-HOA (*CgH1503) is not the main product of DGLA,
which is more likely to be converted to AA by D5D. To enforce the generation of 8-HOA, Xu et
al. knocked down D5D in HCA-7 cells by siRNA transfection. The DGLA consumption is
significantly slower in D5D knockdown cells compared to cells with full D5D expression. After
48 h of the transfection, the 8-HOA level increased from ~0.3 uM to more than 0.8 uM, indicating
the activation of the DGLA/8-HOA pathway. It has been observed that supplementation of DGLA
(100 uM) to D5D knockdown cells could activate p53-dependent apoptosis and enhance the effect
of 5-FU, irinotecan, and regorafenib [80]. A similar effect of sSiRNA-based D5D knockdown has
also been found in pancreatic and breast cancer cells [15,81]. By cross-comparison of all these
studies, among three cancer types, breast cancer cells (4T1 and MDA-MB 231) generated more 8-
HOA (~1.2 uM) after 48 h of transfection than 8-HOA in colon and pancreatic cancer cells (~0.8
uM). However, the difference between the effect of DSD siRNA on breast, colon, and pancreatic
cancer cells is minimal. Interestingly, an in vitro threshold of endogenous 8-HOA level (0.5 uM)
has been identified in these studies. No matter colon, pancreatic, or breast cancer cells, the effect
of D5D knockdown only can be elicited if the threshold (0.5 uM 8-HOA) is achieved [15,80,81].
Therefore, it is plausible that the long-term exposure of 8-HOA may provide a bonus benefit than
a high concentration but in a short exposure time. This phenomenon may also explain why a high
concentration of exogenous 8-HOA appears a lower efficacy than DGLA-derived 8-HOA.
Despite siRNA transfection has high efficiency on D5D knocking down, the off-target

effect and stability are still the major concerns of siRNA-based drugs, especially in animal models
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and patients [18]. To ensure the continuous generation of 8-HOA, Yang et al. established the stable
D5D knockdown cancer cells using shRNA transfection. Supplementation of DGLA to D5D
shRNA transfected BxPC-3 and HCA-7 cancer cells inhibit the protein expression of matrix
metallopeptidase 2 and 9 (MMP2/9), which are key enzymes for degradation of type IV collagen,
extracellular matrix, and basement membrane, resulting in suppression of cancer cell invasion [11].
Additionally, knocking down D5D triggered the expression of cell adhesion protein E-cadherin
but decreased the expression of structural protein vimentin and snail, which are critical proteins
for EMT during cancer metastasis [79]. Not only exogenous 8-HOA, but DGLA-derived 8-HOA
also enhanced the inhibitory effect of gemcitabine and 5-FU on pancreatic and colon cancer cells
possibly through co-regulating transcriptional activation of genes in cancer metastasis pathways
[11]. Furthermore, the in vivo study has demonstrated that ShRNA transfected tumor tissues only
have about a half expression of D5D compared to mice bearing wild-type tumors. Lacking D5D
expression limited the AA generation but significantly improved the 8-HOA production from ~0.1
to ~0.5 pg/g in tumor tissues. Consequently, about 26% tumor size reduction has been observed
in nude mice with D5D knocking down tumors [10].

Not only genetically knocking down, but small molecule D5D inhibitor may also hold
promise for cancer treatment. However, classical D5D inhibitors, such as sesame, curcumin, and
CP-24879 are lacking specificity [82-84]. Thus, even though these inhibitors showed an ideal
inhibitory effect on cancer, it is unconvincing this is exclusively resulting from D5D inhibition.
Furthermore, few selective D5D inhibitors have been identified by Takeda Pharmaceutical
Company, such as D5D-IN-326, T-3364366, and 3,5-diphenyl-4-methyl-1,3-oxazolidin-2-ones;
however, these molecules have only been evaluated in other diseases models (such as insulin

resistance, obesity, and atherosclerosis) rather than cancer [85-88]. Additionally, another molecule
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iminodibenzyl has been found as a promising D5D inhibitor that redirects COX-2 catalyzed DGLA
peroxidation to generate 8-HOA in cancer cells [89]. The slow advance of the development of
D5D inhibitors may be reasoned by 1) the missing identification of the fine crystal structure of the
D5D enzyme and 2) the difficulty to obtain D5D with high stability and activity [24]. Another
obstacle is the current methods to quantify PUFAs metabolites of D5D are laborious and time-
consuming. Thus, a faster and reliable method needs to be established for accelerating the
development of D5D inhibitors for cancer treatment. For instance, a recent study has demonstrated
a 2D nanomaterial Ti3C2 MXene-based sensor that simplified the procedures for assessing PGE>

and 8-HOA concentration in cell lysis, tumor tissues, and blood [90].
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Scheme 4. Conceptual framework. The experiments designed in the following aims we will assess
the effect of 8-hydroxyloctanoic acid (8-HOA) on A549 lung cancer in vitro (Aim 1). We will
stimulate the formation of 8-HOA from COX-2 catalyzed dihomo-y-linolenic acid (DGLA)
peroxidation via knocking down D5D (Aim 2). Finally, we will employ 3 way-junction (3WJ)
RNA nanoparticle to specifically deliver D5D siRNA to lung tumors in vivo (Aim 3).

1.7. Summary of Research Aims in Present Study

D5D is the key enzyme for regulating PUFAs synthesis. The D5D and certain SNPs
expression has been found that associated with cancer progression. In the n-6 PUFA synthesis
pathway, DGLA is catalyzed by D5D to form arachidonic acid, which is a precursor of PGE2 and
an inflammation mediator. The COX-2 catalyzed PGE: could activate EP receptors and promote
cancer cell growth and metastasis via regulating tumor microenvironment and
immunosuppression. Additionally, COX-2 could directly catalyze DGLA peroxidation, resulting
in the generation of a distinct anti-cancer free radical byproduct, 8-HOA. It has been demonstrated
that inhibition of D5D could activate the apoptosis pathway, but suppress cancer cell survival,
proliferation, migration, and invasion. All these reports suggested that D5D may serve as the
central hub and ideal target for the regulation of different aspects of cancer progression. Therefore,
continued research into targeted nanoparticle delivery systems for D5D siRNA may help elucidate
the controversial mechanisms underlying PUFAs metabolism in cancer and may aid the
development of D5D siRNA-based therapeutical strategies.
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To further improve the efficiency of the D5D knocking down approach, in this study, we
hypothesized that targeted 3WJ RNA nanoparticles could specifically deliver the D5D siRNA to
the lung tumor region. Unlike other nanoparticles, RNA nanoparticle does not encapsulate the
drug/siRNA in the center; however, all the therapeutical SIRNA/mMiRNA are directly conjugated
on the branches of the RNA nanoparticle core. We believe that 3WJ RNA nanoparticles could
significantly increase the 8-HOA production, resulting in lung tumor reduction. Moreover, we will
explore the targeting efficiency and safety of 3WJ RNA nanoparticles in lung cancer by comparing
the internalization and effect of this nanoparticle in cancer cells versus in normal cells. To test
these hypotheses, we aimed to 1) determine the role of DGLA-derived free radical byproduct (8-
HOA) in lung cancer, 2) promote the formation of 8-HOA from COX-2-catalyzed DGLA
peroxidation via knockdown of D5D in NSCLC cells to suppress cancer cell growth, 3) evaluate
in vivo therapeutic outcomes of DGLA supplementation and siRNA molecules delivered via 3WJ-
RNA nanoparticles in mouse models (Scheme 4). We expect that this novel RNA nanoparticle-
based therapy will not only suppress tumor growth and cancer development effectively but also
avoid the side effects. Our strategy should also generate a much more effective and safer outcome
in lung cancer treatment versus the classic COX-2 inhibition strategy, as cancer cells and tumors
not only express much higher COX-2 levels but also have a greater need for and much higher

uptake rate of fatty acids during their growth.
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2. METHODS AND MATERIALS
2.1. Cell Lines and Culture Information

All cell lines were acquired from American Type Culture Collection (ATCC). A549
(CRM-CCL-185™) and H1299 (CRL-5803™) are human lung carcinoma cells. BEAS-2B (CRL-
9609™) is a human normal lung epithelial cell. In a biosafety level-2 (BSL-2) lab, cells were
individually cultured in HyClone™ Classical Liquid Media, Dulbecco’s Modified Eagles Medium
(DMEM) with 10% HyClone™ Defined Fetal Bovine Serum (FBS) in cell culture flasks with vent
cap from Corning with 5% CO- at 37°C in a suitable incubator. For subculture, cells were washed
with Dulbecco's phosphate-buffered saline (DPBS). Trypsin was incubated with cells in the
incubator till releasing adherent cells from the tissue culture flask. Trypsinization was stopped by
adding DMEM 10% FBS media to the flask. Cells and media were collected and transferred into
a 15 mL tube for centrifuge at 2000 rpm for 10 min. The cell pellet was resuspended in fresh cell
culture media and transferred into a new flask or plates for further experiments.

2.2. Chemical and Reagents

2.2.1. Chemical and Materials

Analytical standard grades of AA-ds, AA, DGLA, and DGLA-ds were purchased from
Cayman Chemical (MI, USA). The Costar transwell chamber with the non-coated membrane (6.5
mm insert and 24 well plate 8.0 um polycarbonate membrane) was purchased from Corning Life
Sciences. SampliQ Silica C18 ODS reverse phase SPE cartridge was bought from Agilent
Technology (CA, USA). For in vivo treatment, DGLA ethyl ester (0531920-3) was purchased from
Cayman Chemical (MI, USA). Cell culture multiwell microplates (6, 12, 24, and 96 wells, sterile
with clear flat bottoms) were collected from Santa Cruz Biotechnology. Pipette tips in sterile racks

(20, 200, and 1000 uL) and serological pipettes (individually wrapped and bulk) were purchased
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from Santa Cruz Biotechnology. Automated cell counters, Countess™ cell counting chamber
slides, and trypan blue stain (0.4%) were bought from Thermo Fisher Scientific (MA, USA).
Sodium phosphate, sodium phosphate dibasic, ethyl acetate, and sodium phosphate tribasic were
purchased from Mallinckrodt Pharmaceuticals. Cis-diamineplatinum dichloride (cisplatin), 2-
mercaptoethanol, potassium phosphate dibasic, potassium phosphate monobasic, triton-100X, and
8-hydroxyoctanoic acid, were purchased from Sigma-Aldrich. Acetonitrile, water, methanol,
dichloromethane, and acetone were purchased from EMD Millipore. Acetic acid, calcium chloride,
potassium chloride, and calcium phosphate were obtained from Fisher Scientific. Chloroform was
purchased from J.T.Baker. Crystal violet and dimethyl sulfoxide (DMSO) were acquired from Alfa
Aesar. Dry milk (powder) was purchased from Santa Cruz Biotechnology. Sodium dodecyl sulfate
(SDS) was purchased from Bio-Rad Laboratories. Sodium chloride, tween-20, and
tris(hydroxymethyl)aminomethane (TRIS, Trometamol) were purchased from VWR International.
X-ray-film was acquired from Phoenix Research Product. Chemicals not noted were purchased
from Sigma-Aldrich.
2.2.2. Biological Reagents

D5D-targeted siRNA, Lipofectamine™ RNAiIMAX transfection reagent, MEM reduced
serum medium, and Negative Control siRNA was purchased from Thermo Fisher Scientific Inc
(MA, USA). RIPA lysis buffer was purchased from Thermo Fisher Scientific (MA, USA). Fetal
bovine serum (FBS) and Dulbecco's Modified Eagle's Medium (DMEM) were obtained from
Hyclone Laboratories (GE Healthcare, IL, USA). Trypsin EDTA 1X 0,05% Trypsin/0,53 mM
EDTA in HBSS with sodium bicarbonate (without calcium and magnesium) were purchased from
Corning. PVDF transfer membrane (0.2 um), extra thick western blotting filter paper, Novex 10%

zymogram plus gelatin gel, and Pierce BCA protein assay kit were acquired from Thermo Fisher
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Scientific (MA, USA). Spin-X UF 6 10K MWCO PES concentrator was purchased from Corning.
Coomassie brilliant blue R-250 staining solution, 10X zymogram renaturation buffer, 10X
Zymogram development buffer, mini-PROTEAN TGX stain-free gels (4-20%, 10-well comb),
30% acrylamide/bis solution (29:1), transfer-blot turbo 5X transfer buffer, and 4X laemmli sample
buffer was bought from Bio-Rad. Quick-RNA MinPrep was purchased from ZYMO Research.
Safe-Green 2X PCR Bestaq MasterMix and OneScript cDNA synthesis kit were purchased from
Applied Biological Materials Inc. For immunofluorescence staining, primary antibodies (YAP1,
TAZ, D5D, COX-2, MMP-2, E-cadherin, cleaved-PARP, and Ki-67), Alexa fluor-conjugated
secondary antibodies (Alexa 647 and Alexa 488), and Phalloidin-iFluor 488 Reagent were
acquired from Abcam (MA, USA). Fluoro-Gel Il with DAPI was obtained from Electron
Microscopy Sciences (PA, USA). For Western analysis, primary antibodies for Bax, p53, Bcl-2,
cleaved PARP, procaspase-9, procaspase-3, Acetyl-Histone H3 (Lys9) (C5B11), and B-actin were
bought from Cell Signaling (MA, USA). CTGF (E-5), Cyr61 (A-10), Histone H3 (1G1) antibodies
were purchased from Santa Cruz Biotechnology (TX, USA). IRDye 800 CW Goat anti-Rabbit or
anti-Mouse 1gG Secondary Antibodies were purchased from LI-COR Biosciences (NE, USA).
Thiazolyl Blue tetrazolium bromide (MTT) was obtained from Alfa Aesar (MA, USA). The 3WJ-
EpCAM-Alexa 647 nanoparticle was acquired from ExonanoRNA (Columbus, OH, USA).
Phosphoramidites and synthesizer reagents for the synthesis of 3WJ-EpCAM-D5D siRNA
nanoparticles were obtained from Glen Research (USA). Histone deacetylase (HDAC), histone
acetyltransferase (HAT), lactate dehydrogenase (LDH), and sirtuins activity colorimetric assay
kits were purchased from BioVision. Annexin V detection kit was purchased from BD
Pharmingen. Human FADS1 primers (FWD: 5°-GTC CTA AGG CAT GTT GGG ATA G-3’;

REV: 5°-GGA CTT GGT CTT GGC TCA ATA G-3’) and human S16 primers (FWD: 5’-CAA
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TGG TCT CAT CAA GGT GAA CGG-3’; REV: 5°-CTG GAT AGC ATA AAT CTG GGC-3°)
were purchased from Integrated DNA Technologies. Kinetic Apoptosis Kit (Microscopy) was
purchased from Abcam.
2.3. Synthesis of 3WJ RNA Nanoparticles

The 3WJ-EpCAM-Alexa 647 nanoparticle (with targeting and imaging module) was
acquired from ExonanoRNA to evaluate cellular binding, internalization, and in vivo
biodistribution of RNA nanoparticles. 3WJ-EpCAM nanoparticle (only with targeting module, as
the vehicle) and 3WJ-EpCAM-D5D siRNA nanoparticle (with D5D siRNA) were synthesized as
described in the previous study [91]. The 3WJa D5D siRNA sense strand (5'-uuG ccA uGu GuA
UGU GGG uuA cAu cAu ccA cuc Acu AAA tt —3') and antisense strand (5'-UUU AGU GAG UGG
AUG AUG UCG-3") was purchased from TriLink BioTechnologies (San Diego, CA, USA). Note,
the lowercase letters in sequences represent 2°-F modified nucleotides. Assembly of 3WJs was
performed by mixing corresponding strands at the equimolar molar concentration in TES buffer
(10 mM TRIS pH=7.5, 50 mM NaCl, 1 mM EDTA) and annealing at 85 °C for 5 min followed by
slow cooling to 4 °C over about 50 min. 3WJ nanoparticle formation was confirmed on a 12%
native PAGE in TBE running buffer (89 mM Tris, 200 mM boric acid, and 5 mM MgCI2). Gels
were stained with ethidium bromide (EtBr) followed by imaging by Typhoon FLA 7000 (GE
Healthcare).

2.4. siRNA Transfection

D5D siRNA (Silencer Select validated siRNA) transfection was conducted on A549 cells
as described in our previous study [12]. Briefly, 3 x 10° A549 cells were seeded into each well of
a 6-well plate for overnight incubation. The DMEM cell culture medium was removed, and cells

were washed with phosphate buffer saline (PBS) solution. Transfection mixture containing D5D
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siRNA (150 nM) and Lipofectamine™ RNAiIMAX transfection reagent (6 uL) were treated to
A549 cells for 6 h with 500 puL of GlutaMAX Opt-MEM reduced serum media. After incubation,
the reduced serum media was replaced by DMEM with 10% (v/v) FBS. At 12 h, 24 h, and 48 h,
the transfected A549 cells were collected to verify the knockdown efficiency of D5D siRNA by
using Western and immunofluorescence analysis. The appropriate post-transfection time was
determined by comparing the D5D expression at different time points. D5D siRNA transfected
Ab549 cells were ready for further treatments and experiments. A549 cells transfected with negative
control siRNA were used as the vehicle group.
2.5. Xenograft Lung Tumor Model

Six-week-old nude mice (nu/nu) purchased from The Jackson Laboratory were used to
investigate the in vivo effect of 3WJ-EpCAM-D5D siRNA nanoparticle on lung tumors. All the
animal experiments in this study were approved by the Institutional Animal Care and Use
Committees at North Dakota State University (#A19047). Nude mice were acclimated to the
animal house for a week upon arriving. Before the in vivo study, A549 cells were shipped to
IDEXX BioResearch for IMPACT rodent pathogen testing as required of the Institutional Animal
Care and Use Committees (IACUC) at North Dakota State University. 2 x 10° A549 cells in 50
uL DMEM media (no FBS) were injected into the hind flank (subcutaneous) of each nude mouse.
The nude mice were randomly assigned into different treatment groups (n=6), including the
Vehicle group (treated with the same volume of the 3WJ-EpCAM RNA nanoparticles), DGLA
group (5 mg/mouse, oral gavage, 20ga polypropylene feeding tubes, every day), 3WJ-EpCAM-
D5D siRNA nanoparticle group (intravenous injection, twice a week, 20 uM in 50 pL PBS), and

DGLA+ 3WJ-EpCAM-D5D siRNA nanoparticle group [10]. All the treatments were last for 4
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weeks. Organs, tumors, and blood were collected after euthanasia. All the samples were
immediately used for testing or storing in -80 °C freezer.
2.6. MTT Cell Viability Assay

The cell viability was determined by MTT assay. The cells were seeded at 8000 cells per
well (in 100 uL medium) into 96-well plates and overnight incubation was done. To evaluate the
effect of 8-HOA in vitro, we treated cells with 0.01, 0.1, 1, 10, 100 uM 8-HOA for 6, 12, 24, or
48 h. To investigate synergy effect between 8-HOA and cisplatin, cells were treated with 0.35, 0.5,
1, 15, 50, 100 uM 8-HOA and/or 0.35, 0.75, 1.5, 15, 50, 100 uM cisplatin for 48 h. To evaluate
the in vitro effect of RNA nanoparticles, The 3WJ-EpCAM-D5D siRNA nanoparticle (1, 10, 100,
or 1000 nM) and/or DGLA (100 uM) were treated to each well for 48 h. The vehicle group was
treated with the same volume of the 3WJ-EpCAM nanoparticle. After treatment, each sample was
received 10 pL 0.5% (w/v) MTT and incubated for 4 h in a cell culture incubator. The supernatant
of each well was replaced with 100 uL. DMSO to dissolve the crystal and determining absorbance
at 570/650 nm. The cell viability of the treatment group was normalized by the absorbance in the
vehicle group.

2.7. Colony Formation Assay

To evaluate the effect of 8-HOA on cell survival, we seeded 1000 cells to each well of a 6-
wells plate. Cells were treated with 8-HOA (0.5 or 1 uM) and/or cisplatin (0.75 or 1.5 uM) for 48
h. After 48 h of 8-HOA and cisplatin treatment, cells were washed with PBS and incubated with
fresh DMEM containing 10% (v/v) FBS for 10 days to allow for the formation of colonies. The
plate was washed with 3 times PBS. The plate was fixed with 10% Neutral buffered formalin
(NBF) for 15 min. After crystal violet staining (0.25% crystal violet in PBS for 30 min), the

colonies of cells in each well of 6-well plates were counted by ImageJ (NIH, Bethesda, MD, USA).
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The survival fraction was calculated by the equation: the number of colonies in the treatment group
divided by the number of colonies in the vehicle group. To evaluate the effect of D5D siRNA
transfection on cell survival, the negative control siRNA (NC-si) and D5D siRNA (D5D-KD)
transfected A549 cells were trypsinized and seeded into the new 6-wells plates at the density of
1,000 cells per well. Cells were randomly assigned into 4 different groups, including the NC-si
group (transfected with negative control siRNA), NC-si+ DGLA group (transfected with negative
control siRNA and treated with 100 uM DGLA), D5D-KD group (transfected with D5D siRNA),
and D5D-KD+ DGLA group (transfected with D5D siRNA and treated with 100 uM DGLA).
After 48 h of DGLA treatment, cells were washed with PBS and fresh DMEM with 10% (v/v)
FBS was added for 10 days to allow the formation of colonies. After crystal violet staining, the
colonies of cells in each well of 6-wells plates were counted by ImageJ (NIH, Bethesda, MD,
USA). The survival fraction was calculated by the equation: the number of colonies in the
treatment group divided by the number of colonies in the NC-si group [15]. To evaluate the effect
of RNA nanoparticles on cell survival, we seeded 1000 cells to each well of a 6-wells plate. Cells
were treated with 3WJ-EpCAM RNA nanoparticle (100 nM, as the vehicle), 3WJ-EpCAM-D5D
SiRNA nanoparticle (100 nM), and/or DGLA (100 uM) for 48 h. After 48 h, cells were washed
with PBS. The fresh DMEM with 10% (v/v) FBS was added to each well for 10 days to allow the
formation of colonies. After crystal violet staining, the colonies of cells in each well of 6-wells
plates were counted by ImageJ (NIH, Bethesda, MD, USA). The survival fraction was calculated
by the equation: the number of colonies in the treatment group divided by the number of colonies

in the vehicle group.
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2.8. Transwell Migration Assay

The Costar transwell chamber with the non-coated membrane (6.5 mm insert and 24 well
plate 8.0 um polycarbonate membrane) was purchased from Corning Life Sciences. To evaluate
the effect of 8-HOA on cell migration, cells were treated with 8-HOA (1 uM) and/or cisplatin (1.5
uM) for 48 h. To evaluate the effect of D5D siRNA transfection, cells were incubated with negative
control sSiRNA or D5D siRNA for 6 h as mentioned in the method of siRNA transfection. We
replaced media with fresh DMEM with or without DGLA (100 uM) for 48 h. After treatment, each
group of cells was trypsinized and collected into a separate vial. About 5 x 10* A549 cells from
each group were seeded into the insert with DMEM and 10% (v/v) FBS overnight. The medium
was replaced by the fresh DMEM (FBS-free) in the insert, DMEM with 10% (v/v) FBS in the
lower chamber. After 48 h of incubation, the A549 cells were fixed with neutral buffered formalin
solution and stained with crystal violet solution as described in the previous study [92]. The
migrated cells on the lower surface of the insert were observed and counted in the inverted
microscopy (Lecia Microsystems Model DMi8). The percentage of relative migration rate was
calculated by the equation: the number of migrated cells in the treatment group divided by the
number of migrated cells in the NC-si group [15].

