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ABSTRACT 

Martinez Bulnes, Ana I., Targeting Mutated-KRAS and Galectin-1 in Pancreatic Cancer. Master 

of Science (MS), July, 2022, 85 pp., 1 table, 27 figures, references, 93 titles. 

The poor patient survival rate in pancreatic ductal adenocarcinoma (PDAC) remains a 

challenge. KRAS activating point mutation on codon-12 is found in 70–95 percent of PDAC 

patients, and no progress in inhibiting KRAS has been obtained thus far. KRASG12D is a 

transcription factor that controls cell proliferation, differentiation, and apoptosis. Recent 

preliminary and published research indicates that Galectin-1 (Gal-1) levels are high in both 

PDAC and stromal cells, which modulates tumor microenvironment and metastasis. As a result, 

we created a new combination treatment for PDAC that targets both proliferation and metastasis 

in PDAC by targeting mutant KRASG12D and Gal-1. This includes the delivery of KRASG12D 

inhibiting siRNA (siKRASG12D) using a superparamagnetic iron oxide nanoparticle (SPION) and 

a Gal-1 inh. 

A patented SPION nano-formulation was used to deliver siKRASG12D and investigated in 

conjunction with Gal-1 inh for its anticancer efficacy. Particles were investigated for size, 

physico-chemical characterization (Dynamic light scattering), hemocompatibility (hemolysis 

assay) and the complexation of siKRAS (gel retardation assay). Cellular internalization and 

uptake of the particles were investigated. Anti-cancer efficacy was 
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determined using in vitro functional assays for cell viability (MTT), migration (Boyden 

chambers), invasion (Matrigel), clonogenicity, wound healing, tumor spheroid formation, and in 

a mouse model. 

Our findings show that the SPION-siKRAS formulation has an excellent particle 

size/zeta potential. SPION-siKRAS internalized effectively in PDAC cells, suppressing 

KRASG12D as well as its downstream targets, YAP and PDL-1. Cell growth was decreased 

when siKRAS and Gal-1 were both targeted. It decreased PDAC cell growth, clonogenicity, 

migration, and invasion. This resulted in the activation of death-related pathways in KRASG12D 

cells, such as Bax, bcl-2, and PARP cleavage. Surprisingly, the formulation was particularly 

efficient in reducing KRASG12D and tumor spheroid formation in 3D cell models, resembling 

the heterogeneity and pathogenesis of PDAC. This adds to the clinical confirmation of SPION-

siKRAS particles' ability to effectively suppress KRAS expression. SPION-siKRAS also 

demonstrated hemocompatibility and stability, suggesting that it has the potential to silence 

KRAS without being hazardous to the body. In KPC mouse model C57BL/6J mice, the 

formulation effectively silenced KRASG12D and reduced tumor development and metastasis. 

This gene therapy targeting KRASG12D mutation with Gal-1 inhibition has the ability to 

modify the oncogenic network and tumor microenvironment, resulting the repression of growth, 

metastasis, chemoresistance, and improvement in patient survival.  This project will create a 

fresh, long-term treatment strategy to target PDAC development and patient survival.
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CHAPTER I 

 

 

INTRODUCTION 

 

1. Statement of the problem 

 

Pancreatic cancer (PanCa) is presently the third leading cause of death in the United 

States, and it is projected to be the second most in the next decade and the seventh leading cause 

worldwide. This year, an estimated 62,210 new cases have been reported, with 49,830 deaths. 

The aggressiveness of pancreatic tumor makes it difficult to cure and contributes to various 

levels of treatment resistant therapies. The poor prognosis is mostly the result of late diagnosis, 

significant genetic heterogeneity, ineffective therapy, and restricted surgical methods. However, 

the majority of patients are detected at an advanced stage, with metastases already present, and 

as a result, less than 20% of patients benefit from tumor excision. Chemotherapy may offer some 

advantages, but most attempts to modify current regimens fail in advanced clinical studies. 

Pancreatic ductal adenocarcinoma (PDAC), accounts for 90% of PanCa 

occurrences. PDAC is the most frequent tumor in the pancreas, and it is one of the deadliest 

malignancies, with a 5-year survival rate of 10% (Hirt et al. 2022). PDAC is a highly invasive 

tumor with early metastatic potential for which therapeutic options are limited. PDAC has one of 

the most widespread and poorly vascularized desmoplastic stromal responses 

of any carcinoma, resulting in tumor hypoxia and nutritional deficiency but no indication 

of significant cell death (Bergers and Hanahan 2008). 
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Preclinical studies in PDAC models revealed that hypoxia increases cancer cell 

proliferation, survival, epithelial-to-mesenchymal transition (EMT), invasiveness, and 

metastasis, as well as resistance to chemotherapy and radiotherapy, via hypoxia-inducible factor 

(HIF)-1-dependent and -independent mechanisms (Chang et al. 2011; Wang et al. 2010; 