2.9. Wound Healing Assay

About 3 x 10° cells were seeded into 6 wells plates overnight. The wound was made by
scratching with a sterile pipette. Each well was washed with PBS to clear dislodged cells and
replaced by the fresh DMED with 1% (v/v) FBS as described in the previous study [92]. To
evaluate the effect of 8-HOA on cell migration, cells were treated with 8-HOA (1 uM) and/or
cisplatin (1.5 uM) for 48 h. To evaluate the effect of D5D inhibition on cell migration, cells were

transfected with NC-si or D5D siRNA with/without DGLA. The wound area of each well was
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measured by using ImagelJ at 0, 24, and 48 h of post-treatment, respectively. The migrated size of
each well was calculated by the equation: the wound area at 24, or 48 h minus the wound area at
0 h. The relative migration rate was normalized by the wound area at 0 h. The smaller wound is
representing a higher migration ability of cells in this treatment group.
2.10. Annexin V Detection Kit

The cell apoptosis was evaluated by flow cytometry using FITC Annexin V Apoptosis
Detection Kit (556547, BD Pharmingen). Briefly, 3 x 10° cells were seeded into each well of 6
well plates overnight. To evaluate the effect of 8-HOA on cell apoptosis, cells were treated with
8-HOA (1 uM) and/or cisplatin (1.5 uM) for 48 h. To evaluate the effect of D5D inhibition on cell
apoptosis, cells were transfected with NC-si or D5D siRNA with/without DGLA. Cells were
harvested by trypsinization and washed with PBS. After centrifugation, 1 x 10° cells of each
sample were resuspended in 100 puL binding buffer and incubated with 5 pL FITC Annexin V and
5 uL propidium iodide (PI) solution for 15 min in the dark. The samples were analyzed in Accuri
C6 flow cytometry as previously described [12].

2.11. Flow Cytometry for Nanoparticle Binding

About 3 x 10° cells were trypsinized and washed with PBS. After centrifugation, A549
cells were resuspended in the PBS solution or 100 nM 3WJ-EpCAM-Alexa 647 nanoparticle (in
100 uLL PBS) solution. A549 cells were incubated at 37°C for 2 h. After incubation, cells were
washed and resuspended in PBS, followed by flow cytometry analysis (BD Accuri C6 Flow
Cytometer) of Alexa 647 intensity [91]. The population of control cells was represented as a blue
peak. The red peak represented the cell population with the treatment of the 3WJ-EpCAM-Alexa

647 nanoparticle.
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2.12. Live Imaging Kinetic Apoptosis Assay

About 1 x 10 cells were seeded into 12 wells plate. Cells were treated with 8-HOA (1 uM)
and/or cisplatin (1.5 uM) with fresh DMEM cell culture media (10% FBS). Simultaneously, we
added 10 pL/mL Polarity Sensitive Indicator of Viability & Apoptosis (pSIVA-IANBD) and 10
uL/mL PI to each well in a dark cell culture cabinet. The plate was incubated in the Lionheart FX
Automated Microscope for observation during 48 h with 5% COz at 37 °C. The number of total
cells and the number of pSIVA positive cells (in green) were recorded at each time point. The
apoptosis-positive rate was determined by the number of pSIVA positive cells versus the number
of total cells.

2.13. Western Analysis

Protein from cells was collected by scratching off the cells from plates with RIPA Buffer
(mixed with protease and phosphatase inhibitor cocktail) on the ice. The protein concentration of
each sample solution was determined by using Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific) as the instruction. Briefly, 5 pL protein samples and 20 pL RIPA buffer were added to
each well of the 96-wells plate. The standard curve was made with diluted albumin (BSA) as the
instruction in the manual of the BCA Protein Assay Kit. The working solution was prepared by
mixing solution A with solution B (50:1). We added 200 uL working solution to each well of the
96-wells plate and mixed it thoroughly on a plate shaker for 30 s. We covered the plate and
incubated it for 30 min at 37 °C. The plate was cooled down in a shaker. The absorbance was
measured at 562 nm on a plate reader. The protein concentration was calculated by plotting sample
readings into a standard curve. Each sample (containing 80 g protein) was loaded onto a well of
4-15% Mini-PROTEAN TGX Stain-Free Gels (Bio-Rad Laboratories) for electrophoresis at a

constant voltage of 80 V. The proteins were transferred to the 0.2 um PVDF Transfer Membrane
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(Thermo Fisher Scientific) in the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories) in a
30 min standard program as the instruction manual. After blocking by 5% non-fat dry milk, the
PVDF membrane was incubated with primary antibodies overnight at 4°C and followed with
secondary antibodies for 1 h. Protein signals were captured in a Li-Cor Odyssey XL System, and
densitometry analysis was performed by using ImageJ or Image Studio v.5.2 software. For in vivo
study, the collected tumor tissues (100 mg) were frozen in liquid nitrogen and crushed to fine
powders by mortar. The protein expression was determined as same as in vitro samples.
2.14. Histone Deacetylase (HDAC) Activity Colorimetric Assay

2.14.1. HDAC Activity in vivo

After 4 weeks of treatment with 3WJ-EpCAM-D5D siRNA nanoparticle (20 uM in 50 pL
PBS) and DGLA (5 mg/mouse), tumor tissues were harvested from the nude mice and tissue
homogenate was prepared for assessing the HDAC activity. The HDAC activity in tumor tissues
was determined by the HDAC Activity Colorimetric Assay Kit (catalog #K331-100, BioVision)
as the given protocol. About 100 ug of tissue lysate to 85 pL of water was added to each well of
the 96-wells plate. We added 10 pL 10X HDAC assay buffer and 5 uL HDAC colorimetric
substrate to each well. The plate was incubated at 37 °C for 1 h. The reaction was stopped by
adding 10 pL of lysine developer for 30 min incubation at 37 °C. The absorbances were read at
405 nm on a plate reader.
2.14.2. HDAC Activity in vitro

The dose-response curve of HDAC activity to 8-HOA was determined in vitro. About 3.0
x10° A549 cells were seeded into 6 wells plates, followed the treatment of 8-HOA in different
concentration (0.0001, 0.001, 0.01,0.05, 0.1, 0.2, 0.5, 1, 50, 315, 1000 uM) for 48 h. To evaluate

the effect of RNA nanoparticles on HDAC activity, we treated cells with 3WJ-EpCAM-D5D
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SiRNA nanoparticles (100 nM) and/or DGLA (100 uM) for 48 h. The cell lysate was prepared in
RIPA lysis buffer. The HDAC activity in each well was determined followed by the same protocol
as the quantification of HDAC activity in vivo.
2.15. Histone Acetyltransferase (HAT) Activity Colorimetric Assay

2.15.1. HAT Activity in vivo

After 4 weeks of treatment with 3WJ-EpCAM-D5D siRNA nanoparticle (20 UM in 50 pL
PBS) and DGLA (5 mg/mouse), tumor tissues were harvested from the nude mice and tissue
homogenate was prepared for assessing the HAT activity. The HAT activity in tumor tissues was
determined by the HAT Activity Colorimetric Assay Kit (catalog #K332-100, BioVision) as the
given protocol. About 50 g of tissue lysate to 40 uL of water was added to each well of the 96-
wells plate. The cocktail containing: 50 pL 2X HAT assay buffer, 5 uL HAT substrate I, 5 uL
HAT substrate 11, and 8 pL NADH generating enzyme were added to each well. The plate was
incubated at 37 °C for 2 h. The absorbances were read at 440 nm on a plate reader.
2.15.2. HAT Activity in vitro

About 3.0 x10° A549 cells were seeded into 6 wells plates, followed by the treatment of
3WJ-EpCAM-D5D siRNA nanoparticle (100 nM) and/or DGLA (100 uM) for 48 h. The cell lysate
was prepared in RIPA lysis buffer. The HAT activity in each well was determined followed by the
same protocol as the quantification of HAT activity in vivo.

2.16. Sirtuins Activity Fluorescence Assay

2.16.1. Sirtuins Activity in vivo

After 4 weeks of treatment with 3WJ-EpCAM-D5D siRNA nanoparticle (20 uM in 50 pL
PBS) and DGLA (5 mg/mouse), tumor tissues were harvested from the nude mice and tissue

homogenate was prepared for assessing the activity of the sirtuin. The sirtuins activity in tumor
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tissues was determined by the Sirtuins Activity Fluorometric Assay Kit (catalog #K324 -100,
BioVision) as the given protocol. The DTT was added to the homogenization buffer to the final
concentration of 2 mM. 200 pL of cold homogenization buffer containing protease inhibitor
cocktail to 3 x10° cells and homogenize tissues on ice. The tissue lysate was agitated on a rotary
shaker at 4 °C for 15 min. The supernatant was collected after centrifugation at 16,000 g for 20
min at 4 °C. We added 25 pL of tissue extract into the 96-wells plate. The volume of the sample
was made up to 50 puL/well with sirtuins assay buffer. The reaction mix was made with 36 pL of
sirtuins assay buffer, 2 uL of the substrate, and 2 uL NAD. We added a 40 pL reaction mix to each
sample for 60 min at 37 °C. The fluorescence was measured under Ex/Em: 400/505. The HDAC
activity can be calculated by plotting absorbance into the standard curve.
2.16.2. Sirtuins Activity in vitro

About 3.0 x10° A549 cells were seeded into 6 wells plates, followed by the treatment of
3WJ-EpCAM-D5D siRNA nanoparticle (100 nM) and/or DGLA (100 uM) for 48 h. The cell lysate
was prepared in RIPA lysis buffer. The sirtuins activity in each well was determined followed by
the same protocol as the quantification of sirtuins activity in vivo.

2.17. Lactate Dehydrogenase (LDH) Activity Colorimetric Assay

The LDH-cytotoxicity was determined by the LDH-Cytotoxicity colorimetric assay kit
(K311-400) from BioVision. About 1.5 x10* cells were seeded into 96 wells plates in the 200 uL
assay medium (DMEM with 1% BSA). The background control was prepared by adding the 200
uL assay medium into triplicate wells. The background value was subtracted from other groups.
The vehicle group was prepared by adding the 200 uL. assay medium into triplicate wells. The
positive control group was prepared by adding the 200 pL assay medium containing 1% Triton X-

100 into triplicate wells. The plate was incubated for 48 h and centrifuged at 250 g for 10 min. The
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supernatant of each well was transferred into a new 96 wells plate. The reaction mixture was added
to each well for 30 min incubation at room temperature. The absorbance was determined at 495
nm in a plate reader, 600 nm as reference. The cytotoxicity was calculated by comparing the ratio
between test sample- vehicle and positive control- vehicle.
2.18. Liquid Chromatography-Mass Spectrometry (LC-MS) for Fatty Acids Quantification

The concentration of DGLA, AA, and PGE: in cells or tumor tissues was determined by
LC/MS as described in the previous studies [12,91-93]. For the in vitro test, 3.0 x 10° cells were
seeded into each well of 6 wells plates, followed by D5D siRNA transfection or treatment of 100
nM 3WJ RNA nanoparticles. At different treatment duration (12, 24, 48 h for D5D siRNA; 48 h
for nanoparticle), cells were scratched off from the plate and collected with 1 mL of cell culture
medium. The medium was blended with 0.45 mL LC-MS grade methanol and 1.55 mL water.
After mixing with the internal standards (5.0 uL of DGLA-ds, AA-ds, and PGE>-dy for each
sample), the sample was centrifuged for separating supernatant and purified by using the solid
phase extraction (SampliQ Silica C18 ODS). The analysis system consisting of the HPLC system
(Agilent 1200 series) and LC/MSD SL ion trap mass (Agilent 6300) was used to determine DGLA,
AA, and PGE:2 concentration in the collected samples. The concentration of DGLA, AA, and PGE;
in cell samples was determined by comparing the peak areas with their internal standards. For in
vivo study, the tumor tissues were crushed in mortar after being frozen in the liquid nitrogen. 1 mL
tissue lysis was prepared for LC/MS as the same procedures as the quantification in vitro.

2.19. Gas Chromatography-Mass Spectrometry (GC-MS) for 8-HOA Quantification

For in vitro study, 3.0 x10° cells were seeded into 6 well plates, followed by siRNA

transfection or 100 nM 3WJ-EpCAM-D5D siRNA nanoparticle with 100 uM DGLA. After the

extraction and evaporation, the dry samples were reconstituted in 1.0% diisopropylethylamine in
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LC-MS grade acetonitrile and reacted with 1.0% PFB-bromide in acetonitrile for 30 min. The
acetonitrile was removed using the vacuum evaporator, residues were reconstituted by
dichloromethane for GC/MS analysis as described in the previous study [12,91-93]. Briefly, 2.0
uL of the reconstituted sample was injected into an Agilent 7890A gas chromatograph. At
25°C/min, the temperature of the GC oven is programmed from 60 to 300°C, gradually. The
injector and transfer line were kept at 280°C. Quantitative analysis was conducted by using a Mass
selective detector with a source temperature of 230°C. An extracted ion with m/z 181 (base peak
for both 8-HOA-PFB and hexanoic acid-PFB derivatives) was used to monitor the peak area of 8-
HOA and hexanoic acid derivatives. The contents of 8-HOA were determined by using the internal
standard curve of hexanoic acid (comparing the peak area to the internal standard). For in vivo
study, the collected tumor tissues were crushed in a mortar after freezing in the liquid nitrogen.
The procedures of 8-HOA quantification are the same as in vitro.
2.20. Nanoparticle Internalization Assay

A549 cells were trypsinized and seeded into each well (300 pL per well) of u-Slide 8 Well
(ibidi) with complete DMEM (10% (v/v) FBS) overnight. 200 nM of 3WJ-EpCAM-Alexa 647
nanoparticles (in 100 pL PBS) was treated to cells for 4 h. The cells were washed with a warm
PBS-Calcium solution and fixed with the neutral buffered formalin solution. Phalloidin-iFluor 488
Reagent was treated to each well for 30 min to stain the actin filaments of cells. The reagent was
removed and washed with a PBS-Calcium solution 3 times. Fluoro-Gel Il with DAPI was applied
to each well for the staining of the nucleus. The p-Slide 8 Well was observed under confocal

microscopy (LSM900 with Airyscan 2, Carl Zeiss Microscopy) [91].
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2.21. Immunofluorescence Analysis

About 5.0 x10* cells were trypsinized and seeded into each well (300 pL per well) of p-
Slide 8 Well (ibidi) with the complete DMEM (10% (v/v) FBS) overnight. After treatment of 3WJ
RNA nanoparticle or D5D siRNA transfection, cells were fixed by using 4% paraformaldehyde in
PBS pH 7.4 for 20 min. The permeabilization was conducted on p-Slide by incubating samples for
20 min with PBS containing 0.15% Triton X-100. Cells were incubated with 5% BSA for 1 h to
block the unspecific binding of antibodies. Followed by blocking, cells were incubated overnight
with primary antibodies at 4°C, followed by secondary antibodies for 1 h. Phalloidin-iFluor 488
Reagent was used to stain actin filaments. Cell nuclear was stained by DAPI. The fluorescence
images of cells were captured by LSM900 confocal microscopy with Airyscan 2 (Carl Zeiss
Microscopy). For in vivo samples, collected tumor tissues were sent to Advanced Imaging &
Microscopy Laboratory in NDSU to cut into slices for fluorescence analysis as described in the
previous study [93]. The tumor tissue images were captured with a Zeiss Axio Imager M2
microscope (20x/0.75). The relative intensity of D5D, MMP-2, and E-cadherin in tumors was
determined by using Image-Pro software (Media Cybernetics). The positive rate of Ki-67 and
cleaved PARP were illustrated as the K-i67 (or cleaved PARP-positive cells) percentages versus
the total number of counted cells [91].

2.22. gPCR Analysis

2.22.1. mRNA Extraction

About 3.0 x10° cells were seeded into 6 well plates overnight, followed by administration
of 100 nM 3WJ-EpCAM-D5D siRNA nanoparticle with 100 uM DGLA for 48 h. Cells were
washed in ice-cold PBS two times. Cells were scraped off from the plate with 1 mL PBS. The

mixture was centrifuged at 12,000 rpm for 10 min at 4 °C. The RNA was extracted by Quick-RNA
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MiniPrep (R1054&r1055) from ZOMO Research. Briefly, the pellet was resuspended in 300 puL
RNA lysis buffer and gently mixed buffer with the sample. The mixture was loaded into the spin-
away filter and centrifuged at 12,000g for 30 s. 300 uL ethanol was added into the flow-through
and mix well. The mixture was added into the Zymo-Spin IHICG column and centrifuged at
12,000g for 30 s. 400 uL. RNA wash buffer was added into the Zymo-Spin 11ICG column and
centrifuge at 12,0009 for 30 s. DNase buffer was prepared by mixing 5 uL. with 75 uL. DNA
digestion buffer. DNase buffer was added to the Zymo-Spin IHICG column for 15 min incubation
at room temperature. We discarded the waste medium in flow-through. 400 uLL. RNA prep buffer
was added to each Zymo-Spin IICG column and centrifuged at 12,000g for 30 s. We discarded
the waste medium in flow-through once again. 700 uLL RNA wash buffer was added to each Zymo-
Spin HICG column and centrifuged at 12,000g for 30 s. We discarded the waste medium in flow-
through once again. 400 L RNA wash buffer was added to each Zymo-Spin 111CG column and
centrifuged at 12,0009 for 2 min. The Zymo-Spin I1ICG column was moved to the top of a new
tube. 100 uL DNase/RNase free water was added to each Zymo-Spin IIICG column and
centrifuged at 12,000g for 30 s. The prepared sample tubes were kept on ice. The RNA
concentration and 260/280 were determined by SYNERGY HTX multi-mode reader from BioTek
under the mode of nucleic acid quantification.
2.22.2. cDNA Preparation

The cDNA was prepared in an RNase-free PCR tube by mixing 200 ng sample RNA, 2.5
uL 10 mM Oligo (dT), 2.5 uL 10 mM dNTP, and nuclease-free water to the total volume of 50
uL. The PCR tubes were incubated in the MULTIGENE OPTIMAX Thermal Cycler with 96 Well
Block from Labnet International for 5 min at 65 °C. We added 5x RT buffer (10 uL), 1.25 pL

RNaseOFF ribonuclease inhibitor (40 U/ pL), and 2.5 pLL OneScriptRTase (200 U/ uL) to each
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sample. The PCR tube was incubated in the Thermal Cycler as the standard program (15 min at
42 °C and 5 min at 85 °C).
2.22.3. RT-PCR Analysis

The PCR mix was prepared by mixing 2 uL. cDNA, 5 pL LightCycler® 480 SYBR Green
| Master, 1 uL. human FADS1 primers (FWD: 5’-GTC CTA AGG CAT GTT GGG ATA G-37), 1
puL human FADS1 primers (REV: 5’-GGA CTT GGT CTT GGC TCA ATA G-3°), and 1 uL
DNase/RNase free water. The house-keeping gene mix was prepared as 2 uL cDNA, 5 uL
LightCycler® 480 SYBR Green | Master, 1 uL. human S16 primers (FWD: 5’-CAA TGG TCT
CAT CAA GGT GAA CGG-3’), 1 uL human S16 primers (REV: 5’-CTG GAT AGC ATA AAT
CTG GGC-3’), and 1 uL. DNase/RNase free water. After adding the PCR mixture to the PCR plate,
we covered the plate with the film and centrifuged the plate at 4 °C and 2,500 rpm for 30 s. The
plate was loaded into QuantStudio 3 Real-Time PCR Systems from Thermo Fisher Scientific. The
program was set as 3.3 °C/s to 95 °C for 10 min, 45 cycles of 95 °C for 15 s, 2.2 °C/s to 55.5 °C
for 20 s, 3.3 °C/s to 60 °C for 1 min, heat plate to 95 °C by 3.3 °C/s for 5 s, 2.2 °C/s to 65 °C for 1
min, 0.15 °C/s to 97 °C for 4 s, 1.6 °C/s to 40 °C for 10 min. The amplification plot and cycle
threshold (Ct) value were determined in QuantStudio Design & Analysis software (v1.5.1). ACt
was calculated by Ct of FADS1 substrated Ct of S16. AACt was normalized with ACt of the vehicle
group. Fold change was calculated as 2- AACt.

2.23. Biodistribution Imaging System Spectrum Analysis

Six-week-old homozygous nude mice (NU/J, Stock N0:002019) were bought from The
Jackson Laboratory (Sacramento, USA). Mice were raised in a pathogen-free Innovive 1VC system
a week before the study. Before the in vivo study, cells were shipped to IDEXX BioResearch for

IMPACT rodent pathogen testing as required of the Institutional Animal Care and Use Committees
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at North Dakota State University. Briefly, 2 x 10° pathogen-free A549 cells were injected into the
mouse hind flank subcutaneously. The mice were fed a standard diet for 2 weeks to allow the
xenograft tumor formation on the hind flank. 20 uM 3WJ-EpCAM-Alexa 647 nanoparticle (in the
50 puL PBS) or 3WJ-EpCAM nanoparticle (in the same volume, served as a vehicle) was
administrated to the nude mice by i.v. injection. After 8 h of the injection, the mice were
euthanized, and the major organs (heart, liver, lung, spleen, and kidney) and tumors were
harvested. All the organs and tumor tissues were stored in a styrofoam box with dry ice. Samples
were sent to Dorothy M. Davis Heart and Lung Research Institute and James Comprehensive
Cancer Center, The Ohio State University (Columbus, OH, USA) for analysis. The in vivo
biodistribution of the 3WJ-EpCAM-Alexa 647 nanoparticle was determined by the In Vivo
Imaging System (IVIS) Spectrum station [91,94].
2.24. Whole-body Distribution Analysis

Six-week-old homozygous nude mice (NU/J, Stock N0:002019) were bought from The
Jackson Laboratory (Sacramento, USA). Mice were raised in a pathogen-free Innovive IVVC system
a week before the study. Before the in vivo study, A549 cells were shipped to IDEXX BioResearch
for IMPACT rodent pathogen testing as required of the Institutional Animal Care and Use
Committees at North Dakota State University. Briefly, 2 x 108 pathogen-free A549 cells were
injected into the mouse hind flank subcutaneously. The mice were fed a standard diet for 2 weeks
to allow the xenograft tumor formation. 20 uM 3WJ-EpCAM-Alexa 647 nanoparticle (in the 50
pML PBS) or 3WJ-EpCAM nanoparticle (in the same volume, served as a vehicle) was administrated
to the nude mice by i.v. injection. At 1, 4, and 8 h of post-injection, the mice were anesthetized
with 3% isoflurane. The relative fluorescence intensity of nanoparticles in the nude mouse was

measured by the Near-Infrared (NIR) imaging system as described in the previous study [95].
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2.25. Ultrasound Imaging

To set up an ultrasound imaging system, we weighed the two charcoal canisters using the
scale and recorded the weight and date on the side of the canisters. The directional knob on the
platform tubing line was in the closed position and the knob on the dropbox tubing line was in the
open position. The mouse was placed in the dropbox and securely closed. We turned on the oxygen
tank and adjusted the setting to 1.0 mL/min by using the meters of isoflurane canister. We turned
the top dial to 3%. Once the mouse falls to one side and does not move around the dropbox, we
took it out. We turned on the heated platform and set it to 39°C. The mouse was placed on the
platform. We closed the tubing and turned the top dial on the canister down to 2%. We applied
Systane eye ointment to both eyes of the mouse for protection. AquaGel lubricating gel was gently
inserted into the mouse to monitor temperature during ultrasounding. Aquasonic Clear gel was
warmed up by a gel warmer. The gel was applied to the top of the tumor by avoiding introduces
bubbles. Vevo 3100 VisualSonics Imaging System (FUJIFILM VisualSonics, Toronto, Canada)
was used to scan the tumor area weekly.

2.26. Zymogram for MMPs’ Activities

Zymogram gels containing gelatin were purchased from Thermo Fisher Scientific (MA,
USA). Cells were collected from a 6-wells plate with the treatment of DGLA and/or 3WJ-EpCAM-
D5D siRNA nanoparticles with serum-free DMEM cell culture media. Protein from cells was
collected by scratching off the cells from plates. Cell lysis was concentrated by centrifuge in the
concentrator. 40 uL concentrated sample was mixed with 10 uL zymogram sample buffer. Samples
were not heated before addition to gel. Samples were loaded to the gel and ran slowly at 80 V with
fresh running buffer. The gel was removed from the apparatus and placed in a 1X renaturation

buffer for 1 h on a slow rocker at room temperature. The gel was washed with double distilled
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water (dd water) for 5 mins. The 1x developing buffer was made in dd water. The gel was covered
completely by 1x developing buffer and placed in the 37 °C water bath for 48 hours. The gel was
rinsed in double-distilled water and added Coomassie brilliant blue R-250 staining solution for 1
h incubation. The dye was washed with double distilled water and destaining solution (10% acetic
acid, 40% methanol, and 50% water) 2 times for 15 mins. The gel was washed again with double
distilled water and developed in Li-Cor Odyssey XL System.
2.27. Hematoxylin and Eosin Staining

The tissues were made into the paraffin section by Advanced Imaging & Microscopy
Laboratory at NDSU as described in the previous study [93]. The slides were incubated for 2 h at
55-65 °C. In a fume hood, we deparaffinized slides in xylene 3 times for 5 min. Slides were washed
in 100% ethanol 2 times for 5 min, 95% ethanol for 5 min, 75% ethanol for 5 min, tap water for 5
min, double distilled water for 5 min. Slides were stained in hematoxylin (Gill’s III, Sigma
GHD332-1L) for 2 min. Slides were washed with double distilled water for 5 min and 1% acid
alcohol (ImL HCL/100 mL 70% ethanol) for 10 s. Slides were washed with double distilled water
for 5 min. Slides were incubated in 0.3% ammonia water for 1 min and washed again with double
distilled water. Slides were washed in 70% ethanol for 60 s, 95% ethanol for 60 s, eosin Y
(Polysciences) for 60 s. The slides were dehydrated with 95% ethanol 2 times for 60 s, 100%
ethanol 2 times for 60 s, xylene 2 times for 5 min. Slides were covered manually with the mounting
solution. The images of tissues were captured by using a Zeiss Axio Imager M2 microscope
(20x/0.75).

2.28. ALT and AST Activity Assay
ALT and AST activity in mouse serum were measured by AST or ALT activity

colorimetric assay kit (Cat#K752/753, BioVision). The serum was acquired by centrifuging blood
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at 2500 rpm for 10 min. The production of pyruvate (catalyzed by ALT) or glutamate (catalyzed
by AST) was detected in a reaction that concomitantly converts a nearly colorless probe to color
(A =570 nm). According to the pyruvate standard curve or glutamate standard curve, the activity

of ALT and AST were calculated by using the following formula:

B
(T2 —=T1) *V

Activity =

In this formula, B is the pyruvate (from ALT) or glutamate (from AST) amount from the

standard curve; T1 is the first reading OD value at 15 min after the beginning of the reaction; T2

is the OD value read at 60 min after incubation in the 37°C incubator; V is the sample volume

added into reaction (20 pL). The ALT and AST activity was measured in units/liter (U/L) as the
instruction manual.

2.29. Statistics

Statistical analysis was conducted using Prism 5 (GraphPad Software, U.S.A). In vitro and

in vivo measurement data were presented as the means = standard error of the mean (SEM). For

MTT assay, colony formation assay, transwell assay, wound healing assay, Annexing V apoptosis

assay, live-cell apoptosis analysis, Western analysis, HDAC activity, HAT activity, Sirtuins

activity, LDH release, mRNA expression, tumor weight analysis, fatty acids and byproducts

profiles, immunofluorescence analysis, and ALT and AST activity tests, multiple comparisons

among groups were evaluated using a one-way ANOVA test in Tukey’s method. Differences with

the minimum of P < 0.05 were indicated statistically significant. For Combenefit analysis, the one-

sample t-test was conducted for each group in comparison with the single treatment group.

42



3. THE ROLE OF DGLA-DERIVED FREE RADICAL BYPRODUCT (8-HOA) IN
LUNG CANCER

In the n-6 PUFAs synthesis pathway, DGLA could be catalyzed by D5D to generate AA
[21]. COX-2 could further take over the reaction, resulting in PGE; production [31]. By activating
downstream PGE: receptors (EPs), PGE suppresses apoptosis of cancer cells by inhibiting the
phosphorylation of AKT [96]. Additionally, PGE: also increases the adhesion, migration, and
angiogenesis of cancer cells by activating Rac and MMP pathways [97,98]. The AA/PGE; axis
creates an inflammatory microenvironment, leading to immune suppression and cancer
progression [52].

However, AA is not the only fatty acid product of DGLA. Our previous studies have
demonstrated that DGLA also can be directly catalyzed by COX-2 to form free radical byproducts,
such as heptanoic acid and 8-HOA [76,77]. We have demonstrated that 8-HOA could inhibit colon
and pancreatic cancer cell survival and proliferation [11,13]. Therefore, the role of DGLA in
cancer may correlate with the accessibility (expression and activity) of D5D and COX-2 in cancer
cells. In normal cellular conditions where D5D is overexpressed, DGLA is primarily catalyzed by
D5D, resulting in PGE2 production and cancer development [28]. However, in the scenario of D5D
inhibition, DGLA may take advantage of high COX-2 expression in cancer cells to produce 8-
HOA [11,81]. We have demonstrated that 8-HOA is a potential DNA-damaging reagent affecting
cancer cell growth, apoptosis, and migration. Moreover, 8-HOA doses not only promote cancer
cell death via p53-dependent pro-apoptotic pathways but also activate p53-independent apoptotic
pathways in many cancers (e.g., colon, pancreatic, and breast) [10,13,15]. Additionally, we have
observed significantly inhibited migration of pancreatic and colon cancer cells upon direct

treatment with 8-HOA [80,93]. Furthermore, 8-HOA enhances the efficacies of other chemos- and
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target-drugs, e.g., 5-FU, regorafenib, etc [12,15,16]. However, the effect and mechanism of 8-
HOA on lung cancer are still underexplored. Since the effectiveness of the D5D inhibition-based
therapeutical strategy is relying on 8-HOA generation, it is critical to first confirm the sensitivity
of lung cancer cells to the 8-HOA. We evaluated the effect and possible mechanism of 8-HOA on
A549 and H1299 non-small cell lung cancer cells by assessing many aspects, including survival,
proliferation, migration, and apoptosis.
3.1. 8-HOA Inhibited the Survival and Proliferation of Lung Cancer Cells

To evaluate the effect of 8-HOA on lung cancer, we assessed the cell viability of A549
cells treated with 8-HOA by MTT assay. A549 cells were treated with 1 uM 8-HOA for different
periods (8, 12, 24, and 48 h) or different concentration (0.01, 0.1, 1, 10, 100 uM) 8-HOA for 48
h. Based on the reading of absorbance from the MTT assay, we observed that 1, 10, and 100 uM
8-HOA for 48 h could lead to a significant decrease of viability in A549 cells (p<0.05, Fig. 1A and
B). However, the cell viability of A549 cells treated with 10 and 100 uM 8-HOA was not
significantly different than A549 cells treated with 1 uM 8-HOA (p>0.05, Fig. 1B), indicating that
1 uM 8-HOA is the optimum dose for lung cancer treatment in vitro. To further evaluate the effect
of 8-HOA on lung cancer cell survival, we performed colony formation assay on A549 cells treated
with 8-HOA (1 uM) or the combination of 8-HOA (1 uM) and cisplatin (1.5 uM) for 48 h.
Cisplatin is the first-line chemo drug for lung cancer, especially NSCLC [99]. We observed that
8-HOA (1 uM) significantly reduced the number of colonies and survival fraction of A549 cells
to less than 70% versus the Vehicle group (p<0.05, Fig. 1C). Moreover, the effect of the
combination of 8-HOA (1 uM) and cisplatin (1.5 uM) is significantly superior to the effect of 8-
HOA (p<0.01, Fig. 1C) or cisplatin (p<0.05, Fig. 1C) alone on inhibiting cell viability of A549

cells, suggesting that 8-HOA may enhance the effect of cisplatin on lung cancer. Indeed, although
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low dose 8-HOA (0.5 uM) and cisplatin (0.75 uM) alone has limited effect on the survival fraction
of A549 lung cancer cells, the combination of 8-HOA (0.5 uM) and cisplatin (0.75 uM) could
significantly drop the survival fraction to about 40% after 48 h treatment (p<0.01, Fig. 1D). Taken
together, cisplatin and 8-HOA may affect lung cancer cell proliferation and survival in a

synergistic pattern.
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Figure 1. 8-hydroxyoctanoic acid (8-HOA) inhibited the proliferation of A549 lung cancer cells
and enhanced the effectiveness of cisplatin. (A) The cell viability of A549 cells treated with 1 uM
8-HOA for 6, 12, 24, and 48 h. (B) The cell viability of A549 cells treated with 0.01, 0.1, 1, 10,
and 100 uM 8-HOA for 48 h. Colony formation of A549 lung cancer cells treated with (C) 1 uM
8-HOA and 1.5 uM cisplatin or (D) 0.5 uM 8-HOA and 0.75 uM cisplatin. The survival fraction
(%) of A549 cells was normalized by vehicle group. Data represent mean = SEM for n=6.
“P<0.01, "P<0.05 vs Vehicle group; ¥4P<0.01, 4P<0.05 vs 8-HOA+ Cisplatin group; NS.= not
significant.
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To assess the synergistic pattern and possible interrelationship between 8-HOA and
cisplatin, based on the result of colony formation assay, we calculated the combination index (Cld)
for 8-HOA and cisplatin in different dose combinations, respectively (Table 1). The dose-response
equations were established by plotting the survival fraction to each dose of 8-HOA or cisplatin.
According to the previously established method [100], the equivalent doses of 8-HOA to cisplatin
or cisplatin to 8-HOA were calculated based on the dose-response equations. The Cld of 0.5 uM
8-HOA is 1.29; Cld of 0.75 uM cisplatin is 1.44; The Cld of 1 uM 8-HOA is 1.02; Cld of 1.5 uM
cisplatin is 1.07. Based on the calculation, the both Cld of 8-HOA and cisplatin are higher than 1,
indicating the synergistic effect of 8-HOA and cisplatin on regulating lung cancer cell survival.

To further confirm the synergy effect between 8-HOA and cisplatin in a larger dose range,
we created the synergy matrix for these two drugs on the Combenefit platform based on the result
of the MTT assay. The Combenefit platform allows us to distinguish whether the effect between
8-HOA and cisplatin is synergy, antagonism, or additive in different dose combinations. The
synergy score of each dose combination was calculated by using HAS synergy model. The
significantly high synergistic effect effects have been found in cells treated with the combination
of 0.5 uM 8-HOA and 0.75 uM cisplatin (p<0.05), 1 uM 8-HOA and 0.35 uM cisplatin (p<0.05),
1 uM 8-HOA and 0.75 uM cisplatin (p<0.05), and 1 uM 8-HOA and 1.5 uM cisplatin (p<0.001,
Fig. 2). Since 1 uM 8-HOA + 1.5 uM cisplatin has the most significant synergistic effect and
desirable effectiveness on A549 cells, the dose of 1 uM 8-HOA and 1.5 uM cisplatin was used for
treating lung cancer cells in the following studies.

To validate our conclusion, we also assessed the effect of 8-HOA on H1299 lung cancer
cells. The cell viability of H1299 cells was determined by MTT assay. The survival fraction was

measured by colony formation assay. We observed that 1 uM 8-HOA for 48 h significantly
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suppressed the H1299 cell viability (p<0.01, Fig. 3A). The survival fraction of H1299 cells was

suppressed by 1 uM 8-HOA (p<0.01, Fig. 3A). Furthermore, the combination of 8-HOA and

cisplatin displayed a significantly stronger inhibitory effect on the cell viability and survival

fraction of H1299 cells than the single dose of 8-HOA or cisplatin (p<0.001, Fig. 3A and B).

Table 1. Combination index for 8-HOA and cisplatin

N . Actual
Combination Equivalent Expected
dose dose additive effect ot;sft;g::/fd Cla Clez  Judgement
8-HOA  Cisplatin  8-HOA Cisplatin  f(Am g(Bm v
(Am) (Bn) (An) (Bm)  +An) +Bn) obs
0.5 0.75 0.68 0.52 39.37 3519 5093 5093 129 144 Synergistic
1 15 1.28 1.14 91.00 86.82 9322 9322 1.02 107 Synergistic

Notes: Calculation of the combination index for 8-HOA and cisplatin after sequential equivalent
doses exchange. Calculation based on formula: Y=f(x); Y=g(x). Y: inhibition rate of survival
fraction. f(x): dose-effect relationship of 8-HOA to inhibition rate of survival fraction; g(x): dose-
effect relationship of cisplatin to inhibition rate of survival fraction. Am and Bm are equivalent
doses, An and Bn are equivalent doses. An=arcf[g(Bn)]; Bm=arcg[f(Am)]. Cld: combination index

based on dose.
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Figure 2. A synergetic effect between 8-HOA and cisplatin was assayed using the Highest Single
Agent (HSA) synergy model. The synergy score of each dose combination was shown in the matrix

synergy plot. The score represents mean + SD for n=4.

*kk

P<0.001, "'P<0.01, "P<0.05 was

determined following a one-sample t-test for each group.
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Figure 3. 8-HOA inhibited the proliferation of H1299 lung cancer cells and enhanced the
effectiveness of cisplatin. (A) The cell viability of H1299 cells was normalized by vehicle group.
H1299 cells were treated with 1 uM 8-HOA for 48 h. (B) Colony formation of H1299 lung cancer
cells treated with 1 uM 8-HOA and 1.5 uM cisplatin. The survival fraction (%) of H1299 cells was
normalized by vehicle group. Data represent mean + SEM for n=6. ““P<0.001, “P<0.01, "P<0.05
vs Vehicle group; 44%P<0.001 vs 8-HOA+ Cisplatin group.

3.2. 8-HOA Inhibited the Migration of A549 Lung Cancer Cells

The poor survival of lung cancer patients is primarily due to the high occurrence of
metastasis [101]. In the late stages of lung cancer, cancer cells would migrate to other organs,
including the kidney, brain, liver, and bone, resulting in difficulty in cancer management and a
less than 20% of 5-year survival rate of lung cancer patients [1]. To evaluate the effect of 8-HOA
on lung cancer cell migration, we performed the transwell migration assay on A549 cells treated
with 8-HOA and/or cisplatin (Fig. 4A). We observed that 8-HOA could significantly inhibit the
migration rate of A549 lung cancer cells (p<0.01, Fig. 4A), indicating the suppression of cancer
cell migration. Additionally, the combination of 8-HOA and cisplatin resulted a significantly lower
migration rate in A549 cells compared with 8-HOA or cisplatin alone (p<0.01, Fig. 4A). Moreover,
in wound healing assay, the relative migration rate was decreased by the 8-HOA or the
combination of 8-HOA and cisplatin at 24 h (p<0.05) and 48 h (p<0.01, Fig. 4B) of post-treatment.

We observed that cells treated with 8-HOA+ cisplatin have significantly larger wound areas
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compared with cells treated with 8-HOA or cisplatin (p<0.05, Fig. 4B), suggesting that 8-HOA

could enhance the effect of cisplatin on lung cancer cell migration.
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Figure 4. 8-HOA inhibited the migration of A549 lung cancer cells. (A) Transwell migration assay
of A549 cells treated with 1 uM 8-HOA and/or 1.5 uM cisplatin. The migration rate (%) of A549
cells was normalized by vehicle group. (B) Wound healing assay of A549 cells treated with 8-
HOA and/or cisplatin. The relative migration rate (%) of A549 cells was normalized by vehicle
group. Data represent mean + SEM for n=3. P<0.01, "P<0.05 vs Vehicle group; 4%P<0.01,
&p<0.05 vs 8-HOA+ Cisplatin group.
3.3. 8-HOA Induced the Apoptosis in A549 Lung Cancer Cells

We have previously demonstrated that apoptosis can be regulated by 8-HOA in colon and
breast cancers [79,81]. However, it is still unknown whether 8-HOA also could trigger apoptosis
in the lung cancer cell. Here, we used flow cytometry to quantify the apoptosis level of A549 cells
treated with 8-HOA and/or cisplatin (Fig. 5). Annexin V-FITC/PI staining was used to determine

the apoptosis and necrosis of A549 cells. We observed that 8-HOA significantly increased the

early apoptosis-positive rate from of A549 cells 1.86 + 0.78 % to 3.61+ 2.52 % (p<0.05, Fig. 5).
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The higher apoptosis-positive rate was observed in cells treated with the combination of 8-HOA
and cisplatin, 5.19 + 0.78 %, which is significantly higher than the Vehicle group (p<0.001, Fig.
4B). Additionally, given the fact that cisplatin is a DNA damage reagent [102], the synergy effect
of 8-HOA and cisplatin may attribute to their effect on induction of apoptosis in lung cancer cells.

To illustrate the kinetic apoptotic change in lung cancer cells, we further performed a
pSIVA/PI test on A549 cells for 48 h observation under time-lapse Lionheart FX Automated
Microscope microscopy (Fig. 6). The number of pSIVA positive cells (in green) is significantly
higher in cells treated with 8-HOA (p<0.05), cisplatin (p<0.01), and 8-HOA+ cisplatin (p<0.01)
from 24 h of post-treatment (Fig. 6). However, few to no Pl-positive cells (in red) have been
observed during 48 h of treatment, indicating that 8-HOA activated apoptosis, not necrosis in lung
cancer cells.