Guillaumond et al. 2013; Izuishi et al. 2000). Recent findings indicate that pancreatic 

tumor cells adapt to physiologically demanding survival circumstances in their 

microenvironment (Cohen et al. 2015). The activating point mutation of the KRAS 

oncogene on codon-12 is present in 70–95% of PDAC cases and so far, no success has 

been achieved to inhibit KRAS. KRASG12D regulates cell proliferation, differentiation, 

apoptosis(Rawla, Sunkara, and Gaduputi 2019). Tumor cells harboring oncogenic KRAS 

mutations release chemokines (such as granulocyte–macrophage colony-stimulating 

factor or IL-6) that activate T cells, B cells, myeloid cells (myeloid-derived suppressor 

cells), and macrophages, which collectively promote the inflammatory response and 

tumor progression, posing a barrier for emerging creative therapies to penetrate the tumor 

microenvironment (Hirt et al. 2022). Since the KRAS mutations have a significant role 

from the initiation to progression of pancreatic tumors. Therefore, a targeted approach to 

block KRAS could have a significant impact in managing the PDAC. But targeting 

KRAS has not been so far successful and is regarded as undruggable due to the shape and 

structure of the protein. Recent efforts have been successful in developing a drug, 

(sotorasib) against KRASG12C but not KRASG12D(Hong et al. 2020). 

Targeting KRASG12D using siRNAs has been investigated but remains a challenge 

due to the inefficient delivery/internalization of siRNAs and inhibition of mutated KRAS 

into the tumor cells. Additionally, KRAS cancers promote pro-tumorigenic immune 

microenvironment and their cross talk have been seen to stimulate the loss of dependence 
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on KRAS expression during the course of therapy (Dias Carvalho et al. 2019).Therefore, novel 

combinatorial strategies are required to target KRASG12D mutation, which can also improve the 

effectiveness of KRAS inhibition in regressing tumor volume.  

 

2. Statement of purpose 

 

Due to its aggressiveness and susceptibility to anti-cancer drugs, pancreatic ductal 

adenocarcinoma (PDAC) is one of the deadliest malignancies. Recent preliminary and published 

studies show high Galectin-1 (Gal-1) levels in both pancreatic cancer and stromal cells, which 

modulate tumor microenvironment and metastasis. Interestingly emerging studies have shown 

the undeniable connection between the mutant KRASG12D and Gal-1. Manero-Rupérez et.al. has 

recently shown that stromal Gal1 is a major modulator of pancreatic cancer formation and 

progression using c-myc- or KRas-driven animal models of PDAC and genetic depletion of Gal1 

knockout in mice. These observed benefits following Gal1 depletion are most likely achieved by 

a multi-step process including reduced angiogenesis and stroma activation, as well as immune 

surveillance rescue. Studies suggest that knockout of pancreatic tumors have increased levels of 

effector T cells CD3+, CD4+, and CD8+ together with decreased levels of CD11b+Gr1+ 

myeloid-derived suppressor cells, demonstrating that Gal1 overexpressed in PDAC favors 

immune advantage(Manero-Rupérez et al. 2020). These finding have allowed for a newly 

uncharted territory to be uncovered, where uprising target therapies will be developed, thus 

providing clinical patients with an addition scope of hope. As a result of these recent discoveries, 

we believe that concurrent inhibition of mutant K-Ras siRNA and Gal-1 inhibitor would 

effectively modify the tumor oncogenic network and microenvironment, activating immune 

cells, repressing pancreatic tumor growth, metastasis, chemoresistance, recurrence, and 

improving patient life. Therefore, our objective is to develop a novel combination therapy for 
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PDAC by targeting mutated KRASG12D and Gal-1 inhibitor together. This will include the 

delivery of KRASG12D inhibiting siRNA using superparamagnetic iron oxide nanoparticle 

(SPION) and the administration of Gal-1 antagonistic inhibitor.
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CHAPTER II 

 

 

REVIEW OF THE LITERATURE 

1. Pancreatic ductal adenocarcinoma 

1.1. Introduction 

Pancreatic Ductal adenocarcinoma (PDAC) is a deadly malignancy with a 5-year survival 

rate of about 6% (Khorana et al. 2016). Surgical resection is a curative treatment option; 

unfortunately, only 20% of patients have a resectable tumor at the time of diagnosis. Rapid 

recurrence leads to a five‐year mortality rate of 39% in individuals who received surgical 

resection. In the preoperative care of patients with borderline resectable or locally advanced 

PDAC, neoadjuvant chemotherapy or chemoradiation therapy has become progressively 

prevalent. This has allowed for curative surgical resection to be carried on a higher number of 

patients (Janssen et al. 2019). After resection, nevertheless, a significant number of patients have 

early recurrence or distant metastases. As a result, it is critical to discover preoperative 

prognostic markers in order to predict long-term outcomes. PDAC is a stroma-rich, vascular-

poor, hypo-perfused tumor that results in poor medication delivery, which is the primary cause of 

treatment resistance (Du et al. 2022). Pancreatic ductal adenocarcinoma (PDAC) is the most 

common type of pancreatic cancer. The transition from preinvasive precursor lesions to invasive 

pancreatic cancer (Figure 1) takes several years or decades, and parental pancreatic cance 

normally takes more than 5 years to obtain the ability to invade and metastasis (Yachida et al. 