To explore the possible mechanism of 8-HOA on apoptosis, we assessed the protein
expression of p53, Bcl-2, BAX, procaspase-3, and procaspase-9 by Western analysis (Fig. 7). The
protein expression of procaspase-3 and procaspase-9 were significantly decreased in A549 cells
treated with 8-HOA (p<0.05, Fig. 7A and B), implicating that 8-HOA could promote the cleavage
of caspase-3/9 in lung cancer cells. The procaspases need to be cleaved to form active enzymes
for intrinsic apoptosis [103]. Thus, it is reasonable to believe that 8-HOA could induce intrinsic
apoptosis in lung cancer cells by activating caspases. Bcl-2 is an anti-apoptosis protein [104]. We
found that A549 lung cancer cells have overexpressed Bcl-2, indicating the inhibition of apoptosis
in cancer cells (Fig. 7A). However, the Bcl-2 expression was significantly suppressed by 8-HOA
(p<0.05, Fig. 7A). Additionally, 8-HOA upregulated the protein expression of BAX (p<0.05, Fig.
7C), which is an apoptotic activator. The BAX/Bcl-2 ratio was significantly increased by 8-HOA

in A549 cells (p<0.05, Fig. 7C). Moreover, p53 protein expression was significantly increased in
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Ab549 cells treated with 8-HOA (p<0.01, Fig. 7B). Given that p53 is a vital inducer of apoptosis
[105], 8-HOA may activate p53 dependent apoptosis pathway in lung cancer cells. Additionally,
the combination of 8-HOA and cisplatin significantly induced intrinsic apoptosis in lung cancer
cells in comparison with 8-HOA or cisplatin alone. Indeed, compared to 8-HOA or cisplatin, the
protein expression of procaspase-3, procaspase-9, and Bcl-2 were significantly lower in A549 cells
treated with the combination of 8-HOA and cisplatin (p<0.001, Fig. 4A and B); however, the
protein expression of p53 and BAX were significantly higher in A549 cells treated with the
combination of 8-HOA and cisplatin (p<0.001, Fig. 4B and C). These observations confirmed that
8-HOA may enhance the effect of cisplatin on lung cancer via co-regulating apoptosis.
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Figure 5. 8-HOA promoted apoptosis in A549 lung cancer cells. Cellular apoptosis was
determined by flow cytometry on A549 cells in staining of Annexin V-FITC/PI. A549 cells were
treated with 1 uM 8-HOA and 1.5 uM cisplatin for 48 h before flow cytometry analysis. Data
represent mean + SEM for n=3. ""P<0.01, "P<0.05 vs Vehicle group.
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Figure 6. Real-time live A549 lung cancer cell imaging of apoptosis. (A) A549 cells treated with
8-HOA and/or cisplatin. During 48 h of treatment, cells were incubated with the DMEM culture
medium (37°C, 5% CO3) contained Polarity Sensitive Indicator of Viability & Apoptosis (pSIVA)
probe and propidium iodide for imaging under time-lapse Lionheart FX Automated Microscope
microscopy of the same fields over time. Green fluorescence indicated pSIVA positive cells. (B)
The percentage of pSIVA positive cells was quantified at different time points. Data represent
mean = SEM for n=5. “"P<0.001, ""P<0.01 vs Vehicle group.
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Figure 7. 8-HOA activated p53-dependent intrinsic pathway in A549 lung cancer cells. (A) Bcl-
2, Procaspase-3, and (B) p53, and Procaspase-9 protein expression in A549 cells treated with 8-
HOA and cisplatin for 48 h. Relative protein expressions were normalized with B-actin. Data
represent mean + SEM for n=6. (C) BAX protein expression in A549 cells after treatment (n=3).
The ratio of expression of BAX to Bcl-2 was normalized with the vehicle group. ““P<0.01,
“P<0.01, “P<0.05 vs Vehicle group; 4%P<0.01, ¥P<0.05 vs 8-HOA+ Cisplatin group.
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3.4. 8-HOA Suppressed the HDAC Activity and YAPL1/TAZ pathway in A549 Lung Cancer
Cells

In our previous studies, we have demonstrated that 8-HOA could inhibit acetyl-histone H3
protein expression [81], which is the major substrate of HDAC. The interrelationship and relevance
of 8-HOA and HDAC may build up the molecular basis of 8-HOA on lung cancer therapy. In the
current study, we observed that 8-HOA could inhibit HDAC activity of A549 lung cancer cells
during 48 h treatment (Fig. 8). The IC50 of 8-HOA to HDAC activity is about 0.5 uM. Notably,
8-HOA shares a partial structure as the classical HDAC inhibitor, valproic acid. Therefore, 8-HOA
may regulate lung cancer cell growth and apoptosis via inhibiting HDAC activity. It has been
demonstrated that classical HDAC inhibitors could affect cancer proliferation by acting on
YAPL/TAZ pathway [106]. YAPL1/TAZ pathway is the downstream effector of the Hippo pathway,
which is responsible for controlling cancer cell growth, metastasis, and survival [107]. To elucidate
the effect of 8-HOA on the YAP1/TAZ pathway, we determined the protein expression of YAP1,
TAZ, and the downstream molecule of the YAP1/TAZ pathway, CTGF in A549 cells treated with
1 uM 8-HOA at different time points (Fig. 9). The protein expression of YAP1 was significantly
inhibited by 8-HOA at 6 h (p<0.05, Fig. 9) but returned to the initial level after 12 h of treatment.
Analogous to YAPL, the protein expression of TAZ was significantly reduced in A549 cells treated
with 8-HOA for 3 h (p<0.05) and 6 h (p<0.05, Fig. 9), indicating that the 8-HOA could
downregulate YAP1/TAZ pathway in a short period. However, the protein expression of CTGF
was significantly inhibited by 8-HOA in A549 cells after 48 h and 72 h of treatment (p<0.05, Fig.
9). Although the effect of 8-HOA on the YAP1/TAZ pathway occurs in the early phase of

treatment, the prolonged effect of 8-HOA on downstream molecules of the YAPL1/TAZ pathway,
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such as CTGF, can be observed after 48 h. This phenomenon may also explain why we observed

the anti-cancer effect of 8-HOA on A549 cells after 48 h of treatment in Figures 1 to 7.
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Figure 8. 8-HOA inhibited HDAC activity of A549 lung cancer cells. (A) Dose-response curve of
HDAC activity to 8-HOA treatment in A549 cells. A549 cells were treated with different
concentrations of 8-HOA for 48 h. The HDAC activity was normalized with the vehicle group.
HDAC activity versus Log [8-HOA] was generated from GraphPad. (B) Relative sirtuin activity
of A549 lung cancer cells. Cells were treated with 1 uM 8-HOA and/or 1.5 uM cisplatin for 48 h.
The sirtuin activity was normalized with the vehicle group. NS. not significant.
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Figure 9. 8-HOA inhibited YAPL1/TAZ pathway in A549 lung cancer cells. (A) YAP1, TAZ, and
CTGF protein expression in A549 cells treated with 8-HOA for 3, 6, 12, 24, 36, 48, and 72 h.
Relative protein expressions were normalized with B-actin. Data represent mean + SEM for n=3.
“P<0.05 vs Vehicle group.

3.5. Effect of 8-HOA on BEAS-2B Normal Lung Epithelial Cells
Although 8-HOA significantly suppressed lung cancer cell growth, we are still unclear the
role of 8-HOA in noncancerous cells. To confirm the effect of 8-HOA on normal lung epithelial
cells, we investigated the cell proliferation and survival of BEAS-2B normal lung epithelial cells
by measuring the cell viability and LDH activity of BEAS-2B cells treated with 8-HOA followed
with MTT assay and LDH cytotoxicity assay (Fig. 10). The cell viability of BEAS-2B cells was
significantly suppressed by 8-HOA (1 uM, 48 h) (p<0.001, Fig. 10A). The cytotoxicity assay

suggested that 8-HOA could significantly promote the release of LDH from the cytoplasm to

56



extracellular space (p<0.001, Fig. 10B), indicating that the cell membrane was broken by 8-HOA.
Therefore, 8-HOA may serve as a broad-spectrum cytotoxic reagent for both lung cancer and lung
epithelial cells, implicating the importance of developing the treatment to specifically promote 8-

HOA generation within lung cancer cells.
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Figure 10. 8-HOA inhibited the growth of BEAS-2B normal lung epithelial cells. (A) The cell
viability of BEAS-2B cells was normalized by vehicle group. BEAS-2B cells were treated with 1
uM 8-HOA and/or 1.5 uM cisplatin for 48 h. n=6 (B) Lactate dehydrogenase (LDH) cytotoxicity
of BEAS-2B cells treated with 1 uM 8-HOA and/or 1.5 uM cisplatin. Data represent mean + SEM
for n=12. ""P<0.001 vs Vehicle group; ¥4%P<0.001, 4P<0.05 vs 8-HOA+ Cisplatin group.

3.6. Conclusion and Discussion
In our previous studies, we have identified 8-HOA as a distinct anti-cancer free radical
byproduct from COX-2 catalyzed DGLA peroxidation [76,77]. The exogenous 8-HOA could
inhibit the growth of colon and pancreatic cancer via regulating proliferation, migration, cell cycle,
invasion, and apoptosis [11,13]. Although lung cancer cells (especially NSCLC) are highly
expressing COX-2 [73], we are still unclear whether 8-HOA could suppress lung cancer cells. We
investigated the effect of exogenous 8-HOA on lung cancer cells by assessing various aspects of

tumorigenesis, including proliferation, migration, apoptosis, survival in A549 and H1299 lung
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cancer cells. Moreover, the effect of 8-HOA on normal lung epithelial cells also have been
examined.

COX-2 is a bi-functional (cyclooxygenase activity and peroxidase activity) membrane-
bound enzyme [108]. In the traditional concept, COX-2 is the key enzyme to catalyze AA to form
downstream PGs, including PGE2 [109]. The AA/PGE: axis has been widely studied in cancer and
many metabolic diseases [110,111]. PGE; triggers proliferation, invasion, EMT, stemness, and
angiogenesis through an autocrine and paracrine effect. Additionally, PGE; plays a key role in
TME, resulting in immunosuppression [52]. On a positive note, however, we have found that
COX-2 also could catalyze DGLA to produce 8-HOA for cancer inhibition [13,77]. We
investigated the effect and molecular mechanisms of 8-HOA on lung cancer, which is also
overexpressing COX-2 [73]. The proliferation and survival of A549 and H1299 lung cancer cells
were suppressed by 8-HOA. While the apoptosis was activated by 8-HOA in lung cancer cells.
Moreover, we have examined the interrelationship between 8-HOA and cisplatin in lung cancer
cells by using two different mathematical models, the “one-belt, one-line” model and HAS model.
Both models could help us to determine the synergistic, antagonistic, and additive effects of the
combination of 8-HOA and cisplatin. The judgment criteria of the “one-belt, one-line” model are,
Clg1>1 and Clg2>1 synergy, Clgi<1<Clg addition, Clg1<1 and Clg<1 antagonism [100]. In this
model, we observed that all Clds of 8-HOA and cisplatin on survival fraction were higher than 1,
implicating that the observed efficacy of 8-HOA+ cisplatin is greater than the value domain range
of the expected effect of 8-HOA plus the expected effect of cisplatin. Another model we used to
evaluate the synergy effect is HAS model. The synergy score was generated under the Combenefit
platform. The judgment criteria of the HSA model are, score>10 synergy, 0<score<10 addition,

score<0 antagonism [112]. In HAS model, the additional effect of 8-HOA and cisplatin is over the

58



higher single drug, either 8-HOA or cisplatin, on the cell viability of A549 cells. Given the fact
that cisplatin is a DNA damage reagent [113], 8-HOA may also suppress lung cancer by affecting
gene transcription and translation. Indeed, we observed that 8-HOA could inhibit HDAC activity
in lung cancer cells. HDAC is the key enzyme to remove the acetyl group from histone, resulting
in a tighter structure of histone and preventing the DNA transcription [114]. HDAC could promote
cancer cell proliferation by inhibiting tumor suppressor gene activity [115,116]. Moreover, cancer
cells with high HDAC activity appear less chance of apoptosis [117]. Therefore, it is plausible that
the synergy effect between 8-HOA and cisplatin on lung cancer is contributed by their co-effect
on gene transcription. Apoptosis is one of the most significant changes in cells after treatment of
DNA damage reagents [118]. The pSIVA probe allowed us to monitor the apoptosis of lung cancer
cells in real-time [119,120]. Interestingly, most of the apoptotic A549 cells occurred during 24 h
to 48 h of the post-treatment period, indicating that 8-HOA may induce apoptosis via regulating
other signaling pathways during the first 24 h. This phenomenon is consistent with our observation,
in which 8-HOA suppressed the YAP1 and TAZ protein expression at 6 h and 12 h. Since
YAPL/TAZ is overexpressed in lung cancer and suppresses apoptosis, the activation of apoptosis
may be caused by the 8-HOA induced down-regulation of the YAP1/TAZ pathway in lung cancer
cells.

We demonstrated that exogenous 8-HOA could inhibit lung cancer cell growth. To further
improve the effectiveness of 8-HOA, instead of using exogenous 8-HOA, we would induce
DGLA-derived endogenous 8-HOA in lung cancer cells. Indeed, we observed that exogenous 8-
HOA only resulted in about a 20% reduction of cell viability and survival fraction in A549 cells,
possibly due to exogenous 8-HOA is not in free radical form. Although the existence of free radical

form 8-HOA is instantaneous, endogenous 8-HOA may damage cancer cells more effectively than
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exogenous 8-HOA (CgH1603). Therefore, we would investigate the role of endogenous 8-HOA in
lung cancer cells via redirecting the DGLA peroxidation pattern by D5D knockdown as

demonstrating in the next chapter.
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4. INHIBITION OF LUNG CANCER CELL GROWTH VIA PROMOTING THE
FORMATION OF 8-HOA VIA COX-2-CATALYZED DGLA PEROXIDATION BY
KNOCKING DOWN D5D EXPRESSION

In cellular condition, DGLA could be catalyzed by D5D to produce AA, which is the
precursor of PGEg, resulting in cancer progression [21]. However, under D5D inhibition, we have
previously identified that 8-HOA is the distinct byproduct of COX-2-catalyzed DGLA
peroxidation [77,80,93]. 8-HOA suppresses the development of colon and pancreatic cancers
[80,92,93]. Analogously, we also observed that exogenous 8-HOA suppressed lung cancer cell
growth via regulating proliferation, migration, and apoptosis. However, as we discussed in chapter
3, DGLA-derived endogenous 8-HOA may be more effective in lung cancer therapy, since
endogenous 8-HOA is in free radical form upon producing from DGLA [76,77]. To promote the
generation of endogenous 8-HOA, we would inhibit the expression or activity of D5D in lung
cancer cells. We hypothesis that suppression of D5D could redirect COX-2 catalyzed DGLA
peroxidation, rebalancing the AA and 8-HOA levels in cancer cells. By using D5D siRNA
transfection, we investigated the effect of DGLA-derived endogenous 8-HOA on lung cancer cells.

RNAI (miRNA and siRNA) is one of the most remarkable technological breakthroughs in
modern biology, allowing us to knock down specific genes in the mammalian system directly by
taking advantage of natural machinery in the cell [121]. Inhibitory antisense oligonucleotides
(ASOs), microRNA (miRNA), and siRNA are the major categories of gene therapy for triggering
gene inhibition [122]. Compared to ASOs and miRNA, siRNA could silence genes more
efficiently and specifically [123]. Since the discovery of siRNA in plants and Caenorhabditis
elegans, it has been given high expectations on pharmaceutical usage [124]. The function of

SiIRNA is depending on the Watson-Crick base pairing with the corresponding miRNA [123]. On
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the contrary, the traditional small molecule or peptide drugs need to bind to a certain protein in a
distinct spatial conformation. Therefore, the precise crystal structure of D5D is essential for
developing small molecule or peptide D5D inhibitors. Unfortunately, we have not yet obtained the
precise crystal structure of D5D and still ongoing reserach. Additionally, it is still a challenge to
synthesize or isolate the D5D enzyme with high purity and activity, which is indispensable for
studying enzyme kinetics. While RNAI technology can be employed to study the function of a
certain protein without the knowledge of the accurate structure of this protein [125]. Moreover,
siRNA knocking down can silence any gene in a shorter span [19]. Thus, knocking down D5D by
RNAI technology may be an accessible and robust strategy for investigating the role of D5D in
COX-2 catalyzed DGLA peroxidation in lung cancer cells.

The siRNA is a typical double-strand short RNA sequence, which is consisting of ~21
nucleotides [122]. The siRNA contains a sense strand, which is an mRNA sequence, and an
antisense strand, which is the complement of mMRNA [126]. The first step of RNAI is cleaving and
processing the double-strand RNA to siRNA by Dicer, which is the RNase I1I-like enzyme. The
RNA-induced silencing component (RISC) could be assembled by conjugating one strand of
SiRNA. RISC further binds to mRNA under the guidance of antisense siRNA sequence, resulting
in the cleavage of mMRNA. The degradation of mMRNA ultimately leads to the stop of corresponding
protein production [122,124,127].

In our previous studies, we have successfully knocked down D5D expression in several
cancer cell linesby RNAI technology [12,16]. D5D controls the rate-limiting step during ®-6
metabolism. It efficiently converts DGLA to AA in cells, thereby restricting DGLA’s growth
inhibitory effects. We have observed that knocking down D5D (via siRNA transfection) in colon

cancer cells (HCA-7 and HT-29) and pancreatic cancer cells (BxPC-3) resulted in the
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accumulation of 8-HOA, which elicited DGLA’s growth inhibitory effects [10,11,15,81]. Not only
promoting the formation of 8-HOA, but the D5D inhibition can also limit the production of AA
and the downstream cancer inducer PGE>. By the D5D inhibition, the DGLA supplementation
(precursor of 8-HOA) and COX-2 overexpression in cancer (enzyme to produce 8-HOA) is likely
to trigger the cancer self-destruction [10,11,13,15]. However, it is still unclear whether the D5D
knocking down can promote the 8-HOA formation in lung cancer. Additionally, the role of DGLA-
derived 8-HOA in lung cancer cells is still underexplored, especially in the condition of D5D
inhibition.
4.1. Inhibition D5D Redirected COX-2 Catalyzed DGLA Peroxidation Pattern in Lung
Cancer Cells

To promote the DGLA-derived endogenous 8-HOA production, we used D5D siRNA to
transfect A549 lung cancer cells. In our previous studies, we have investigated the effect of D5D
SiRNA transfection on colon and pancreatic cancer cells [11,81]. However, the effect of D5D
siRNA transfection on lung cancer cells is still unknown. To suppress D5D expression, we
transfected A549 lung cancer cells with D5D siRNA for 6 h with lipofectamine. A549 cells were
incubated in the fresh DMEM medium for another 12, 24, or 48 h. The vehicle group was treated
with negative control siRNA (NC-si) without D5D inhibition capability. At each time point, cells
were collected for analyzing D5D expression by using Western blot. We observed that the protein
expression of D5D was significantly decreased after 12 h (p<0.05), 24 h (p<0.01), or 48 h (p<0.01)

of D5D siRNA transfection in a time-dependent manner (Fig. 11).
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Figure 11. D5D siRNA transfection suppressed the protein expression of D5D in A549 lung
cancer cells. A549 cells were treated with D5D siRNA (D5D-KD) or negative control SiRNA (NC-
si) for 6 h. The D5D protein expression in A549 cells was measured after 12, 24, and 48 h of
transfection. Relative protein expressions were normalized with B-actin. Data represent mean *
SEM for n=3. ""P<0.01, “P<0.05 vs NC-si group.

To evaluate the role of D5D inhibition in the COX-2 catalyzed DGLA peroxidation pattern,
we further quantified the concentration of two substrates of COX-2, DGLA and AA, in A549 cells
after siRNA transfection. By LC-MS analysis, we found that the ratio of DGLA to AA in A549
cells did not significantly change after D5D siRNA transfection (p>0.05, Fig. 12A), indicating that
DGLA peroxidation could remain stable in the first 12 h of D5D siRNA transfection. However, a
significant increase of DGLA to AA ratio was observed in A549 cells after 24 h and 48 h D5D
SiRNA transfection (p<0.05, Fig. 12A), suggesting that D5D siRNA could trigger A549 cells to
generate more DGLA and less AA at 24 and 48 h. The change of the DGLA/AA ratio is also
consistent with the decrease of D5D protein expression that we have observed in Figure 11. To
assess the free radical byproduct of DGLA, we measured the 8-HOA level in A549 cells

transfected with NC-si or D5D siRNA along with 100 uM DGLA supplementation. The GC-MS
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results suggested that the 8-HOA level was significantly improved from ~0.1 uM/1*10° cells to
more than 0.6 pM/1*10° cells (p<0.01, Fig. 12B), indicating that the 8-HOA generation could be

triggered by D5D siRNA transfection.
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Figure 12. D5D siRNA transfection redirected the DGLA peroxidation pattern of A549 lung
cancer cells. (A) The DGLA to AA ratio in lung cancer cells. The DGLA and AA concentration
was measured by LC/MS after 12, 24, and 48 h treatment. (B) GC/MS quantification of 8-HOA
from cell medium containing 1.0 x 10° D5D siRNA transfected A549 cells or NC-si transfected
cells after 100 uM DGLA treatment for 48 h. The dash line indicated the desirable threshold of 8-
HOA for displaying the anti-cancer effect. Data represent mean + SEM for n=3. “P<0.01, "P<0.05
vs DGLA+ D5D-KD group.

4.2. D5D siRNA Transfection Suppressed the Survival and Migration of A549 Lung Cancer
Cells

We have previously found that 0.5 uM is the in vitro threshold of endogenous 8-HOA for
displaying inhibitory effect on colon and pancreatic cancer cells [11,80]. Because the combination
of DGLA and D5D siRNA promoted the generation of ~0.6 uM of 8-HOA, we hypothesis that
D5D siRNA transfection is also effective enough to inhibit lung cancer cell growth via inducing
8-HOA production from DGLA. To evaluate the growth of A549 lung cancer cells, we performed
the colony formation assay on A549 cells to assess the survival fraction. We observed that D5D
siRNA alone or the combination of D5D siRNA and DGLA could significantly reduce the survival
fraction of A549 cells (p<0.05, Fig. 13), indicating that the lung cancer cells growth was
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suppressed by D5D siRNA. Additionally, we observed that A549 cells treated with the
combination of D5D siRNA and DGLA have a significantly lower survival fraction (~6%) than

cells treated with D5D siRNA alone (~23%) (p<0.05, Fig. 13).
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Figure 13. D5D siRNA transfection suppressed the growth of A549 lung cancer cells. Colony
formation of A549 lung cancer cells treated with DGLA (100 uM) +NC-si or D5D siRNA. The
survival fraction (%) of A549 cells was normalized by vehicle group. Data represent mean + SEM
for n=3. "P<0.05 vs NC-si group; ¥P<0.05 vs D5D-KD+ DGLA group.