2010).  The most prevalent antecedents of PDAC are pancreatic
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intraepithelial neoplasias (PanINs) (Hruban et al. 2001). PanINs are tiny (5 mm in diameter) 

lesions that are too small to be detected with existing imaging modalities. Individuals with 

hereditary vulnerability to pancreatic cancer frequently have several PanINs (Koorstra et al. 

2008; Cooper, O’Toole, and Kench 2013). Various molecular alterations occur throughout the 

evolution from precursor lesions to PDAC (Guo, Xie, and Zheng 2016). Other variables 

influencing the fate of this disease include the restricted number of patients who qualify for 

surgical resection, the insufficiency of currently available detection tools, and less effective 

chemotherapy therapies(Saxena et al. 2022). While surgery followed by adjuvant chemotherapy 

is typically used to treat local pancreatic cancer, systemic therapies with gemcitabine (alone or in 

combination) or irinotecan/oxaliplatin/5-fluorouracil combinations are suggested for the 

treatment of metastatic disease (Tempero et al. 2010). Despite tremendous attempts, even the 

largest phase 3 studies in the first-line metastatic context were unable to achieve an overall 

survival of more than one year, with response rates ranging from 10% to 30% (Golčić et al. 

2022). 

Figure 1. Development and progression of PDAC Pancreatic cancer is thought to be 

a disease of many genetic changes, and mutations in KRAS/CDKN2A/TP53/SMAD4 

increase the development and advancement of precursor lesions. 
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1.2. Statistics in pancreatic ductal adenocarcinoma cancer 

 

According to the American Cancer Society, PDAC will afflict 62,210 people in the 

United States in 2022, resulting in 40,560 fatalities with 37,970 being men and 29,240 women. 

At least 479,773 people will be diagnosed with PDAC worldwide in 2020, 466,003 died. The 

prevalence of PDACC has grown modestly in the United States, but global instances are 

expected to rise significantly due to the effect of cigarette smoking, increasing obesity, and type 

II diabetes. 

PDAC is the fourth largest cause of cancer death in both men and women. It is the 11th 

most prevalent incident cancer in men and the 9th in women (Siegel, Miller, and Jemal 2015). 

PDAC has an overall age-adjusted incidence rate of 13.9/100,000 males and 10.9/100,000 

women (SEER).  PDAC is 30% more prevalent in men than in women(Society 2013). At the age 

of 85, the lifetime risk of PDAC for Caucasians is 1.5 percent (SEER 2021).  Incidence rates 

differ by race, with white males (13.8/100,000) and women (10.7/100,000) having lower rates 

than blacks PDAC is the fourth leading cause of cancer death in the world, with a five-year 

survival rate of 10%, the lowest of any cancer kind (Racu et al. 2022). According to statistics 

from the Surveillance, Epidemiology, and End Results Program (SEER) and the National Center 

for Health Statistics, the incidence of PDAC in men and women increased by 1.4 percent 

between 2000 and 2009 (SEER 2021) According to the most available SEER statistics 

(2011/2012), total mortality rates are increasing by 1.7 percent. GLOBOCAN, the International 

Agency for Research on Cancer, calculates global cancer incidence and death rates(Organization 

2012). 

In 2012, 337,872 new PDAC cases were recorded worldwide, with 330,372 fatalities. 
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 According to the most recent GLOBOCAN 2012 study, PC has risen to the seventh largest 

cause of cancer mortality in the globe. For all histological categories, the age-standardized 

incidence rate is 4.8/100,000 The rates of occurrence fluctuate dramatically between 

industrialized and developing nations, as well as between men and women. Men have an 

incidence rate of 8.5/100,000 in highly developed nations and 3.3/100,000 in less developed 

countries, while women have an incidence rate of 5.6/100,000 in highly developed countries and 

2.4/100,000 in less developed countries (Organization 2012). 

African-Americans have a greater rate of PDAC (17.6/100,000 for black males and 

14.3/100,000 for black women) than other racial and ethnic groupings in the United States 

(SEER 2021). Asian-Americans/Pacific Islanders have the lowest PDAC incidence rates. Black 

Americans are more likely to have advanced illness and are less likely to get PDAC 

surgery (Chang et al. 2005). Death rates for blacks with PDAC are considerably higher: 

15.3/100,000 for males and 12.5/100,00 for women (SEER). Excess PDAC risk among 

American blacks may be linked to race-based disparities in cigarette smoke metabolism, greater 

levels of cigarette smoking, obesity, excessive caloric intake, heavy alcohol use, long-term 

diabetes, and low economic level (Silverman et al. 2003). Several studies have demonstrated that 

poor socioeconomic level is associated with a greater stage of PC at diagnosis and worse life 

expectancy (Silverman et al. 2003; Chang et al. 2005; Eloubeidi et al. 2006). 
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1.3 Genetic transformation during pancreatic cancer 

 

One of the most important ideas to emerge from more than two decades of pancreatic 

cancer research is the realization that the illness is caused by both hereditary and somatic 

mutations. A collection of hallmark mutations characterizes pancreatic adenocarcinoma and 

distinguishes it from other pancreatic neoplasms (Maitra and Hruban 2008). Almost every PDAC 

has several numerical or structural chromosomal alterations revealed by cytogenetic analysis due 

to chromosomal instability, a common feature of most solid tumors (Feldmann and Maitra 2008).  

Losses on chromosomes 6, 12, 13, and 18, as well as gains on chromosomes 7 and 20, are the 

most common numerical changes observed in PDAC; chromosomal breaks and rearrangements 

most frequently occur in regions involving 1p, 1q, 3p, 6q, 7q, 11p, 17p, and 19q 

(Sirivatanauksorn et al. 2001; Griffin et al. 1995).  

Since 2004, there have been clear guidelines for classifying PDAC precursor lesions, with 

three distinct types identified: pancreatic intraepithelial neoplasia (PanIN), mucinous cystic 

neoplasia (MCN), and intraductal pancreatic mucinous neoplasia (IDPMN) (IPMN) (Yachida et 

al. 2010; Kargozaran et al. 2011). The PanIN lesion is by far the most common and generic 

precursor lesion of PDAC. PanINs are found in the smaller pancreatic ducts and are classified into 

four grades based on the degree of dysplasia reflected in cytonuclear atypia and architectural 

change: PanIN-1A, PanIN-1B, PanIN-2, and PanIN-3. PanIN-1 lesions have the least severe 

abnormalities; there is minimal cytonuclear atypia and cell polarity is preserved with a basally 

located nucleus. PanIN-1A and -1B lesions differ in that the cells in PanIN-1A lesions are flat, 

whereas the cells in PanIN1B lesions are arranged in a micropapillary architecture (Yachida et al. 

2010). 
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PanIN-2 lesions are distinguished by cytonuclear atypia and infrequent mitoses. PanIN-3 

lesions, also known as carcinoma-in-situ, exhibit all of the hallmarks of cancer, including loss of 

polarity, nuclear atypia, frequent mitoses, and lumen budding of groups of cells (Kargozaran et al. 

2011). The morphological steps of tumor progression that precede invasive PDAC are manifested 

by increasing grades of dysplasia in the various PanIN lesions (Biankin et al. 2004). These 

sequential steps of tumor progression are genetically accompanied by the accumulation of specific 

and generalized molecular genetic alterations. PDAC is typically caused by a symbiotic interaction 

of mutations in tumor-suppressor genes, oncogenes, and genome maintenance genes (Biankin et 

al. 2004). Telomere shortening is presumed to be the initiating event in pancreatic tumorigenesis 

because it induces genetic instability. Another early event in the development of PDAC is mutation 

of the oncogene KRAS2, which is altered in 20% of PanIN-1 lesions and increases with 

progression to invasive carcinoma (Ottenhof et al. 2011). 

 

1.4. PDAC mutations 

 

Activating mutations of the KRAS2 oncogene are the most common genetic abnormality 

in PDAC, occurring in 90–95 percent of cases (Caldas and Kern 1995). KRAS2 encodes a member 

of the RAS family of GTP-binding proteins that mediate a variety of cellular functions such as 

proliferation, cell survival, cytoskeletal remodeling, and motility. A variety of stimuli, such as 

growth factor ligand binding to the cognate growth factor receptor, result in signal transduction 

via intermediary proteins, culminating in Kras protein activation. The active protein binds to GTP 

and is inactivated by guanosine-triphosphatase-activating proteins, which promote GTP hydrolysis 

to diphosphate GDP and inhibit Kras signaling. Activating mutations reduce the KRAS2 gene 

product's intrinsic GTPase activity, resulting in a protein that is constitutively active in intracellular 
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signal transduction (Caldas and Kern 1995). In pancreatic cancer, the spectrum of KRAS2 gene 

mutations is primarily limited to alterations in codon 12, with occasional mutations in codons 13 

or 61 (Maitra and Hruban 2008). 

PDAC is driven by four major genes: KRAS, TP53, CDKN2A, and SMAD4. In PDAC, 

chromosomal alterations result in the loss of tumor suppressor factors such as CDKN2A, TP53, 

and SMAD4 (Wu et al. 2020). Next Generation sequencing (NGS) analyses of resected PDAC 

tumors found that KRAS, TP53, CDKN2A, and SMAD4 had the greatest mutation rates, with 

oncogenic KRAS mutations present in more than 90% of individuals. These findings were 

corroborated by the International Cancer Genome Consortium (ICGC), which also reported many 

structural variations. Moreover, The Cancer Genome Atlas (TCGA) database showed the presence 

of 20 genes altered at a frequency of less than 10%, including chromatin modification genes 

(including ARID1A, KMT2D, and KMT2C), DNA repair genes (such as BRCA1, BRCA2, and 