To investigate the effect of D5D inhibition on lung cancer cell migration, we measured the
relative migration rate and wound healing rate of A549 lung cancer cells by transwell migration
assay and wound healing assay, respectively. In the transwell migration assay, we observed that
the relative migration rate was significantly suppressed in the group where A549 cells were treated
with the combination of D5D siRNA and DGLA supplementation (p<0.001, Fig. 14). The
migration rate of this group (~9.1%) is even significantly lower than cells treated with the DGLA
alone (~77%) (p<0.01, Fig. 14). Moreover, the cancer cell migration was monitored by wound
healing assay during 48 h of DGLA treatment. We found that the NC-si transfected A549 cells
have a faster wound healing rate than other groups. This smaller wound area of the NC-si group at

48 h implicated the high migration ability of A549 lung cancer cells without treatment. However,

larger wounds have been observed in cells treated with the combination of DGLA and D5D siRNA
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after 24 and 48 h (Fig. 15). The wound healing rate of cells transfected with NC-si versus the
combination of DGLA and D5D siRNA was ~78.5 to ~100.8% at 24 h and ~69.1 to ~98.9% at 48
h (p<0.05, Fig. 15), suggesting that D5D knockdown could trigger the effect of DGLA on

suppressing lung cancer cells migration.
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Figure 14. D5D siRNA transfection suppressed the migration rate of A549 lung cancer cells.
Transwell migration assay of A549 lung cancer cells treated with DGLA (100 uM) + NC-si or
D5D siRNA. The relative migration rate (%) of A549 cells was normalized by the NC-si group.
Data represent mean + SEM for n=3. ““P<0.001 vs NC-si group; 4%P<0.01 vs D5D-KD+ DGLA

group.
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Figure 15. D5D siRNA transfection suppressed the migration of A549 lung cancer cells. Wound
healing assay of A549 lung cancer cells treated with DGLA (100 uM) + NC-si or D5D siRNA.
The relative migration rate (%) of A549 cells was normalized by the NC-si group. Data represent
mean = SEM for n=3. “P<0.05 vs D5D-KD+ DGLA group.



4.3. D5D siRNA Transfection Induced Apoptosis in Lung Cancer Cells

We have demonstrated in previous studies and chapter 3 that exogenous 8-HOA could
trigger apoptosis in the colon [81], pancreatic [11], and lung cancer cells. Given the fact that 8-
HOA could be produced from DGLA in D5D knocked down lung cancer cells, we hypothesize
that the endogenous 8-HOA, which is directly derived from DGLA, also could activate apoptosis
in lung cancer cells. To evaluate the apoptosis level, we quantified the percentage of the positive
apoptotic A549 lung cancer cells via flow cytometry with Annexin V-FITC/PI double staining.
A549 cells were transfected with D5D siRNA and administrated with DGLA for 48 h before
subjecting to flow cytometry analysis. We observed that the percentage of apoptotic A549 cells
significantly increased from 7.5% to more than 14.9% by the treatment of D5D siRNA transfection
and DGLA supplementation (p<0.01, Fig. 16), suggesting that inhibition of D5D could elicit the

effect of DGLA on inducing apoptosis.
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Figure 16. D5D siRNA transfection induced the apoptosis of A549 lung cancer cells. Apoptosis
was determined by flow cytometry on A549 cells in staining of Annexin V-FITC/PI. A549 lung
cancer cells were treated with DGLA (100 uM) + NC-si or D5D siRNA. Cell apoptosis rate (%)
of A549 cells was determined by analyzing the percentage of Q3 gated cells. Data represent mean
+ SEM for n=3. ""P<0.01 vs NC-si group.
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Since 8-HOA generation is catalyzed by COX-2, maintaining the high COX-2 expression
level in lung cancer cells may be essential to maximize 8-HOA production. To ensure the
overexpression of COX-2 in lung cancer cells, we measured the protein expression of COX-2 in
A549 cells treated with D5D siRNA and /or DGLA. Interestingly, the high COX-2 expression
cannot be changed by either DGLA or D5D siRNA (p>0.05, Fig. 17A). This stable COX-2
expression in A549 cells allowed the continuous 8-HOA production from DGLA peroxidation
after D5D knockdown. The production of endogenous 8-HOA could further promote apoptosis in
lung cancer cells. Indeed, the pre-apoptosis protein BAX expression was significantly increased
in A549 cells treated with the combination of DGLA and D5D siRNA (p<0.001, Fig. 17A). To
investigate the molecular mechanism of D5D inhibition triggered apoptosis, we tested the protein
expression of p53, procaspase-9, and procaspase-3 in A549 lung cancer cells by Western analysis.
We found that the protein expression of p53 was significantly improved by DGLA and D5D
SiRNA transfection in A549 cells (p<0.01, Fig. 17B). However, the protein expression of
procaspase-3 (p<0.01) and procaspase-9 (p<0.05) was significantly decreased in D5D siRNA
transfected A549 cells with DGLA supplementation (Fig. 17B). We may conclude that D5D
suppression could induce p53 dependent intrinsic apoptosis pathway through redirecting COX-2

catalyzed DGLA peroxidation.
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Figure 17. D5D siRNA transfection activated p53 dependent apoptosis in A549 lung cancer cells.
A549 cells were transfected with D5D siRNA (D5D-KD) or negative control sSiRNA (NC-si) for 6
h. A549 cells were treated with DGLA (100 uM) for 48 h before Western analysis. (A) COX-2
and BAX protein expression was measured after 48 h of DGLA supplementation. (B) p53,
procaspase-9 (Procas9), and procaspase-3 (Procas3) protein expression was measured after 48 h
of DGLA supplementation. The protein expression was normalized with B-actin. Data represent
mean = SEM for n=3. “"P<0.001, ""P<0.01, "P<0.05 vs NC-si group. NS. not significant.

4.4. DGLA Supplementation and D5D Inhibition Suppressed HDAC Activity and the
YAP1/TAZ Pathway

Given that 8-HOA is a potential HDAC inhibitor, it is plausible that D5D inhibition also
could suppress HDAC activity and the YAP1/TAZ pathway in lung cancer cells. To investigate
the effect of D5D siRNA transfection on HDAC activity, we assessed the HDAC activity in A549
lung cancer cells transfected with D5D siRNA with or without DGLA supplementation by
measuring the protein expression of the substrate of HDAC, acetyl-histone H3K9 (AcH3K9). The
HDAC could remove the acetyl group from AcH3K9 [128]. Thus, the high protein expression of

AcH3KQ is an indicator of low cellular HDAC activity. We observed that the protein expression
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of AcH3K9 was significantly increased in the A549 cells treated with D5D siRNA and DGLA
(p<0.01, Fig. 18), implicating a decrease in HDAC activity. This phenomenon is consistent with
the effect of exogenous 8-HOA on HDAC as we demonstrated in chapter 3. Therefore, the
inhibition of HDAC activity in D5D knocked down lung cancer cells may be attributed to the
generation of endogenous 8-HOA from COX-2 catalyzed DGLA peroxidation. However, we did
not observe any significant change in the protein expression of total Histone H3 in lung cancer
cells by DGLA or D5D siRNA treatment (Fig. 18). Thus, the D5D inhibition may only inhibit the

HDAC activity, not overall histone protein expression in lung cancer cells.
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Figure 18. D5D siRNA transfection suppressed HDAC activity in A549 lung cancer cells. A549
cells were treated with D5D siRNA (D5D-KD) or negative control sSiRNA (NC-si) for 6 h. The
acetyl-Histone H3 (AcH3K9) and Histone H3 protein expression were measured after 48 h of
DGLA supplementation. The protein expression of AcH3K9 and Histone H3 were normalized
with B-actin. The ratio of AcH3 to H3 was normalized with the NC-si group. Data represent mean
+ SEM for n=3. ""P<0.01 vs NC-si group.

We have observed that exogenous 8-HOA could inhibit the YAP1/TAZ pathway in lung
cancer cells as demonstrated in chapter 3. However, the effect of DGLA-derived endogenous 8-
HOA on the YAPL1/TAZ pathway is still unknown. To further explore the role of D5D in the
YAP1/TAZ pathway, we measured the protein expression of YAP1, TAZ, and CTGF in A549

cells transfected with D5D siRNA and DGLA supplementation by Western analysis. We found
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that the combination of DGLA and D5D siRNA could significantly inhibit YAP1 (p<0.01), TAZ
(p<0.05), and CTGF (p<0.01) protein expression in A549 lung cancer cells (Fig. 19), indicating

that DGLA-derived 8-HOA also could suppress the YAP1/TAZ pathway.
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Figure 19. D5D siRNA transfection suppressed YAP1/TAZ pathway in A549 lung cancer cells.
A549 cells were treated with D5D siRNA (D5D-KD) or negative control SiRNA (NC-si) for 6 h.
YAP1, TAZ, and CTGF protein expressions were measured after 48 h of DGLA supplementation.
The protein expression was normalized with B-actin. Data represent mean = SEM for n=3.
“P<0.01, "P<0.05 vs NC-si group.
4.5. Conclusion and Discussion

We have demonstrated in chapter 3 that exogenous 8-HOA could inhibit lung cancer cell
proliferation, survival, migration, and induce apoptosis. However, the effect of exogenous 8-HOA
on lung cancer cells is modest. Theoretically, the endogenous 8-HOA is derived from DGLA as a
free radical form, "CgH1503, which may have better efficacy on cancer inhibition than exogenous
8-HOA, CgH1603[76,77]. To improve the effectiveness of the 8-HOA, we knocked down D5D in
A549 lung cancer cells by siRNA transfection to promote the generation of DGLA-derived
endogenous 8-HOA ('CgH1503). The siRNA treatment belongs to gene therapy, which is a

developing platform for targeting many diseases in a gene-specific manner. Other molecules used

for gene therapy include miRNA and ASOs. The siRNA silencing technique could direct the
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degradation of target mRNA in high specificity [122,123]. Few siRNA drugs have been approved
by the United States Food and Drug Administration (FDA), such as GIVLAARI™ for acute
hepatic porphyria and ONPATTRO® for hereditary amyloidogenic transthyretin [129-131].

We found that siRNA transfection could shift the COX-2 catalyzed DGLA peroxidation
pattern in lung cancer cells, resulting in more production of 8-HOA. However, D5D siRNA
transfection without DGLA supplementation cannot significantly promote 8-HOA generation,
implicating that DGLA may serve as the essential substrate of COX-2 for synthesizing 8-HOA in
cancer cells. Notably, we observed that D5D siRNA transfection alone could suppress the survival
fraction and transwell migration rate of lung cancer cells. Therefore, we believe that inhibition of
D5D could suppress lung cancer progression in multiple mechanisms. Indeed, another study has
demonstrated that suppression of D5D expression could inhibit the migration, invasion, and
proliferation of laryngeal squamous cell carcinoma cells. The overexpression of D5D in cancer
cells is one of the factors for activating the AKT/mTOR pathway, which is a critical pathway in
cancer development [28]. Although D5D knockdown inhibited survival and migration of lung
cancer cells, we demonstrated that the effect of the combination of D5D siRNA and DGLA on
lung cancer cells was better than D5D siRNA alone, indicating that 8-HOA is also a crucial
downstream functional molecule of COX-2 catalyzed DGLA peroxidation. Additionally, D5D
knockdown without DGLA did not induce apoptosis in lung cancer cells. However, the significant
activation of apoptosis has been found in D5D silenced lung cancer cells when supplementation
of DGLA. Therefore, the effect of D5D inhibition on apoptosis may primarily depend on the 8-
HOA generation from COX-2 catalyzed DGLA peroxidation.

Despite the accessibility and high efficiency of D5D siRNA, the clinical application of

therapeutic siRNA still faces many challenges [125]. The stability of unmodified siRNA is
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generally lower than small molecule inhibitors or peptide drugs in the serum. The poor
pharmacokinetic behavior of siRNA also weighs down the siRNA drug development. The off-
target effect of SIRNA may cause anticipated and unanticipated side effects by affecting the normal
physiological function of the target gene [132]. Since siRNA needs to compete with other double-
strand RNAs on the same RNA machinery, the sSiRNA may trigger the innate immune system by
recognizing Toll-like receptors 3 and 7 (TLR3 and TLR7) and retinoic acid-inducible gene |
protein (DDX58), leading to inflammation and secretion of interferon [133-135]. Additionally,
naked siRNA is struggling to enter the cytoplasm because of the large size and negative charge of
siRNA. After injection, most of the siRNA molecules could be eliminated by the kidney rather
than staying in the target tissues and cells [136]. To ensure the efficiency of siRNA knockdown,
researchers tend to administrate a high concentration of sSiRNA to animals or patients, raising more
safety concerns [137]. It is important to develop an active and targeted delivery system for 1)
protecting D5D siRNA from degradation by RNase, 2) concentrating siRNA in targeted cancer

cells, 3) avoiding toxicity and off-target effect.
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5. THERAPEUTIC OUTCOMES OF DGLA SUPPLEMENTATION AND 3WJ-RNA
NANOPARTICLES ON LUNG CANCER

The advance of siRNA technology holds a great promise in cancer therapy since sSiRNA
could be designed to specifically knockdown any targeted gene [123]. Although, we demonstrated
that D5D siRNA efficiently suppressed the protein expression of D5D in lung cancer cells, it is
still a challenge to directly apply naked siRNA to patients due to various disadvantages, such as
off-target effect, poor pharmacokinetic profile, and low stability [125,137]. To expand the clinical
benefit of the D5D inhibition-based strategy to cancer patients, we would take advantage of the
RNA nanoparticle system to stabilize and deliver the D5D siRNA to the cancer cells.
Therapeutically siRNA could be delivered by different methods, including lipid nanoparticles
(LNPs), peptide-based system, polymers, RNA nanoparticles, and N-Acetylgalactosamine
(GalNACc) conjugates, of which RNA nanoparticle is one of the state-of-the-art delivery systems
for siRNA therapy [123,136].

RNA nanoparticles can be fabricated with a level of simplicity characteristic of DNA
[138,139]. Additionally, RNA nanoparticles have versatile tertiary structures and catalytic
functions that mimic proteins. The RNA molecule is unique in comparison to DNA molecule by
its high thermodynamic stability and the capability of forming both canonical and noncanonical
base pairings as well as base stacking. RNA tertiary motifs can be encoded at the level of the RNA
sequence for 3D architectures that exhibit helices, loops, bulges, stems, hairpins, and pseudoknots.
Single-stranded RNA loops are suitable for inter-/intra-molecular interactions and self-assembling
RNA nanoparticles [140,141].

The feasibility of RNA nanotechnology in cancer therapy is exemplified by the

bacteriophage phi29 pRNA system, which naturally forms dimers and hexamers via hand-in-hand
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interactions between right- and left-interlocking loops [20,142,143]. The crystal structure of the
PRNA-3-Way Junction (3WJ) motif held at the center of the pPRNA monomer was recently
reported, allowing the construction of ultra-stable and self-assembling nanoparticles with very
high affinity [138,144]. The pRNA-3WJ is also thermodynamically stable. For instance, this RNA
structure is resistant to denaturation via 8M urea [145]. Moreover, 3WJ RNA nanoparticles are
less likely to be dissociated at ultra-low concentrations in vitro and in vivo [146]. Varieties of RNA
nanoparticles using a pPRNA-3WJ motif (3-WJ core for harboring functional therapeutic modules)
as scaffolds have already been successfully constructed [94,142]. Importantly, all modules in the
RNA nanoparticle could retain their original foldings and functionalities (e.g., specific cell
binding, cell entry, gene silencing, catalytic function, and cancer targeting) both in vitro and in
vivo [146-151]. Besides, the 2'-F modified 3WJ nanoparticles display favorable pharmacological
profiles of biodistribution and pharmacokinetics (e.g., stability, half-life, and clearance rate), and
also appropriate immune responses [141]. Various targeting modules have been tested successfully
with the pRNA-3WJ nanoparticle to specifically target cancers [141,147,148,152,153]. In this
study, to improve the efficiency and tumor selectivity of D5D siRNA, we added EpCAM aptamer
to the 3WJ RNA nanoparticle as a targeting module for directing D5D siRNA to the lung cancer
cells. Given the fact that EpCAM is overexpressing in lung cancer cells [154,155], by conjugating
EpCAM aptamer to RNA nanoparticles, 3WJ-RNA nanoparticles with D5D siRNA may
specifically bind and enter EpCAM- positive lung cancer cells.
5.1. Lung Cancer Cells Internalized 3WJ-EpCAM RNA Nanoparticle

To direct D5D siRNA to the lung cancer cells, we designed and synthesized the 3WJ-

EpCAM-D5D siRNA nanoparticle as shown in Fig. 20A. This RNA nanoparticle was assembled

with three RNA single strands, 3WJ-a, 3WJ-b, and 3WJ-c. The multi-function of 3WJ RNA
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nanoparticles is attributed to three RNA arms, H1, H2, and H3. To construct all functional parts in
one nanostructure, we designed the 3WJ RNA nanoparticle, in which H1 harbored the D5D siRNA
as a therapeutic module; H2 harbored the Alexa 647 as an imaging module; H3 harbored the
EpCAM aptamer as a targeting module. To test the binding efficiency of nanoparticles, we
evaluated the intensity of Alexa 647 in Ab549 cells via flow cytometry analysis. A549 cells were
treated with 3WJ-EpCAM-Alexa 647 RNA nanoparticles before analysis. We observed that 3WJ-
EpCAM-Alexa 647 RNA nanoparticles could shift the population of A549 cells to the right (Fig.
20B), suggesting that A549 cells can efficiently recognize 3WJ-EpCAM RNA nanoparticles.
However, binding does not guarantee nanoparticle uptake, which is the most crucial barrier of
siRNA-based therapy. To investigate the internalization of RNA nanoparticles, we assessed the
cellular distribution of 3WJ-EpCAM-Alexa 647 RNA nanoparticles in A549 lung cancer cells by
confocal microscope. Since RNA nanoparticles conjugated with Alexa 647, we can monitor the
distribution of 3WJ RNA nanoparticles without other antibodies. After 4 h of incubation of RNA
nanoparticles, we found a substantial amount of 3WJ RNA nanoparticles in the cytoplasm of A549
cells (Fig. 21), indicating that 3WJ-EpCAM RNA nanoparticles could efficiently pass through the

cell membrane of lung cancer cells.
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Figure 20. Structure of 3-way junction (3WJ)-epithelial cell adhesion molecule (EpCAM)-RNA
nanoparticle. (A) Schematic presentation of the 3WJ-RNA nanoparticle structure. (B) Flow
cytometry for RNA nanoparticle binding in A549 lung cancer cells. Red: A549 cells treated with
3WIJ-EpCAM-Alexa 647; Blue: A549 cells treated with PBS. The Alexa 647 intensity was

measured by the flow cytometer (n=6).
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Figure 21. Distribution of 3WJ RNA nanoparticles (violet) in A549 cells via confocal microscope
(n=6). F-actin was labeled with phalloidin (Alexa 488, green) and cell nuclei with DAPI.
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5.2. 3WJ-EpCAM-D5D siRNA Nanoparticle Suppressed the D5D Expression in Lung
Cancer Cells

To evaluate the in vitro effect of the 3WJ-EpCAM-D5D siRNA nanoparticle on lung
cancer, we measured the protein and gene expression of D5D in A549 lung cancer cells via
Western analysis, immunofluorescence analysis, and gPCR. A549 lung cancer cells were treated
with 3WJ-EpCAM-D5D siRNA nanoparticle or 3WJ-EpCAM RNA nanoparticle (as the vehicle)
for 48 h. The expression of D5D in A549 cells was significantly decreased in the 3WJ-EpCAM-
D5D siRNA nanoparticle group (p<0.01, Fig. 22A and B). We observed that the effect of 3WJ-
EpCAM-D5D siRNA nanoparticles on D5D expression is similar to the effect of naked D5D
SiRNA on A549 cells (Fig. 22B), suggesting that the 3WJ RNA nanoparticle may not impede the
knocking down the efficiency of D5D siRNA. On the contrary, the 3WJ-EpCAM RNA
nanoparticle (without D5D siRNA) did not decrease the protein expression of D5D in lung cancer
cells (Fig. 22B). Moreover, we found that 3WJ-EpCAM-D5D siRNA nanoparticles could
significantly reduce the mRNA expression of FADS1 (gene of D5D) in A549 lung cancer cells
after 24 h of incubation (p<0.05, Fig. 22C). Thus, we believe that 3WJ-EpCAM-D5D siRNA
nanoparticles may cause mRNA degradation of D5D, leading to suppression of D5D protein

translation in lung cancer cells.
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Figure 22. 3WJ-EpCAM-D5D siRNA nanoparticle suppressed the expression of D5D in A549
lung cancer cells. (A) D5D protein expression in A549 cells. Cells treated with 3WJ-EpCAM-D5D
SiIRNA nanoparticle. Images were captured by the confocal microscope. (B) Relative protein
expression of D5D in A549 cells treated with 3WJ-EpCAM-D5D siRNA nanoparticle. The relative
expression of D5D to B-actin in the Vehicle group was normalized to 1. (C) D5D mRNA (FADS1)
expression in A549 cells. Cells were treated with DGLA and 3WJ-EpCAM-D5D siRNA
nanoparticle for different periods (12, 24, and 48 h). Data represent mean + SEM for n=3. “P<0.01,
“P<0.05 vs NC-si (B) or Vehicle group (A and C).

However, the role of 3WJ-EpCAM-D5D siRNA nanoparticles in 8-HOA production has
not yet been analyzed. To understand how 3WJ-EpCAM-D5D siRNA nanoparticles regulate the
COX-2-catalyzed DGLA peroxidation, we determined the 8-HOA concentration in A549 lung
cancer cells treated with DGLA and/or 3WJ-EpCAM-D5D siRNA nanoparticle by GC-MS. We
found that the 8-HOA level in cells treated with the combination of DGLA and 3WJ-EpCAM-
D5D siRNA nanoparticles was significantly higher than other groups (p<0.01, Fig. 23), suggesting
that 3WJ-EpCAM-D5D siRNA nanoparticle could shift the DGLA peroxidation pattern in lung
cancer cells. Consequently, the accumulated DGLA could be converted to 8-HOA by COX-2 in
lung cancer cells.
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Figure 23. 8-HOA level in A549 cells was measured by GC-MS. A549 cells treated with DGLA
and 3WJ-EpCAM-D5D siRNA nanoparticles. Data represent mean + SEM for n=6. ¥4P<0.01 vs
DGLA+ 3WJ-EpCAM-D5D siRNA group.