PALB2), and other oncogenes (BRAF, MYC, FGFR1 and others)(Hosein et al. 2022). There are 

four classic mutations among these: KRAS (85%), TP53 (60-70%), CDKN2A (>50%), and 

SMAD4 (50%). Genes involved in epigenetic control (ARID1A, ARID1B, SMARCA1, MLL2, 

MLL3, KDM6A) and DNA damage response (ATM, BRCA2) are also mutated, but at a lesser 

frequency. KRAS mutation is an early occurrence in stage 1 pancreatic intraepithelial neoplasia, 

according to genetic study of clinical specimens (PanIN) (Luo 2021). 
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2. RAS and cancer 

RAS genes are known as the first mutated genes identified in human cancers(Papke and 

Der 2017). In this report, we focus on the RAS gene most commonly mutated in human cancers, 

the KRAS oncogene. 

 

2.1 RAS mutations in cancer 

 

RAS-family proteins are compact 188–189 aa–21 kDa and GTPases having a three-

dimensional structure that is extremely similar. These proteins have two domains as well as a 

core region: The N-terminal G domain (aa 1–165) is highly conserved and consists of a 

phosphate-binding P-loop, an effector binding domain (aa 32–40), and double switch regions (aa 

32–38 and aa 59–76) that are responsible for conformation modifications. The core region (aa 

85–165) is shared by 85–90% of the RAS GTPase superfamily. The C-terminal hyper variable 

region (aa 165–185) regulates membrane attachment and functions as an auto-inhibitory domain. 

The cysteine residue in the CAAX terminal sequence is farnesylated, facilitating membrane 

anchoring. Furthermore, the K-RAS4B HVR domain has a lysine-rich region that helps to 

maintain the protein at the membrane.(Jonckheere, Vasseur, and Van Seuningen 2017) In 

PanCa,. HRAS, NRAS, and KRAS are all members of the RAS family of small GTPases. These 

three loci are responsible for the expression of four distinct protein isoforms: HRAS, NRAS, 

KRAS4A, and KRAS4B. Because of alternative splicing of exon 4 in the KRAS locus, the two 

KRAS isoforms vary, with KRAS4B being the major isoform expressed in most tissues. Each 

RAS protein has two primary domains: the G domain and the membrane targeting domain, with 

considerable changes limited to the hypervariable area of their C-terminal domains(Zeitouni et 

al. 2016). RAS mutations in residues 12, 13, and 61 decrease GTP hydrolysis activity. Although 
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the three RAS genes are the most frequently mutated oncogene family in human malignancies, 

the precise isoform and amino acid mutation fluctuates between tumors. Mutations in HRAS are 

most common in melanoma, bladder, and breast carcinoma; NRAS mutations are most common 

in melanoma and thyroid carcinoma; and KRAS mutations are most common in bladder, ovary, 

thyroid, lung, colon, and pancreas malignancies. KRAS is one of the most frequently mutated 

oncogenes in cancer, KRAS mutation is found in ∼95% of PDACs (Bryant et al. 2014), KRAS 

mutation is easily detected in 25% and 38% of PanIN-1A and PanIN-1B patients, 

respectively(Löhr et al. 2005) . Recent  data suggests that KRAS mutation is most likely a 

precursor during early stage in human pancreatic cancer (Luo 2021). Mutations in KRAS codon 

12 are the most common in pancreatic cancer (Zeitouni et al. 2016). Patients with pancreatic 

cancer who have KRAS mutations at codon 61  have lower extracellular signal-regulated kinase 

(ERK) activity compared to patients with other KRAS alleles, and the former have a much better 

prognosis (Wang et al. 2021).  

 

2.2 KRAS gene mutation  

 

Mutated Kras stimulates a number of downstream effector pathways, including the RAF–

mitogen-activated protein kinase (RAF-MAPK), PI3K, and RalGDS pathways. RAF-MAPK 

signaling appears to play an important role in pancreatic carcinogenesis, according to several 

lines of evidence. One-third of pancreatic cancers with wild-type KRAS2 have BRAF oncogene 

mutations, resulting in RAF-MAPK signaling activation even in the absence of KRAS2 

mutations (Calhoun et al. 2003). RAS signaling is based on the active small GTPase RAS, which 

induces the activation of three key effector pathways. Given that mutations in one RAS protein 

isoform, KRAS, are identified in almost 90% of pancreatic malignancies, RAS signaling appears 
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to play a significant role in both the onset and maintenance of pancreatic cancer (Zeitouni et al. 

2016). When RAS is activated, it can activate effector signaling pathways and transcription 

factors that are implicated in cell transformation, proliferation, and metastasis. NF-B, signal 

transducer and STAT3, and glycogen synthase kinase-3/nuclear factor of activated T cell 

signaling are all activated by activated RAS. Phosphatidylinositol 3-kinase (PI3K), an important 

protein in apoptosis, is activated by oncogenic K-ras signaling. PI3K activates Akt via 

phosphorylation, which then activates NF-B. The AKT2 gene, which is located on chromosome 

19q, is amplified in 10–20% of pancreatic cancers(Cheng et al. 1996; Ruggeri et al. 1998), 

whereas PI3K/Akt signaling is activated in roughly 60% of PDACs (Schlieman et al. 2003). 