5.3. 3WJ-EpCAM-D5D siRNA Nanoparticle Inhibited Proliferation of Lung Cancer Cells

To investigate the effect of the 3WJ-EpCAM-D5D siRNA nanoparticle on lung cancer, we
evaluated the cell viability of A549 lung cancer cells by MTT assay. We observed that the
combination of DGLA (100 uM) and 3WJ-EpCAM-D5D siRNA nanoparticle (100 and 1000 uM)
could significantly decrease the cell viability of A549 cells (p<0.01, Fig. 24A). However, the
inhibitory effect of DGLA or 3WJ-EpCAM-D5D siRNA nanoparticles alone on lung cancer is
relatively less significant (Fig. 24A), implicating that the effect of 3WJ-EpCAM-D5D siRNA
nanoparticles is relying on COX-2-catalyzed DGLA peroxidation. To further determine the
survival and proliferation of lung cancer cells, we measured the LDH activity in A549 cells by
LDH-cytotoxicity assay. Interestingly, both 3WJ-EpCAM-D5D siRNA nanoparticle alone and the
combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle groups displayed significantly
higher LDH activity than the vehicle group (p<0.001, Fig. 24B), indicating that 3WJ-EpCAM-

D5D siRNA nanoparticle could trigger the release of LDH from dead lung cancer cells.
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Figure 24. DGLA and 3WJ-EpCAM-D5D siRNA inhibited the proliferation of A549 lung cancer
cells. (A) Cell viability of A549 cells after treatment of DGLA (100 uM) and different
concentrations of 3WJ-EpCAM-D5D siRNA for 48 h. (B) LDH cytotoxicity assay of A549 cells.
Cells were treated with DGLA and/or 3WJ-EpCAM-D5D siRNA for 48 h. Data represent mean +
SEM for n=8. ""P<0.001, “"P<0.01 vs Vehicle group.

To confirm the effect of 3WJ-EpCAM-D5D siRNA nanoparticles on the proliferation of
lung cancer cells, we further detected the Ki-67 expression in A549 lung cancer cells treated with
DGLA and/or 3WJ-EpCAM-D5D siRNA nanoparticle by immunofluorescence analysis. We
observed that DGLA or 3WJ-EpCAM-D5D siRNA nanoparticle alone has limited effect on the
protein expression of Ki-67 in A549 cells (Fig. 25), indicating that the single agent, either DGLA
or 3WJ-EpCAM-D5D siRNA nanoparticle, is not enough to stop the proliferation of lung cancer
cells. However, the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle
significantly suppressed the Ki-67 expression in A549 cells (p<0.05, Fig. 25), suggesting the extra
inhibitory effect and benefits of the drug combination (DGLA+ 3WJ-EpCAM-D5D siRNA

nanoparticle).
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Figure 25. Immunofluorescence images and quantification of ki-67 relative intensity in A549 cells
by confocal microscopy. Expression of ki-67 was stained in green, and cell nuclei were counter-
stained with DAPI. Data represent mean + SEM for n=6. "P<0.05 vs Vehicle group.

5.4. DGLA and 3WJ-EpCAM-D5D siRNA Nanoparticle Suppressed the HDAC Activity
and YAP1/TAZ pathway in Lung Cancer Cells

As a free radical by-product, 8-HOA suppresses lung cancer cell growth via regulating cell
proliferation and apoptosis, which is highly relevant to HDAC and YAPL1/TAZ pathway. We
demonstrated that exogenous 8-HOA could inhibit HDAC activity in lung cancer cells in a dose-
dependent pattern. Additionally, the protein expression of YAP1, TAZ, and downstream effector
CTGF in lung cancer cells could be inhibited by exogenous 8-HOA. To explore the mechanism of
DGLA-derived 8-HOA on lung cancer, we would investigate the role of endogenous 8-HOA on
HDAC and YAPL/TAZ pathway in lung cancer cells treated with 3WJ-EpCAM-D5D siRNA
nanoparticles. We observed that the combination of DGLA and 3WJ-EpCAM-D5D siRNA
nanoparticle significantly decreased the HDAC activity to less than 40% in A549 lung cancer cells
(p<0.05, Fig. 26), suggesting that 3WJ-EpCAM-D5D siRNA nanoparticle also could suppress

HDAC activity via inducing the production of DGLA-derived 8-HOA. However, the mechanism
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of the 3WJ-EpCAM-D5D siRNA nanoparticle on HDAC activity in lung cancer cells is still
unclear. The acetylation of histone could be regulated by HAT and HDAC, which contains several
subtypes, including HDAC I, Il, IV (Zinc dependent), and HDAC 11 (sirtuins, NAD+ dependent)
[114,116]. To investigate the effect of 3WJ-EpCAM-D5D siRNA nanoparticles on HAT and
sirtuins, we measured the activity of HAT and sirtuins in A549 cells treated with DGLA and/or
3WIJ-EpCAM-D5D siRNA nanoparticle by enzyme activity colorimetric assays with different
substrates. However, we did not observe any remarkable change of HAT and sirtuins activity in
Ab549 cells after the addition of DGLA and RNA nanoparticle (p>0.05, Fig. 26B and C), suggesting
the specificity of DGLA-derived 8-HOA on HDAC, possibly HDAC I, Il, and IV. Moreover, we
examined the protein expression of HDAC1 and HAT1 in A549 cells treated with DGLA and
3WIJ-EpCAM-D5D siRNA nanoparticles by Western analysis. We found that neither DGLA nor
3WIJ-EpCAM-D5D siRNA nanoparticles could significantly affect the protein expression of
HDAC1 and HAT1 in lung cancer cells (p>0.05, Fig. 26D). Taken together, 3WJ-EpCAM-D5D
SiRNA nanoparticles could redirect COX-2-catalyzed DGLA peroxidation, leading to the
generation of 8-HOA. The DGLA-derived endogenous 8-HOA could specifically inhibit HDAC
activity without influence either the activity of HAT and sirtuins or the protein expression of

HDAC1 and HAT1.
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Figure 26. DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles inhibited the HDAC activity of
A549 cells. Cells were treated with DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles for 48 h.
Enzymatic assays were used to determine (A) HDAC activity, (B) HAT activity, and (C) sirtuins
activity in A549 cells. (D) Relative protein expression of HAT1 and HDAC1 in A549 cells treated
with 3WJ-EpCAM-D5D siRNA nanoparticle. The relative expression of D5D to B-actin in the
Vehicle group was normalized to 1. Data represent mean + SEM for n=3. “P<0.05 vs DGLA +
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3WJ-EpCAM-D5D siRNA nanoparticle group. NS. not significant.

Given the critical role of HDAC in the YAP1/TAZ pathway, we determined the cellular

location and expression of YAP1 and TAZ in A549 lung cancer cells via immunofluorescence

85



analysis under confocal microscopy. The YAP1 and TAZ are commonly expressed in the
cytoplasm. However, when the Hippo pathway is off, YAP1/TAZ pathway can be activated by
transporting YAP1 and TAZ from the cytoplasm to nuclear, resulting in the proliferation of cancer
cells. We found that most of the YAP1 and TAZ proteins are expressed in the nuclear of A549
lung cancer cells (Fig. 27 and 28), indicating the overactivation of the YAP1/TAZ pathway in lung
cancer cells. However, the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle
significantly suppressed the nuclear translocation of YAP1 and TAZ in A549 cells (Fig. 27 and
28). This phenomenon is consistent with our previous observation, in which the combination of
DGLA and D5D siRNA transfection suppressed the YAP1/TAZ pathway in lung cancer cells.

) 3WJ-EpCAM- DGLA + 3WJ-
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Figure 27. Immunofluorescence images of YAP1 expression in A549 cells. Expression of YAP1
was stained in green, and cell nuclei were counter-stained with DAPI (n=6).
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Figure 28. Immunofluorescence images of TAZ expression in A549 cells. Expression of TAZ was
stained in red, and cell nuclei were counter-stained with DAPI (n=6).
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5.5. COX-2 and EpCAM are Essential for Eliciting the Effect of 3WJ-EpCAM-D5D
siRNA Nanoparticle on Lung Cancer

We demonstrated that the combination of DGLA and 3WJ-EpCAM-D5D siRNA
nanoparticles could successfully suppress the growth of A549 lung cancer cells in vitro. To
elucidate the mechanism of the 3WJ-EpCAM-D5D siRNA nanoparticle on lung cancer, we also
enrolled another two cell lines, H1299 lung cancer cells and BEAS-2B normal lung epithelial cells
into this study. We firstly profiled the COX-2 and EpCAM protein expression of A549, H1299,
and BEAS-2B cells by using Western analysis. We observed that A549 lung cancer cells have the
highest COX-2 and EpCAM expression; H1299 lung cancer cells have high EpCAM expression
and low COX-2 expression; BEAS-2B normal lung epithelial cells have low to no expression of

both COX-2 and EpCAM (p<0.001, Fig. 29). To investigate the targeting efficiency of 3WJ-
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EpCAM-RNA nanoparticles in different cells, we assessed the cellular distribution of 3WJ-
EpCAM-Alexa 647 RNA nanoparticles in H1299 and BEAS-2B cells by confocal microscope. We
observed that 3WJ-EpCAM-Alexa 647 RNA nanoparticles could be internalized into H1299 lung
cancer cells (Fig. 30). While the distribution of 3WJ-EpCAM-Alexa 647 RNA nanoparticles in
BEAS-2B normal lung epithelial cells is relatively less than it in A549 and H1299 lung cancer
cells (Fig. 30). The relatively low amount of 3WJ RNA nanoparticle internalization in BEAS-2B
cells may be due to less expression of EpCAM in normal lung epithelial cells. Therefore, we may
conclude that conjugation of EpCAM aptamer in RNA nanoparticles could allow 3WJ RNA
nanoparticles to specifically target lung cancer cells with high EpCAM expression, whereas
avoiding binding to normal lung epithelial cells with low EpCAM expression.
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Figure 29. Relative protein expression of COX-2 and EpCAM in A549 and H1299 lung cancer
cells and BEAS-2B normal lung epithelial cells. The relative expression of COX-2 and EpCAM
to B-actin in the Vehicle group was normalized to 1. Data represent mean + SEM for n=3.
““P<0.001 vs A549 cells.
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Figure 30. Distribution of 3WJ RNA nanoparticles (violet) in H1299 lung cancer cells and BEAS-
2B normal lung epithelial cells. Images were captured via a confocal microscope (n=6). F-actin
was labeled with phalloidin (Alexa 488, green) and cell nuclei with DAPI.

Although 3WJ RNA nanoparticles cannot be efficiently recognized by BEAS-2B cells, the
normal lung epithelial cells may still be influenced by 3WJ-EpCAM-D5D siRNA nanoparticles
due to possible off-target effects. To evaluate cytotoxicity and the off-target effect of 3WJ-
EpCAM-D5D siRNA nanoparticles, we measured the 8-HOA concentration in BEAS-2B cells by
GC-MS. However, unlike A549 cells, the 8-HOA level in BEAS-2B cells was not significantly
changed by either DGLA or 3WJ-EpCAM-D5D siRNA nanoparticle (p>0.05, Fig. 31A),
implicating that 3WJ RNA nanoparticle with D5D siRNA could not shift the COX-2 catalyzed
DGLA peroxidation in normal lung epithelial cells. This phenomenon can be explained by the low
COX-2 expression in BEAS-2B cells (Fig. 29). Since COX-2 is the essential enzyme for 8-HOA
production, BEAS-2B cells may not efficiently convert DGLA to 8-HOA even in the condition of
D5D inhibition. However, besides triggering 8-HOA generation, 3WJ-EpCAM-D5D siRNA
nanoparticles may also affect lung cancer cells growth via regulating alternative pathways. To

evaluate the mechanical basis of the 3WJ-EpCAM-D5D siRNA nanoparticle, we investigated the
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effect of 3WJ-EpCAM-D5D siRNA nanoparticle on proliferation and survival of BEASE-2B cells
by MTT assay, LDH cytotoxicity assay, and colony formation assay. The cell viability, LDH
activity, and survival fraction of BEAS-2B cells could not be significantly changed by DGLA and
3WIJ-EpCAM-D5D siRNA nanoparticle (p>0.05, Fig. 31B-D), implicating that 3WJ-EpCAM-
D5D siRNA nanoparticle may avoid damage to normal lung epithelial cells with negative COX-2

and EpCAM expression.
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Figure 31. Effect of 3WJ-EpCAM-D5D siRNA nanoparticles on BEAS-2B normal lung epithelial
cells. (A) 8-HOA content in BEAS-2B cells was determined by GC-MS. (B) The cell viability of
BEAS-2B cells was measured by MTT assay. BEAS-2B cells were treated with DGLA and 3WJ-
EpCAM-D5D siRNA nanoparticles. (C) LDH activity of BEAS-2B cells. Positive Control: BEAS-
2B treated with Triton X-100. (D) Colony formation of BEAS-2B cells treated with DGLA and
3WJ-EpCAM-D5D siRNA nanoparticle. The survival fraction of BEAS-2B cells was normalized
by the number of colonies in the Vehicle group. Data represent mean £ SEM for n=4-8. NS. Not
Significant.
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5.6. TNF-a Provoked the Effect of 3WJ-EpCAM-D5D siRNA Nanoparticle on H1299 Lung
Cancer Cells by Promoting COX-2 Expression

Since 3WJ-EpCAM-D5D siRNA nanoparticle has no cytotoxicity on normal lung
epithelial cells, we are wondering whether the D5D inhibition could affect lung cancer cells with
low COX-2 expression. We evaluated the effect of the combination of DGLA and normal lung
epithelial cells on H1299 lung cancer cells by MTT assay and colony formation assay. Compared
to A549 lung cancer cells, H1299 cells have relatively lower COX-2 expression (Fig. 29).
However, EpCAM expression in H1299 cells is sufficient to attract 3WJ-EpCAM-D5D siRNA
nanoparticles (Fig. 30). Although 3WJ RNA nanoparticles can be internalized into H1299 lung
cancer cells, we observed that neither DGLA nor 3WJ-EpCAM-D5D siRNA nanoparticles could
significantly decrease the cell viability and survival fraction of H1299 lung cancer cells (p>0.05,
Fig. 32), indicating that the effect of 3WJ-EpCAM-D5D siRNA nanoparticles on COX-2 negative

lung cancer cells is limited.
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Figure 32. Effect of 3WJ-EpCAM-D5D siRNA nanoparticles on H1299 lung cancer cells. (A)
The cell viability of H1299 cells was determined by MTT assay. (B) The survival fraction of
H1299 lung cancer cells was determined by colony formation assay. H1299 cells were treated with
DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles. Data represent mean + SEM for n=3. NS.
Not Significant.
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To elucidate the role of COX-2 in D5D inhibition-based anti-cancer strategy, we used
TNF-a to induce COX-2 expression in H1299 lung cancer cells. H1299 cells were treated with
different concentrations of TNF-a for 3, 6, and 24 h. The COX-2 protein expression was
determined by Western analysis. We found that 80 and 100 ng/mL TNF-o for 24 h could
significantly provoke COX-2 expression in H1299 lung cancer cells (p<0.05, Fig. 33). We
administrated DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle into TNF-a (100 ng/mL for 24
h) pre-treated H1299 cells for another 48 h. Notably, pre-treatment of TNF-a significantly
improved the effectiveness of the combination of DGLA and 3WJ-EpCAM-D5D siRNA
nanoparticle on H1299 lung cancer cells (p<0.05, Fig. 34), indicating that COX-2 is essential for
eliciting the inhibitory effect of 3WJ-EpCAM-D5D siRNA nanoparticle on lung cancer. On the
contrary, we did not find any significant inhibitory effect of 3WJ-EpCAM-D5D siRNA

nanoparticles on H1299 lung cancer cells without co-treatment of TNF-a (Fig. 34).
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Figure 33. TNF-a induced COX-2 expression in H1299 lung cancer cells. Relative protein
expression of COX-2 in H1299 lung cancer cells. H1299 cells were treated with (A) different
concentrations of TNF-a for 24 h or (B) 100 ng/mL TNF-a. for the different periods. The relative
expression of COX-2 to B-actin in the VVehicle group was normalized to 1. Data represent mean +
SEM for n=3. "P<0.05, ""P<0.01, ""P<0.001 vs Vehicle group.
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Figure 34. The inhibitory effect of 3WJ-EpCAM-D5D siRNA nanoparticles on TNF-a stimulated
H1299 lung cancer cells. The survival fraction of H1299 lung cancer cells was determined by
colony formation assay. H1299 cells (TNF-o pre-treated) were treated with DGLA and 3WJ-
EpCAM-D5D siRNA nanoparticles. Data represent mean + SEM for n=3. “P<0.05 vs Vehicle
group. NS. Not Significant vs Vehicle group.
5.7. 3WJ-EpCAM RNA Nanoparticle Specifically Targeted to Lung Tumor in vivo

Although we demonstrated the binding efficiency and effectiveness of 3WJ-EpCAM-D5D
siRNA nanoparticle in vitro, we still need to investigate the bio-distribution and effect of 3WJ-
EpCAM-D5D siRNA nanoparticles in the animal model. Due to the importance of EpCAM
expression for displaying the function of EpCAM aptamer of 3WJ-EpCAM-D5D siRNA
nanoparticle, we firstly assessed the EpCAM protein expression of lung tumor tissues from nude
mice treated with DGLA, 3WJ-EpCAM-D5D siRNA nanoparticle, or their combination by
Western analysis. We found that none of the treatments could decrease the protein expression of

EpCAM in tumor tissues (p>0.05, Fig. 35), suggesting EpCAM is a desirable target for 3WJ-

EpCAM-D5D siRNA nanoparticles.
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Figure 35. Relative protein expression of EpCAM in lung tumor tissues. The relative expression

of EpCAM to B-actin in the Vehicle group was normalized to 1. Data represent mean = SEM for
n=3. NS. Not Significant vs Vehicle group.

To evaluate the targeting efficiency of the 3WJ-EpCAM RNA nanoparticle, we implanted
A549 lung cancer cells into the nude mice. 3WJ-EpCAM-Alexa 647 RNA nanoparticle was
injected to nude mice to determine the bio-distribution of RNA nanoparticles under the In Vivo
Imaging System (IVIS) Spectrum station (Fig. 36A). We did not observe any 3WJ-EpCAM-Alexa
647 RNA nanoparticles in the organs of the vehicle group (Fig. 36B). However, a significantly
higher amount of 3WJ-EpCAM-Alexa 647 RNA nanoparticles has been found in tumor tissues
rather than other organs, such as the heart, liver, lung, and kidney from mice treated with 3WJ-
EpCAM-Alexa 647 RNA nanoparticles (Fig. 36B), indicating the specificity of 3WJ RNA
nanoparticles on lung tumors. To elucidate the dynamic distribution of 3WJ RNA nanoparticles in
vivo, we monitored the intensity of 3WJ-EpCAM-Alexa 647 RNA nanoparticles in the whole body

of nude mice for 8 h after injection. The 3WJ-EpCAM-Alexa 647 RNA nanoparticle was widely
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distributed throughout the body of nude mice in the initial phase after injection (0 to 4 h). However,
we only detected a remarkable amount of 3WJ-EpCAM-Alexa 647 RNA nanoparticles in the
region of tumor tissues at the late stage of treatment (4 to 8 h) (Fig. 37). Therefore, we may
conclude that the 3WJ RNA nanoparticle may selectively accumulate into tumor tissues in the
animal model. Moreover, we did not observe the distribution of RNA nanoparticles in Kidneys,

suggesting that 3WJ RNA nanoparticles also protected D5D siRNA from elimination by kidneys.
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Figure 36. The distribution of nanoparticles in tumor tissues and organs from nude mice. (A) In
vivo experiment plan for deterring the distribution of 3WJ-EpCAM-Alexa 647 nanoparticles. (B)
Tumor tissues and organs were scanned under the In Vivo Imaging System (IVIS) Spectrum

station (n=4).

95



3WJ-EpCAM-Alexa 647

Vehicle 1h 4h 8h

Figure 37. The whole-body distribution of nanoparticles in nude mice. Mice were treated with
3WIJ-EpCAM-Alexa 647 nanoparticles. The whole-body images were captured at 1, 4, and 8 h
after treatment. The intensity of the nanoparticle was indicated by different colors as scale bar
(n=3).
5.8. 3WJ-EpCAM-D5D siRNA Nanoparticle Inhibited the Growth of Lung Tumor in vivo
To investigate the effectiveness of 3WJ-EpCAM-D5D siRNA nanoparticles on lung
tumors in vivo, we established a xenograft model by injecting A549 cells into nude mice. The mice
were administrated with DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles for 4 weeks (Fig.
38A\). We found that the tumor size dramatically increased in the vehicle group during 4 weeks of
observation, especially in the last week of observation. However, compared to the vehicle group,
the tumor size was significantly smaller in mice treated with the combination of DGLA and 3WJ-
EpCAM-D5D siRNA nanoparticles (p<0.01, Fig. 38B). About 60% tumor reduction was observed
in the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle group at 42 days (Fig.
38B). To visualize the change of tumor volume during the treatment, we also scanned the tumor
by ultrasound imaging system once a week. We found that tumors of the vehicle, DGLA, and 3WJ-

EpCAM-D5D siRNA nanoparticle group, were growing expeditiously during treatment (14 to 42

days). However, the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles almost
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stopped the growth of lung tumors in nude mice (Fig. 39). The significantly smaller tumors of the
combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle group were also observed at
end of the treatment (Fig. 40). Thus, DGLA or 3WJ-EpCAM-D5D siRNA nanoparticles alone
could not suppress the lung tumor in the animal model. While the combination of DGLA and 3W.J-

EpCAM-D5D siRNA nanoparticles have a strong inhibitory effect on lung tumors in vivo.
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Figure 38. 3WJ-EpCAM-D5D siRNA nanoparticle suppressed the lung tumor growth in the nude
mice. (A) In vivo experiment plan for evaluating the effect of 3WJ-EpCAM-D5D siRNA
nanoparticles. (B) Tumor growth curve during 4-weeks of the treatment. The treatment starts at 14
days of tumor implantation. Data represent mean + SEM for n=6. “"P<0.01 vs Vehicle group.
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Figure 39. Ultrasound images of tumor growth in mice during 4-weeks treatments (n=6). Mice
were administrated with DGLA and/or 3WJ-EpCAM-D5D siRNA. Day 14 is the first day of the

treatment after cancer cell implantation.
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Figure 40. Effect of 3WJ-EpCAM-D5D siRNA and DGLA on nude mice with xenografted lung
tumor. (A) The tumors were collected from nude mice at end of the treatment. (B) Whole-body
images of nude mice at end of 4-weeks 3WJ-EpCAM-D5D siRNA nanoparticle treatment. The

tumor was located at the hind flank. n=6.
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5.9. 3WJ-EpCAM-D5D siRNA Nanoparticle Redirected COX-2 Catalyzed DGLA
Peroxidation in vivo

In cellular models, we demonstrated that 3WJ-EpCAM-D5D siRNA nanoparticles could
inhibit lung cancer cell growth via shifting COX-2 catalyzed DGLA peroxidation, resulting in 8-
HOA production. However, the in vivo effect of 3WJ-EpCAM-D5D siRNA nanoparticles on
DGLA peroxidation is still underexplored. To investigate the mechanism of the 3WJ-EpCAM-
D5D siRNA nanoparticle, we measured the protein expression of COX-2 and D5D by Western
and immunofluorescence analysis. We observed that DGLA and immunofluorescence analysis
cannot alter the protein expression of COX-2 in lung tumor tissues (p>0.05, Fig. 41). Thus, the
COX-2 may remain overexpressed in lung tumor tissues during the treatment, facilitating the
production of 8-HOA. However, 3WJ-EpCAM-D5D siRNA nanoparticle significantly decreased
the protein expression of D5D in tumor tissues (p<0.05, Fig. 41), indicating that 3WJ RNA

nanoparticles could effectively protect and deliver D5D siRNA to lung tumors.
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Figure 41. Effect of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle on COX-2 and D5D in
tumor tissues. Relative protein expression of COX-2 and D5D in tumor tissues was determined by
(A) Western analysis and (B) immunofluorescence analysis after 4 weeks of treatment of DGLA
and 3WJ-EpCAM-D5D siRNA nanoparticle. Relative expression of proteins in the Western
analysis was normalized by B-actin. Expression of COX-2 was stained in green, D5D in violet,
and cell nuclei were counter-stained with DAPI. Data represent mean + SEM for n=6. "P<0.05 vs
Vehicle and DGLA group.