Mammalian target of rapamycin (mTOR), an Akt downstream target, is also involved in PI3K 

signaling. mTOR activation has been observed in approximately 75% of PDACs (Bellizzi et al. 

2010).  Pancreatic tumors lacking KRAS mutations demonstrate RAS activation via upstream 

signaling through receptor tyrosine kinases (RTKs), such as: the epidermal growth KRASG12C 

RAF) molecule, which is present in a limited proportion of individuals. Despite substantial 

understanding of the molecular processes of KRAS in many cancer-promoting activities, 

clinically effective KRAS inhibitors have been difficult to develop, with the exception of a 

KRAS G12C (carried by 1.5 percent of pancreatic cancer patients)-selective inhibitor AMG 

510.58. In animal models, KRAS inhibition can activate AKT, erb-b2 RTK2 (HER2), platelet-

derived growth factor receptor alpha, and EGFR, which could explain why these inhibitors are 

ineffective (Wang et al. 2021). 
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2.3. KRASG12D, signaling and its regulation 

 

KRAS activating mutations are found in 95% of pancreatic tumors, while G12 alterations 

account for 95% of all mutations (G12D—50%) (Cicenas et al. 2017). KRASG12D is the most 

frequent KRAS mutation, and it is seen in around 34% of pancreatic cancers and 10% to 12% of 

colorectal cancers, 4% of lung adenocarcinoma, 11% of bile duct carcinoma, 5% of endometrial 

cancer, and a variety of other cancer types (Christensen et al. 2022). KRAS(G12D) is the most 

common and carcinogenic G12 mutant form, it is estimated to affect more than 50% of 

individuals with pancreatic ductal adenocarcinoma (Prior, Lewis, and Mattos 2012). KRASG12D 

is said to have the second greatest rate of intrinsic GTP hydrolysis among KRAS mutants, as 

well as the highest rate of GTPase-activating protein (GAP)-mediated GTP hydrolysis 

(Christensen et al. 2022).  Cells with KRASG12D mutations release significant quantities of the 

anti-inflammatory mediators like, TGF-β and IL10, which are critical chemokines for 

maintaining an immunosuppressive milieu and cancer cell immune evasion. IL-10 is well-known 

for inhibiting T cell activation, whereas TGF- suppresses T cell activation and proliferation while 

also promoting epithelial to mesenchymal transition, which favors cancer cell migration and 

invasion. Furthermore, pancreatic cancer cells have been shown to block cytotoxic CD8+ T cell-

mediated tumor death by releasing IL-10 and TGF- (Pereira et al. 2022). J. Tape et al. and 

colleagues show that KRASG12D communicates with stromal cells non-autonomously via SHH-

SMO-GLI and renders tumor cells unresponsive to autocrine SHH. Furthermore, KRASG12D 

achieves a unique signaling output (e.g., ECM, IGF1, and GAS6) via stromal cells that differs 

from that produced by tumor cell KRASG12D alone. J. Tape et.al. and team unveils that 

KRASG12D controls non-oxidative flux via cell-autonomous signaling and mitochondrial 
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oxidative phosphorylation via reciprocal signaling (Prior, Lewis, and Mattos 2012) providing 

further studies of tumor-stromal crosstalk complex.  

In 2003, a significant breakthrough was made with the development of a Genetically 

Engineered Mice (GEM) that expressed an oncogenic KRASG12D allele from its endogenous 

promoter (and thus at physiologic levels) in the developing pancreas via Cre-mediated 

recombination driven by Pdx1 (or Ptf1/p48) regulatory elements (Hingorani et al. 2003). Pdx1 is 

a homeodomain protein that is required for early pancreatic development. In the mature 

pancreas, both differentiated exocrine and endocrine cell types arise from a Pdx1-expressing 

progenitor population (Jonsson et al. 1994). 

 

3. PDAC tumor immune microenvironment 

 

3.1 KRAS and tumor microenvironment  

 

After noting the presence of leucocytes inside neoplastic tissues, Rudolf Virchow 

originally hypothesized that cancer begins at areas of persistent inflammation in the 18th century 

(Balkwill and Mantovani 2001). The function of inflammation in carcinogenesis has been 

extensively researched and defined during the last two decades (Balkwill and Mantovani 2001). 