To investigate the DGLA peroxidation pattern, we assessed the concentration of DGLA,
AA, PGEz, and 8-HOA in lung tumor tissues by LC-MS and GC-MS. We observed that the
combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles could significantly improve
the DGLA versus AA ratio in lung tumor tissues (p<0.001, Fig. 42A). However, compared with
the DGLA group, the PGE, concentration was significantly decreased in the group treated with
the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle (p<0.05, Fig. 42B),

indicating that D5D inhibition restricted the conversion of AA and PGE> from DGLA in lung
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tumor tissues. On the contrary, we observed that the 8-HOA level was significantly improved by
the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle from ~0.18 to ~0.51 pg/g
in lung tumor tissues from nude mice (p<0.01, Fig. 42C). To determine the specificity of the 3WJ-
EpCAM-D5D siRNA nanoparticle, we also assessed the 8-HOA concentration in other vital
organs, including the liver, kidneys, spleen, lung, and heart from nude mice at end of the treatment.
The 8-HOA concentration is ~0.06 ug/g in the liver, ~0.08 pg/g in kidneys, ~0.04 ug/g in the
spleen, ~0.17 pg/g in the lung, and ~0.17 ug/g in the heart from mice treated with the combination
of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle. Notably, none of the tested tissues have a
comparable level of 8-HOA as we observed in tumor tissues from nude mice. This is consistent
with the bio-distribution result of the 3WJ-EpCAM-D5D siRNA nanoparticle in the mouse. 3WJ-
EpCAM-D5D siRNA nanoparticles could specifically target lung tumor tissues by EpCAM
aptamer. Additionally, we evaluated DGLA, AA, and 8-HOA level in the blood of nude mice. The
AA level in serum was significantly suppressed by the combination of DGLA and 3WJ-EpCAM-
D5D siRNA nanoparticles (p<0.01, Fig. 43A). However, DGLA (p<0.05) and 8-HOA (p<0.01)
concentration in serum was improved by 3WJ-EpCAM-D5D siRNA nanoparticle with DGLA
supplementation (Fig. 43). Therefore, we conclude that 1) 3WJ-EpCAM-D5D siRNA nanoparticle
could efficiently cause D5D inhibition and DGLA accumulation, 2) the extra DGLA could be

further converted to 8-HOA by COX-2 in lung tumor tissues and blood.
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Figure 42. 3WJ-EpCAM-D5D siRNA nanoparticle shifted the COX-2-catalyzed DGLA
peroxidation pattern in tumor tissues. (A) DGLA/AA level and (B) PGE2 concentration in tumor
tissues were determined by LC-MS. (C) 8-HOA concentration was measured by GC-MS. Data
represent mean + SEM for n=6. "P<0.05, “P<0.01, "“P<0.001 vs DGLA group.
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Figure 43. 3WJ-EpCAM-D5D siRNA nanoparticle shifted the COX-2-catalyzed DGLA
peroxidation pattern in the serum of nude mice. (A) AA concentration, (B) DGLA concentration,
(C) DGLA/AA level, and (D) 8-HOA concentration in blood were determined by GC-MS. Data
represent mean + SEM for n=6. "P<0.05, ""P<0.01, “"P<0.001 vs DGLA group.

5.10. 3WJ-EpCAM-D5D siRNA Nanoparticle Inhibited HDAC and YAP1/TAZ Pathway
in Lung Tumor Tissues
To investigate the in vivo effect of 3WJ-EpCAM-D5D siRNA nanoparticle on HDAC, we
measured the HDAC, HAT, and sirtuins activity in lung tumor tissues by colorimetric assays. We
found that the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles could
significantly decrease the HDAC activity in lung tumor tissues (p<0.05, Fig. 44A). However, the
HAT and sirtuins activities in tumor tissues from mice treated with DGLA and 3WJ-EpCAM-D5D

SiRNA nanoparticles remained the same level as the activities in the vehicle group (p>0.05, Fig.
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44B and C). Thus, 3WJ-EpCAM-D5D siRNA nanoparticles may lead to specific inhibition of
HDAC activity in lung tumors without influencing the activities of HAT and sirtuins. Moreover,
we observed that the protein expression of acetyl-histone H3 K9 was significantly up-regulated in
tumor tissues from mice treated with DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle (p<0.01,
Fig. 45A). While the basal level of histone H3 was stable in tumor tissues from DGLA, 3WJ-
EpCAM-D5D siRNA nanoparticle, and combination-treated mice (Fig. 45A). Since acetyl-histone
H3 is the major substrate of HDAC, we may conclude that HDAC suppression could be induced
by the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles. However, treatment
of DGLA or 3WJ-EpCAM-D5D siRNA nanoparticles alone cannot change the protein expression
of acetyl-histone H3K9 in lung tumor tissues (Fig. 45A). This phenomenon is consistent with our
in vitro findings, in which exogenous 8-HOA could serve as a potential HDAC inhibitor for lung
cancer therapy. Furthermore, we investigated the role of 3WJ-EpCAM-D5D siRNA nanoparticles
in the YAP1/TAZ pathway in tumor tissues by Western analysis. We found that 3WJ-EpCAM-
D5D siRNA nanoparticle alone or combined with DGLA could significantly decrease the protein
expression of YAP1 (p<0.05), CTGF (p<0.01), and Cyr61 (p<0.05) in lung tumor tissues from
nude mice (Fig. 45). Additionally, the protein expression of TAZ was significantly inhibited by
the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles in lung tumor tissues
(p<0.05, Fig. 45A). Given the key role of the YAP1/TAZ pathway in tumor development, we
believe that the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles could inhibit

lung tumor progression via down-regulate YAP1/TAZ pathway.
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Figure 44. 3WJ-EpCAM-D5D siRNA nanoparticle inhibited HDAC activity in tumor tissues. (A)
HDAC activity, (B) HAT activity, and (C) sirtuin activity in tumor tissues were determined by
enzymatic assays. Data represent mean + SEM for n=6. "P<0.05 vs Vehicle group. NS. Not
Significant vs Vehicle group.

105



. B W y &
A s S\X‘) 9,\?S S x '5‘“60 o
@0 o SR e R
\‘e\\‘c’ o° B 609 L (d ) bs) ?’Qc'
%) <°
ACH3K9[ Ll il i e | CTGF |- W |
Histone H3 [ o . am— | Cyre1 [ e SN n e |
YAPI [ — —— | B-actin [ G s S— —
TAZ | |
Pactin | e ey ey ey | 3 Vehicle
e 5 s . — O DGLA
9 E ;Z':_';'e g 13 @3 3WJ-EpCAM-D5D siRNA
g . O 3WJ-EpCAM-DSD SIRNA g B DGLA +3WJ-EpCAM-D5D SiRNA
£ B DGLA +3WJ-EpCAM-DSDSIRNA £ 10 T
c c
S 2 s s
° °
s S 0.5-
21 2
5 3
[}
%o & 0.0
ACH3K9/H3 YAP1 TAZ CTGF Cyré1

Figure 45. 3WJ-EpCAM-D5D siRNA nanoparticle inhibited HDAC and YAPL1/TAZ pathway in
tumor tissues. (A) Relative protein expression of ACH3K9, Histone H3, YAP1, and TAZ in lung
tumor tissues. The relative protein expression to f-actin in the Vehicle group was normalized to 1.
The ratio of ACH3KO to Histone H3 was calculated. (B) Relative protein expression of CTGF and
Cyr61 in lung tumor tissues. Data represent mean = SEM for n=3. "P<0.05, “"P<0.01 vs Vehicle

group.
5.11. 3WJ-EpCAM-D5D siRNA Nanoparticle Regulated Apoptosis and Metastasis in

Lung Tumor Tissues

To determine the effect of 3WJ-EpCAM-D5D siRNA nanoparticle on apoptosis in vivo,
we evaluated the protein expression of procaspase-9, procaspase-3, BAX, cleaved PARP, and p53
in tumor tissues from nude mice treated DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles for
4 weeks. We found that the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle
significantly decreased the protein expression of procaspase-3 (p<0.001) and procaspase-9 (p<0.01,
Fig. 46), indicating the cleavage of caspases and activation of intrinsic apoptosis. However, the
BAX (p<0.001), cleaved PARP (p<0.001), and p53 (p<0.01) protein expression was significantly

increased in tumor tissues from nude mice treated with the combination of DGLA and 3WJ-
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EpCAM-D5D siRNA nanoparticle (Fig. 46), suggesting that DNA damage and apoptosis were p53
dependent. Additionally, the significant reduction of cleaved PARP expression was also confirmed
in lung tumor tissues by immunofluorescence analysis (p<0.001, Fig. 47). Interestingly, the
percentage of Ki-67 positive cells was significantly decreased in tumor tissues from mice treated
with DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle (p<0.001, Fig. 47), implicating that D5D

inhibition could decrease cell proliferation in lung tumor tissues.
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Figure 46. 3WJ-EpCAM-D5D siRNA nanoparticle-induced apoptosis in tumor tissues. Relative
protein expression of p53, procaspase-9, procaspase-3, BAX, and cleaved PARP in lung tumor
tissues. The relative protein expression to -actin in the VVehicle group was normalized to 1. Data
represent mean + SEM for n=3. ""P<0.01, "“P<0.001 vs Vehicle group.
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To investigate the effect of the 3WJ-EpCAM-D5D siRNA nanoparticle on metastasis of
lung cancer cells, we determined the protein expression of MMP-2 and E-cadherin in lung tumor
tissues by immunofluorescence analysis. We observed that the combination of DGLA and 3WJ-
EpCAM-D5D siRNA nanoparticle significantly decreased the expression of MMP-2 in tumor
tissues (p<0.05, Fig. 47). MMP-2 is the vital enzyme in cancer cells to degrade the extracellular
matrix, facilitating the migration of cancer cells [156,157]. Thus, the reduction of MMP-2
implicated that the combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles could
protect the extracellular matrix in tumor tissues. However, we found that the combination of
DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle significantly improved the protein expression
of E-cadherin in lung tumor tissues (p<0.01, Fig. 47). Given the key role of E-cadherin in
epithelial-mesenchymal transition [158,159], 3WJ-EpCAM-D5D siRNA nanoparticles may
prevent lung cancer metastasis via strengthening cell-cell adhesion in tumor tissues. Furthermore,
we evaluated the activity of pro-MMP-9, MMP-9, pro-MMP-2, and MMP-2 in lung tumor tissues
by zymogram analysis. The combination of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticle
significantly inhibited the activity of MMP-9 (p<0.05) without influencing the activity of pro-
MMP-9 (Fig. 48). While the activity of both pro-MMP-2 and MMP-2 can be significantly
suppressed by 3WJ-EpCAM-D5D siRNA nanoparticle and the combination of DGLA and 3WJ-
EpCAM-D5D siRNA nanoparticle (p<0.05, Fig. 48). Therefore, we may conclude that the 3WJ-
EpCAM-D5D siRNA nanoparticle could prevent lung cancer metastasis by inhibiting the

expression and activity of MMPs.
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Figure 47. The expression of MMP-2, E-cadherin, Ki-67, and cleaved PARP was determined by
immunofluorescence analysis. MMP-2 was stained in red, E-cadherin in green, Ki-67 in yellow,
cleaved PARP in violet, and cell nuclei were counter-stained with DAPI. Data represents mean *
SEM for n=6. ""P<0.001, “"P<0.01, "P<0.05 vs Vehicle group.
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Figure 48. 3WJ-EpCAM-D5D siRNA nanoparticle suppressed the activity of MMPs in tumor
tissues. The activity of (A) pro-MMP-9/MMP-9 and (B) pro-MMP-2/MMP-2 were determined by
zymogram. Data represent mean + SEM for n=6. “P<0.05 vs Vehicle group.

5.12. 3WJ-EpCAM-D5D siRNA Nanoparticle Avoided to Damage Other Organs of Nude
Mice

To investigate the safety of 3WJ-EpCAM-D5D siRNA nanoparticles in animals, we
performed H&E staining on the major organs of nude mice, including the heart, kidneys, liver,
lung, and spleen. We did not observe any remarkable pathological change in the above-listed
organs from mice treated with either DGLA or 3WJ-EpCAM-D5D siRNA nanoparticle (Fig. 49).
Moreover, we monitored the change of body-weight of nude mice during 4 weeks of treatment.
We observed that the body-weight of nude mice was in the normal range after treatment for all the
groups (Fig. 50A), suggesting no general toxicity of DGLA and 3WJ-EpCAM-D5D siRNA
nanoparticle in nude mice. Furthermore, to assess the hepatotoxicity of the 3WJ-EpCAM-D5D
SiRNA nanoparticle, we measured the activity of ALT and AST, which are biomarkers of liver

damage, in the serum of mice at end of 4 weeks of treatment. We observed that neither DGLA nor
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3WIJ-EpCAM-D5D siRNA nanoparticles could change the activity of ALT and AST in the blood
of nude mice (Fig. 50B), suggesting no hepatotoxicity of this D5D-inhibition-based strategy in the

animal model.

Figure 49. Hematoxylin and eosin (H&E) staining for organs harvested from nude mice at the end
of the treatment. H&E of tissue sections of nude mice subjected to the vehicle, DGLA, and/or
3WJ-EpCAM-D5D siRNA nanoparticle treatment for 4 weeks (n=3).
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Figure 50. Toxicity test of the 3WJ-EpCAM nanoparticle. (A) Body weight of nude mice treated
with 3WJ-EpCAM-D5D siRNA nanoparticles from starting of treatment (14 days) to end of
treatment (42 days). (B) Alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
activity colorimetric assay quantification of ALT and AST level from blood. Data represent mean
+ SEM, n=6.
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5.13. Conclusion and Discussion

In our previous studies, we have reported that D5D siRNA transfection could slow down
the development of colon and pancreatic cancer [12,16]. However, the siRNA is vulnerable to the
nuclease (RNase) during in vivo administration, restricting the application of siRNA in clinical
practice. Moreover, compared to other organs, kidneys could accommodate more SiRNA
molecules, resulting in a high elimination rate [160]. Thus, the siRNA-based therapy is confined
by the poor bioavailability and in vivo efficiency [18]. Various nanoparticle-based delivery
systems have been proposed to improve the in vivo efficiency of siRNA, such as polymer matrix,
RNA/DNA nanoparticle, and liposomes for delivering siRNA to tumor tissues [125,129].
Compared to other systems, RNA nanoparticles has better biocompatibility, since they are
composed of nucleotides [146]. Indeed, we did not observe major pathologic changes in organs
from mice treated with DGLA and/or 3WJ-EpCAM-D5D siRNA nanoparticles for 4 weeks. It is
consistent with the previous studies, in which RNA nanoparticles were assembled with different
functional sequences [94]. In this study, we added D5D siRNA, EpCAM aptamer, and Alexa 647,
all in one multivalent structure of RNA nanoparticles. By binding of EpCAM, 3WJ RNA
nanoparticles could selectively recognize and enter lung cancer cells without disturbing
surrounding normal lung epithelial cells. The internalization of the 3WJ-EpCAM-D5D siRNA
nanoparticle could further trigger the generation of 8-HOA from COX-2 catalyzed DGLA
peroxidation in lung cancer cells.

Diet is one of the vital factors influencing cancer progression. The recommended ratio of
n-6 to n-3 PUFAs in a healthy diet is about 4 to 1 or even less. However, in most western diets,
the ratio of n-6/n-3 is remarkably higher, for example, ~20 to 1 in certain diets. Unfortunately,

high n-6 fatty acid uptake may cause cancer development [161]. One possible explanation is that
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AA and PGE:? can be derived from COX-2 catalyzed n-6 fatty acid (such as DGLA) peroxidation,
resulting in the proliferation of cancer cells and immunosuppression via regulating TME. For
instance, the PGE> could activate the EGFR signaling pathway, promoting cancer cell migration
through activating MMPs in cancer cells [4,162]. Interestingly, we also found that the combination
of DGLA and 3WJ-EpCAM-D5D siRNA nanoparticles inhibited the expression and activity of
MMP-2 and MMP-9 in lung tumor tissues. The suppression of MMPs also implicated the low
PGE: level in tumors. In addition, 8-HOA production was improved in lung cancer cells by the
3WIJ-EpCAM-D5D siRNA nanoparticle. We found that D5D inhibition also could activate
apoptosis but inhibit migration and proliferation via inducing 8-HOA generation in lung tumor
tissues. Taking together, we established a novel treatment strategy for lung cancer by taking
advantage of the high COX-2 expression in cancer cells to redirect DGLA peroxidation.
Furthermore, the 3WJ-EpCAM RNA nanoparticle overcame the disadvantages of naked siRNA in
cancer therapy. The excellent chemical and thermodynamical stability of the 3WJ RNA core
guaranteed the functional integrity and effectiveness of D5D siRNA in vivo during 4 weeks of
treatment. Moreover, EpCAM aptamer in 3WJ RNA nanoparticle allowed the specific
internalization of D5D siRNA into lung cancer cells. Consequently, we did not observe any
significant toxicity, off-target effect, and unexpected immune responses in nude mice. We believe
that the safety of 3WJ-EpCAM RNA nanoparticle may be attributed to the selectively cytotoxicity

of RNA nanoparticle in lung cancer cells with a double positive expression of COX-2 and EpCAM.
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6. SUMMARY, DISCUSSION, AND FUTURE DIRECTION
6.1. The Role of DGLA-derived Free Radical Byproduct (8-HOA) in Lung Cancer

We have previously demonstrated that the free radical byproduct 8-HOA could be derived
from DGLA by COX-2, suppressing colon and pancreatic cancer growth [10-13,15]. In this study,
we expanded the benefit of 8-HOA into lung cancer, which is the second most common cancer
worldwide. Although the mortality of lung cancer is decreasing due to advances in early detection
and treatment, it is still the leading cause of cancer death among all types of cancers [1]. Therefore,
the development of alternative strategies and supplementary treatments is urgent for lung cancer.
To investigate the effect of 8-HOA on lung cancer, we assessed the survival fraction, cell viability,
apoptosis rate, the migration rate of lung cancer cells in vitro by colony formation, MTT,
Pl/Annexin V double staining, transwell migration, and wound healing assay. Exogenous 8-HOA
(1 uM) significantly suppressed the cell viability of A549 and H1299 lung cancer cells.
Additionally, 8-HOA caused a ~40% reduction of survival fraction in H1299 and A549 cells. Not
only proliferation, but the migration ability of lung cancer cells was also suppressed by 8-HOA.
Additionally, we observed that 8-HOA could activate apoptosis in lung cancer cells. We monitored
the real-time change of apoptosis in A549 cells treated with 8-HOA by using the pSIVA probe in
a time-lapse Lionheart FX Automated Microscope. The percentage of apoptotic lung cancer cells
was continuously increased by 8-HOA, indicating the long-term effectiveness of 8-HOA on
inducing apoptosis in lung cancer.

To further elucidate the mechanism of 8-HOA on lung cancer, we measured the protein
expression of Bcl-2, BAX, procaspase-3, procaspase-9, and p53 in A549 lung cancer cells treated
with 8-HOA. Bcl-2 and BAX are belonging to the Bcl-2 family, which is the most critical

gene/protein family in regulating apoptosis, especially in cancer cells [104]. However, the effect
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of Bcl-2 and BAX on apoptosis is the opposite. Bcl-2 could affect mitochondrial dynamics and
inhibit the pro-apoptotic proteins, such as BAX, resulting in the survival of cancer cells. Thus, the
ratio of BAX to Bcl-2 is a vital standard for evaluating apoptosis in cells. The cancer cells used to
have a low BAX/Bcl-2 ratio as inhibition of apoptosis [105]. However, we observed that 8-HOA
could up-regulate the ratio of BAX/Bcl-2 by simultaneously increasing the protein expression of
BAX and decreasing the protein expression of Bcl-2. Therefore, 8-HOA may suppress the survival
of lung cancer cells via regulating molecules in the Bcl-2 family. Given the important role of Bcl-
2 in mitochondrial [163], we further explored the effect of 8-HOA on intrinsic apoptosis, which is
also known as the mitochondrial apoptosis pathway. Indeed, 8-HOA decreased the protein
expression of procaspase-3 and procaspase-9, which are key enzymes in the intrinsic pathway.
Moreover, the p53 protein expression was increased by 8-HOA, suggesting that the effect of 8-
HOA on intrinsic apoptosis is p53 dependent. Additionally, we observed that 8-HOA could
enhance the effect of cisplatin on apoptosis in lung cancer cells. By using “One-belt, one-line”
model and HSA model, we confirmed that the effect of 8-HOA and cisplatin on cell viability and
survival of lung cancer cells is synergistic. Given that cisplatin is a DNA damage reagent
[99,102,113], we believe that 8-HOA may inhibit cancer growth via damaging DNA or regulating
epigenetic modifications.