KRAS mutations have been connected to tumor-promoting inflammation and have been 

identified as a key component in carcinogenesis (Kitajima, Thummalapalli, and Barbie 2016). 

emerging from organ epithelial linings, specifically the pancreas, colon, and lungs. Oncogenic 

KRAS produces a number of inflammatory cytokines, chemokines, and signaling pathways that 

increase tumorigenesis and invasiveness in these tumors (Kitajima, Thummalapalli, and Barbie 

2016; Golay and Barbie 2014). KRAS is involved in the beginning and maintenance of PDAC 
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via a number of processes including its well-established autonomous cancer cell signaling 

capabilities visually observed in (Dey et al. 2020; Hamarsheh et al. 2020). KRAS has been 

demonstrated to influence cytokine receptor expression in cancer cells and invading T cells, 

which then communicate through JAK1–STAT6–MYC, resulting in glycolysis gene 

upregulation to enable cancer cell metabolic reprogramming (Dey et al. 2020; Hamarsheh et al. 

2020).  

The surrounding extracellular matrix (ECM) has long been linked to cancer progression 

regulation (for example, migration and invasion). Efforts in the late 1990s and early 2000s 

focused on non-specific ECMs' change inside the surrounding stroma by targeting proteins that 

remodel the ECM. Proteolytic matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs 

were shown to be differently expressed in non-transformed pancreatic and PDAC tissues, with 

increased expression of certain MMPs linked with metastatic disease and/or a worse prognosis 

(Bramhall et al. 1997; Jones et al. 2008; Jones et al. 2004; Matsuyama, Takao, and Aikou 2002). 

MMP2, a type IV collagenase present in the stroma of pancreatic cancer tissues, was reported to 

promote invasiveness in vitro and to correlate with the degree of desmoplasia (Okada et al. 2004; 

Schneiderhan et al. 2007; Jacobetz et al. 2013).  

Cancer-associated stromal cells (CAFs) are a diverse collection of cells that are known to 

be key producers of ECM proteins. These generally spindle-shaped cells express one or more 

activated fibroblast markers (for example, fibroblast activation protein (FAP) and -smooth 

muscle actin) and have traditionally been linked to various tumor-promoting functions such as 

tumorigenesis, angiogenesis, immunosuppression, and metastasis, as discussed elsewhere (Chen 

and Song 2019). Researchers previously demonstrated that cancer-driven signaling via IL-1 or 

TGF may differentiate surrounding fibroblasts into inflammatory CAF and myofibroblastic CAF 
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phenotypes (Biffi et al. 2019). TGF stimulates myofibroblastic CAFs to create the surrounding 

stroma, whereas IL-6 released by inflammatory CAFs has pro-proliferative effects on the tumor. 

Following that, a third subtype of CAFs was identified that express MHC class II molecules and 

may present antigens to CD4+ T cells, suggesting that certain CAFs are involved in shaping 

antitumor immune responses (Elyada et al. 2019). Feig C. et al. found that depleting FAP+ CAFs 

in KPC mice resulted in immunological control of tumor development and a successful response 

to immune-checkpoint inhibitors (ICIs) (Feig et al. 2013). Both investigations demonstrated the 

relevance of CXCL12–CXCR4 signaling in stromal–immune interaction, offering another 

therapeutic target (Feig et al. 2013). 

 

3.2. Galectin-1 cross talks with KRAS and drives immunosuppressive environment 

 

Galectins are a phylogenetically conserved class of lectins described in 1994 as a 

common consensus of around 130 amino acid sequences and the carbohydrate recognition 

domain (CRD) which is responsible for β-galactoside binding (Barondes et al. 1994). These 

galectins have a single carbohydrate recognition domain (CRD) and are physiologically active as 

monomers (galectins-5, -7, -10), homodimers (galectins-1, -2, -11, 13–14, -15), or oligomers that 

aggregate through their non-lectin domain (galectin-3), others have two CRDs linked by a short 

linker peptide (galectins-4, -6, -8, -9, -12). While all galectins' CRDs have an affinity for the 

minimum saccharide ligand N-acetyllactosamine (a common disaccharide found on many 

cellular glycoproteins), individual galectins can recognize different modifications to this 

minimum saccharide ligand, demonstrating the fine specificity of certain galectins for tissue- or 

developmentally specific ligands (Ahmad et al. 2004). Gal-1 was the first protein found in the 

family. According to the NCBI website's MapViewer application and the Entrez genome 
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database (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome&itool=toolbar). Gal-1 

exists as a monomer as well as a non-covalent homodimer composed of one CRD subunit (Gal-1, 

29 kDa) (Barondes et al. 1994). Gal-1 may be found both within and outside of cells, and it 

serves both intracellular and extracellular roles. Gal-1 is a cytoplasmic protein with an acetylated 

N-terminus and no glycosylations; it has been characterized in cell nuclei and cytosols and also 

translocates to the intracellular side of cell membranes. Nonetheless, despite the fact that Gal-1 

lacks recognizable secretion signal sequences and does not travel through the standard 

endoplasmic reticulum/Golgi pathway d, it is well-known that it is secreted and can be found on 

the extracellular side of all cell membranes as well as in the extracellular matrices of various 

normal and neoplastic tissues. 