Since we demonstrated that 8-HOA could regulate many aspects of cancer development,
such as proliferation, survival, migration, and apoptosis, we hypothesis that the effect of 8-HOA
on lung cancer may be attributed to upstream epigenetic molecules, such as HDAC, which is a
core enzyme for regulating cell survival and proliferation. We plotted the dose-response curve of
8-HOA to HDAC activity in lung cancer cells and calculated ICso accordingly. Consequently, we

identified that 8-HOA could serve as an HDAC inhibitor. Although 8-HOA does not affect the
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activity of sirtuins (type 11l HDAC), the overall HDAC activity could be suppressed by exogenous
8-HOA. Furthermore, another upstream pathway, YAP1/TAZ pathway also could be regulated by
8-HOA in lung cancer cells. YAP1/TAZ is under the Hippo pathway, which is the main pathway
that determines organ size by balancing proliferation and apoptosis [107,164-166]. The
YAPL/TAZ pathway can be activated and translocated into nuclear when Hippo is off in cancer
cells, resulting in proliferation and inhibition of apoptosis [68,106,167]. We found that 8-HOA
could inhibit the protein expression of YAPL/TAZ in the early stage, decreasing the protein
expression of a downstream molecule, CTGF in lung cancer cells. Taken together, we
demonstrated that 8-HOA could inhibit lung cancer cell proliferation, migration, and promote
apoptosis via regulating HDAC activity and YAP1/TAZ pathway. These findings encouraged us
to continuously explore the effectiveness of DGLA-derived endogenous 8-HOA on lung cancer
cells.
6.2. Inhibition of Lung Cancer Cell Growth via Promoting the Formation of 8-HOA from
COX-2-catalyzed DGLA Peroxidation by Knocking Down D5D Expression

Despite the inhibitory effect of 8-HOA on lung cancer, we noticed that the effectiveness of
exogenous 8-HOA is modest (<50%) in regulating lung cancer cell proliferation, migration, and
apoptosis. Notably, the exogenous 8-HOA is not the free radical form, whereas the DGLA-derived
endogenous 8-HOA is generated in the free radical form in cancer cells [76,77]. Although the free
radical form is transient, it may provide extra benefit than the exogenous form 8-HOA in cancer
therapy. Therefore, we developed a new anti-cancer strategy to trigger the production of
endogenous 8-HOA in cancer cells to kill lung cancer cells themselves. In Scheme 3, we showed
that D5D could catalyze DGLA, producing AA in normal cellular conditions. In lung cancer cells,

AA can be catalyzed by COX-2 to form PGs, including PGE;, resulting in cancer progression.
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However, we have found that DGLA also can be directly catalyzed by COX-2 to generate 8-HOA,
which is in the free radical form [77]. To enforce the formation of 8-HOA from DGLA, we
inhibited D5D expression in lung cancer cells by D5D siRNA. The D5D siRNA transfection
significantly decreased the protein expression of D5D in lung cancer cells, shifting the DGLA to
AA ratio from ~8.2 to ~19.1 in A549 cells. In this scenario, DGLA is unable to efficiently convert
to AA in lung cancer cells, resulting in 8-HOA formation in lung cancer cells.

We observed that D5D siRNA transfection displayed better effectiveness on lung cancer
in vitro than the exogenous 8-HOA.. The D5D knockdown resulted in a ~93% reduction of survival
faction in lung cancer cells, whereas exogenous 8-HOA led to a ~31% reduction; the D5D
knockdown resulted in ~30% change of wound healing rate in lung cancer cells, whereas
exogenous 8-HOA led to a ~28% reduction. Moreover, we found that D5D knockdown also could
promote the protein expression of p53 and BAX and decrease the protein expression of procaspase-
3 and procaspase-9, inducing apoptosis in lung cancer cells. To validate the mechanism of D5D
inhibition in lung cancer, we also measured the protein expression of AcH3K9, YAP1, TAZ, and
CTGF in A549 cells treated with D5D siRNA and DGLA by Western analysis. Consistent with
the effect of exogenous 8-HOA, DGLA-derived 8-HOA also suppressed the YAP1/TAZ pathway
and HDAC activity in lung cancer cells. Therefore, we may conclude that D5D inhibition could
lead to the production of 8-HOA, resulting in suppression of proliferation, migration, and
activation of apoptosis in lung cancer cells via down-regulating YAP1/TAZ pathway and HDAC

activity.
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6.3. Therapeutic Outcomes of DGLA Supplementation and 3WJ-RNA Nanoparticles on
Lung Cancer

We have demonstrated the effectiveness of D5D siRNA on lung cancer in vitro. However,
the in vivo application of D5D siRNA is still challenged by several disadvantages, such as off-
target effect, poor pharmacokinetic profile, and low stability [125,137]. To expand the clinical
benefit of the D5D inhibition-based strategy for cancer patients, we innovatively applied the RNA
nanoparticle system to stabilize and deliver the D5D siRNA to the lung cancer cells. The
effectiveness of D5D siRNA-loaded RNA nanoparticles has been investigated in both in vitro and
in vivo models.

Due to the limitations of naked siRNA, various delivery systems and methods have been
developed to facilitate sSiRNA-based gene therapy, such as LNPs, peptide-based systems, polymers,
RNA nanoparticles, and GalNAc conjugates, of which RNA nanoparticle is one of the most
advanced delivery systems for siRNA therapy [123,136]. RNA nanoparticles can be assembled by
a level of simplicity characteristic of DNA [138,139]. Moreover, RNA nanoparticles have various
tertiary structures and catalytic functions that mimic proteins [140,141]. 3WJ RNA nanoparticles
could be resistant to denaturation in 8M urea. Additionally, the integrity of 3WJ RNA
nanoparticles cannot be altered in ultra-low concentrations in vitro and in vivo, indicating the
excellent chemical stability and thermodynamic stability of the 3WJ RNA nanoparticle [146].

In this study, we assembled EpCAM aptamer to the 3WJ RNA nanoparticle as a targeting
module, Alexa 647 as an imaging module, and D5D siRNA as a therapeutical module. The cell
binding and internalization studies suggested that 3WJ-EpCAM-D5D siRNA nanoparticles could
specifically deliver D5D siRNA to lung cancer cells with high EpCAM expression, whereas it

could avoid knockdown the D5D expression in normal lung epithelial cells with relatively low
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EpCAM expression, protecting healthy cells from off-target effect. Consistent with the result of
D5D siRNA transfection, 3WJ-EpCAM-D5D siRNA nanoparticle also redirected the COX-2-
catalyzed DGLA peroxidation, leading to high production of 8-HOA and low PGE: in lung cancer
cells. Consequently, 3WJ-EpCAM-D5D siRNA nanoparticles suppressed the proliferation and
survival of lung cancer cells. Moreover, we demonstrated that both COX-2 and EpCAM are
essential for eliciting the effect of 3WJ-EpCAM-D5D siRNA nanoparticles on lung cancer.
EpCAM is the target for anchoring and internalizing 3WJ-EpCAM-D5D siRNA nanoparticles into
lung cancer cells. While COX-2 is the core enzyme to catalyze 8-HOA formation from DGLA in
lung cancer cells. Lacking either factor could impede the efficiency of 3WJ-EpCAM-D5D siRNA
nanoparticles in inhibiting lung cancer. Furthermore, we investigated the in vivo biodistribution of
3WIJ-EpCAM-D5D siRNA nanoparticles in xenograft lung tumor models in nude mice. The 3WJ-
EpCAM-D5D siRNA nanoparticle could specifically be uptake by tumor tissues, whereas low to
no distribution of 3WJ-EpCAM-D5D siRNA nanoparticles has been observed in other vital organs,
including the heart, kidneys, lung, and liver. The high tumor selectivity of the 3WJ-EpCAM-D5D
SiRNA nanoparticle resulted in more 8-HOA production in tumor tissues than in other organs. The
treatment of 3WJ-EpCAM-D5D siRNA nanoparticles caused a ~69% reduction of tumor size in 4
weeks. We observed that the HDAC activity and YAP1/TAZ pathway were down-regulated by
3WIJ-EpCAM-D5D siRNA nanoparticle in tumor tissues, implicating that RNA nanoparticle
triggered the same mechanism in vivo as we observed in vitro. Moreover, 3WJ-EpCAM-D5D
SiIRNA nanoparticle inhibited the protein expression of MMP-2 and activity of MMP-2/MMP-9,
whereas the expression of E-cadherin was increased by RNA nanoparticle, suggesting the
suppression of cancer metastasis. To investigate the safety of 3WJ-EpCAM-D5D siRNA

nanoparticles in animals, we performed H&E staining on major organs of nude mice, including
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the heart, kidneys, liver, lung, and spleen. We did not observe any remarkable pathological change
in the vital organs from mice treated with either DGLA or 3WJ-EpCAM-D5D siRNA
nanoparticles. Moreover, we monitored the change of body-weight of nude mice during 4 weeks
of treatment. Furthermore, we observed that neither DGLA nor 3WJ-EpCAM-D5D siRNA
nanoparticles could change the activity of ALT and AST in the blood of nude mice, suggesting no
hepatotoxicity of this D5D-inhibition-based strategy in the animal model.

6.4. Conclusion and Discussion

Lung cancer is the second most common cancer and the leading cause of cancer death in
both men and women. About 80% to 85% of lung cancers are NSCLC. A variety of therapeutic
and adjuvant approaches have so far been studied for lung cancer, including chemotherapy,
targeted therapy, COX-2 inhibition, and n-3 fatty acid dietary manipulation [1,2]. Despite n-6 fatty
acids are more widespread in our daily diet, n-6s-based dietary strategies in cancer treatment have
not yet been well developed.

COX is a bi-functional membrane-bound enzyme that typically metabolizes AA in two
steps to PGE». The inducible form COX-2 can readily be induced by stresses, pro-inflammatory
signals, growth factors, and tumor promoters [4]. COX-2 expression is also associated with cancer
invasion and has prognostic significance in tumor metastasis [73,168]. The substrate molecule
PGE. has been reported to promote cancer invasion through the up-regulation of MMPs
expression. The classic strategy is using COX-2 inhibitors to suppress the commonly high COX-
2 expression in cancer cells, limiting COX-2-catalyzed AA peroxidation and subsequent PGE>
formation [3,4]. However, many COX-2 inhibitors suffer from safety issues and limited clinical

responses [5,6]. To improve the clinical management of lung cancer, there is a critical need to
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advance alternative strategies addressing both the overexpression of COX-2 in cancer cells and the
inevitable COX-2-catalyzed peroxidation of n-6 PUFAs.

Therefore, instead of direct COX-2 inhibition, our new concept takes advantage of
overexpressed COX-2 in an entirely different way. DGLA is one of the precursors of AA. The
formation of AA from DGLA is catalyzed by D5D. By blocking DGLA/AA conversion, the
accumulated precursor, DGLA, can form 8-HOA by COX-2-catalyzed peroxidation. In this study,
we found that exogenous 8-HOA can inhibit proliferation, survival, migration, and induce
apoptosis in lung cancer cells. Additionally, exogenous 8-HOA could enhance the efficacy of
cisplatin on inhibiting lung cancer cell proliferation and survival in a synergistic pattern. This new
strategy considers the COX-2 overexpression as a favorable factor rather than trouble, because
more COX-2 could stimulate more 8-HOA production in lung cancer cells. To activate endogenous
8-HOA formation, we supplemented DGLA to D5D knockdown lung cancer cells. The DGLA-
derived 8-HOA also suppressed proliferation, survival, migration, and activated apoptosis in lung
cancer cells. However, the application of RNAIi-based treatment in vivo and in patients is limited
by stability, off-target effect, and unexpected immune response. To realize D5D inhibition in vivo,
in this study, we combined the novel COX-2 cancer biology concept with innovative 3WJ-
EpCAM-D5D siRNA nanoparticles to deliver the therapeutic D5D siRNA specifically to lung
tumors. 3WJ-EpCAM-D5D siRNA nanoparticles not only suppressed lung cancer development in
vivo and in vitro effectively, but also avoid the side effects and off-target effects. We also explored
the possible mechanism of 3WJ-EpCAM-D5D siRNA nanoparticles in lung cancer. 3WJ-
EpCAM-D5D siRNA nanoparticles could specifically target lung cancer cells with high EpCAM
expression, resulting in inhibition of D5D expression and the paradigm shift of COX-2 catalyzed

DGLA peroxidation pattern. Consequently, the DGLA supplementation and 3WJ-EpCAM-D5D
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SiRNA nanoparticles successfully promoted the formation of 8-HOA in lung cancer cells,
inhibiting proliferation, survival, migration, and inducing apoptosis via suppressing HDAC
activity and YAP1/TAZ pathway. Given the fact that lung cancer cells not only express much
higher COX-2 levels, but also have a greater need for fatty acids as nutrition during their growth,
our strategy generated an effective outcome and paved the road to COX-2-based precise medicine
for lung cancer therapy.
6.5. Limitation and Future Direction

6.5.1. Limitation of the Study

In this study, we evaluated the effect of 3WJ RNA nanoparticles on nude mice with
xenografted lung tumors. Although subcutaneous xenograft nude mouse is the most common
animal model in cancer research, it is limited by the immunocompromised murine background,
and metastasis cannot be evaluated with respect to targeted therapies. To comprehensively evaluate
the effect of 3WJ RNA nanoparticles on lung cancer metastasis, the tumor syngeneic animal model
may need to be employed. Additionally, we only monitored the toxic responses of nude mice in 4
weeks of treatment, the long-term toxicity and true immune responses of the 3WJ RNA
nanoparticle in vivo are still underexplored. Although we demonstrated that the 3WJ RNA
nanoparticle redirected DGLA peroxidation in lung tumor tissues, resulting in 8-HOA formation,
other signaling pathways may also be regulated by RNA nanoparticles, such as PI3BK/Akt/mTOR
pathway and ferroptosis.
6.5.2. To Design and Synthesis Specific D5D Small Molecule Inhibitor

In this study, we used D5D siRNA and 3WJ-EpCAM-D5D siRNA nanoparticles to knock
down the expression of D5D in lung cancer cells in vitro and in vivo. Although 3WJ-EpCAM-

D5D siRNA nanoparticles are efficient in targeting and inhibiting lung tumors in nude mice, we
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are still expecting to design and synthesis a D5D small molecule inhibitor. Previous studies have
reported few D5D small molecule inhibitors, including natural compounds and synthetic products.
For instance, sesame, curcumin, and CP-24879 have been reported with D5D inhibition activity
[82-84]. However, none of these molecules could specifically suppress D5D activity without
affecting other fatty acid desaturases, such as D6D and D12D. Takeda Pharmaceutical Company
recently discovered a series of specific D5D inhibitors, such as D5D-IN-326, T-3364366, and 3,5-
diphenyl-4-methyl-1,3-oxazolidin-2-ones. While these molecules have only been evaluated in
other disease models (such as insulin resistance, obesity, and atherosclerosis) rather than cancer
[85-88]. Despite the advancement of macromolecule therapy, small molecule inhibitor is still
superior in cost performance, stability, and accessibility. Therefore, the development of the
specific D5D inhibitor for cancer treatment may expand the clinical benefit of the D5D-inhibition
based strategy to cancer patients.

We recently identified and patented a new small molecule D5D inhibitor iminodibenzyl
[89]. Our in vivo and in vitro preliminary study has demonstrated that the combination of
iminodibenzyl and DGLA could significantly suppress tumor growth via regulating cancer cell
proliferation, survival, migration, and apoptosis [79,169]. However, the PK profile, long-term
toxicity, metabolism, and enzyme kinetics of iminodibenzyl are still unexplored. To understand
the enzyme kinetics of iminodibenzyl, we may need to purify the D5D enzyme with high activity.
Additionally, the poor solubility of iminodibenzyl limited the route of administration and
application of iminodibenzyl in animal study. Therefore, we may synthesis a series of D5D
inhibitors based on the basic structure of iminodibenzyl to maximum the strength of the D5D

inhibition and improve the solubility of the D5D inhibitor.
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6.5.3. To Investigate the Effect of 3WJ-EpCAM-D5D siRNA Nanoparticles on Patient-
derived Xenografts (PDX) and Syngeneic Models

We evaluated the in vivo effect of 3WJ-EpCAM-D5D siRNA nanoparticles on lung cancer
in xenograft lung tumor models in nude mice. In our future study, we may further investigate the
effectiveness of 3WJ-EpCAM-D5D siRNA nanoparticles in the PDX model. PDX with early
passages maintains cellular and genetic heterogenicity correlating to the patient and provides
enough numbers of live tumor-bearing mice, allowing rapid study and faster decision-making
[170,171]. Thus, PDX models are reliable preclinical models to test the effect of 3WJ-EpCAM-
D5D siRNA nanoparticles on lung cancer. We propose to purchase patient-derived triple-negative
PDX mouse models from Jackson Laboratories for the initial propagation and expansion of mice
at the stage of ~ F1-F3. We will validate the expression of our target protein EpCAM in this PDX
model tumor tissue before the expansion phase (F4-F6). The tumor size could be monitored by
using a digital caliper and ultrasound imaging system.

To investigate the effect of 3WJ-EpCAM-D5D siRNA nanoparticles on lung cancer
metastasis, we may employ the Lewis lung carcinoma (LLC)-based syngeneic model. LLC cells
are derived from C57BL/6 mice. The subcutaneous injection of LLC cells could result in lung
metastasis in C57BL/6 mice [172]. The LLC model may allow us to examine the effect and
mechanism of 3WJ-EpCAM-D5D siRNA nanoparticles in animals with immunocompetent
backgrounds and true immune and toxicity responses.

6.5.4. To Determine the PK Profile and Long-term Toxicity of 3WJ-EpCAM-D5D siRNA
Nanoparticles
Although we demonstrated that 3WJ-EpCAM-D5D siRNA nanoparticles could inhibit

lung tumor progression in vivo, we are still unclear about the PK profile and long-term toxicity of
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3WIJ-EpCAM-D5D siRNA nanoparticles. In future studies, we may investigate how 3WJ-
EpCAM-D5D siRNA nanoparticles are internalized into cancer cells. For instance, the RNA
nanoparticle may be transported into the cytoplasm by EpCAM recycling/internalization or non-
receptor-mediated endocytosis [173]. The metabolism of RNA nanoparticles also needs to be
explored. We may mark RNA nanoparticles with isotope and track the elimination parameters of
3WJ-EpCAM-D5D siRNA nanoparticles in animal models. Furthermore, the long-term toxicity of
RNA nanoparticles needs to be investigated in future studies. Despite we did not observe toxicity
and body-weight loss in nude mice during 4 weeks of the administration of 3WJ-EpCAM-D5D
siRNA nanoparticles, we are still unclear about the long-term toxicity of RNA nanoparticles in
vivo. Therefore, we may monitor the immune and toxicity responses of wild-type mice treating
3WIJ-EpCAM-D5D siRNA nanoparticles for more than 6 months to profile the comprehensive
toxicity data in animal.
6.5.5. To Further Explore Molecular Mechanism of D5D-inhibition-based Strategy in
Cancer

In the current study, we investigated the mechanism of D5D-inhibition-based anti-cancer
strategy in lung cancer in cell and animal models. 3WJ-EpCAM-D5D siRNA nanoparticles
inhibited D5D expression and redirected the COX-2-catalyzed DGLA peroxidation pattern,
resulting in 8-HOA production. 8-HOA could serve as an HDAC inhibitor and block the
expression and nuclear translocation of YAP1 and TAZ, leading to down-regulate CTGF and
Cyr61 in lung cancer cells. Given YAP1/TAZ are the primary downstream effectors of the Hippo
pathway [165], we hypothesis that D5D inhibition may directly affect upstream molecules in the

Hippo pathway, such as MST1/2, LAST1/2, and MOB1A/B. Additionally, YAP1/TAZ may also
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be regulated by angiomotin, PTPN14 (protein tyrosine phosphatase non-receptor type 14), a-
catenin, and scribble planar cell polarity protein (SCRIB) [174].

Furthermore, the effect of 3WJ-EpCAM-D5D siRNA nanoparticles on lung cancer may
not exclusively depend on 8-HOA generation. A recent study suggested that D5D knockdown
(without DGLA supplementation) could inhibit the proliferation, migration, and invasion of
laryngeal squamous cell carcinoma cells via regulating the AKT/mTOR pathway [28]. Thus, we
may also investigate the effect of 3WJ-EpCAM-D5D siRNA nanoparticles on the AKT/mTOR
pathway in lung cancer cells. Moreover, to elucidate the alternative mechanisms of 3WJ-EpCAM-
D5D siRNA nanoparticles, we may use POBN to capture and remove the DGLA-derived 8-HOA
and other free radical products in lung cancer cells. This will allow us to identify the effect of 3WJ-
EpCAM-D5D siRNA nanoparticles on other signaling pathways beyond 8-HOA. Additionally, the
binding and inhibiting mechanism of 8-HOA to HDAC also needs to be explored. In this study,
we demonstrated that 8-HOA may inhibit HDAC 1, Il, and IV activity in lung cancer cells.
However, it is still unclear which specific subtype of HDAC is the primary substrate of 8-HOA.
Therefore, we may test the inhibitory effect of 8-HOA on different HDAC substrate to evaluate
the specificity of 8-HOA. The binding mechanism and interrelationship between 8-HOA and
HDAC also can be determined by AutoDockTools, machine-learning systems, and transformative

artificial intelligence (Al) tools, such as AlphaFold.
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