Gal-1 is found in numerous normal and pathological tissues and seems to be functionally 

polyvalent, controlling cell proliferation, differentiation, and apoptosis, as well as facilitating 

tumor transformation and growth. Gal-1 has been shown to be overexpressed in a variety of 

digestive system malignancies, including gastric cancer, colorectal cancer, hepatocellular 

carcinoma, and others(Camby et al. 2006). Gal1 may attach to Extracellular matrix proteins such 

as laminin and fibronectin. It is also present in the cell membranes of many different cell types, 

binding to a variety of receptors such as integrin 51 in epithelial cells, GM1 glycolipid in 

neuronal cells, and CD45, CD43, and CD7 in immune cells. Gal1 is involved in a variety of 

cellular physiological tasks, including cell proliferation, migration, adhesion, motility, and T-cell 

homeostasis. 

Using a mix of GEMM and human-based experimental systems, Orozco et.al show that 

inhibiting Gal1, a protein overexpressed by stromal fibroblasts, may slow PDA tumor 

development by hindering tumor–stromal crosstalk (Orozco et al. 2018).  
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Using this Kras-driven model, Orozco et al. discovered that genetic ablation of Gal1 

improves animal survival and limits tumor growth via diverse pathways including decreased 

stroma activation and angiogenesis as well as increased immune cell infiltration (Orozco et al. 

2018). Furthermore, the team discovered that Gal1 is involved not only in pancreatic tumor 

initiation but also at late stages of tumor progression(Orozco et al. 2018). Gal1 regulates 

paracrine interactions with epithelial cells to enhance proliferation, migration, and invasion, as 

well as endothelial and inflammatory cells to increase angiogenesis and immune cell 

suppression(Orozco et al. 2018). Thus, Gal1 controls various molecular signatures and events 

that are associated with PDAC pathogenesis including tumor cell proliferation, invasion, 

angiogenesis, inflammation, and metastasis. These studies implicate the extensive therapeutic 

potential of Gal1-specific inhibitors, either alone or in combination with other therapeutic 

modalities. 

 

3.3. Galectin-1 signaling, regulation  

 

The LGALS1 gene, which is located on chromosome 22q12, encodes gal-1. The 

methylation state of the promoter is an important mechanism for controlling gal-1 

expression. Gal-1 is a 14 KDa monomer or non-covalent homodimer that has one CRD per 

subunit. Because the homodimer contains more than one CRD, it can mediate cell adhesion, 

initiate intracellular signaling, and create multivalent lattices with cell surface glycoconjugates 

(Astorgues-Xerri et al. 2014). Homodimers can connect multiple membrane receptors in the 

extracellular space, increasing cell signaling and cell–cell interactions and enabling homotypic 

and heterotypic aggregation (Camby et al. 2006; Yang, Rabinovich, and Liu 2008). Gal-1 

participates in a variety of physiological processes, including brain stem cell development, 
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hematological lineage differentiation, and muscle differentiation (Camby et al. 2006). 

Furthermore, compelling evidence accumulated in recent decades suggests that Gal-1 

upregulation can significantly influence tumor progression due to its pleiotropic roles in cell 

transformation (Paz et al. 2001), cell proliferation (Camby et al. 2006), angiogenesis, cell 

adhesion and invasiveness, and immunosuppression (Astorgues-Xerri et al. 2014). Gal-1 is 

present intracellularly in the nucleus, cytoplasm, and the inner leaflet of the cytoplasmic 

membrane (Clerch et al. 1988). Gal-1, like the other members of this family, is released into the 

extracellular space, despite the absence of signaling sequences essential for secretion via the 

conventional endoplasmic reticulum/Golgi route (Hughes 1999). Extracellular Gal-1 has a 

slightly larger molecular weight (15 kDa) than the 14 kDa version found in cell lysates, 

indicating that secreted Gal-1 is subjected to additional post-translational changes before or after 

secretion (Satelli et al. 2008). Gal-1 binding, like a receptor-ligand system, may cause 

intracellular signaling events, for instance, interactions with α5β1 integrin regulates epithelial 

tumor cell proliferation by inducing p21 and p27 (Fischer et al. 2005), activated caspase-8, and 

sensitized carcinoma cells to anoikis (apoptosis generated by cell anchorage loss) (Sanchez-

Ruderisch et al. 2011). RAS activation, as defined by GTP binding, is required for the H-

Ras/Gal-1 interaction. Extracellular Gal-1 inhibits tumor cell growth in a variety of tumor cell 

lines, including hepatocarcinoma, melanoma, breast, ovarian, and colon carcinoma, by 

interacting with 51 integrin, resulting in sustained inhibition of the Ras-MEK-ERK pathway and 

transcriptional induction of p27, a cell cycle inhibitor. Intracellular Gal-1 interacts with cytosolic 

or nuclear proteins such H-Ras, FXOP3, and Gemin4 to regulate signal transduction, gene 

transcription, and messenger RNA splicing (Tsai et al. 2022). 
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3.4 Clinical challenges to target KRASG12D in pancreatic cancer 

 

KRASG12D is undeniably a tempting cancer target; nevertheless, there are a number of 

obstacles that must be addressed in order to efficiently target additional KRAS mutant 

variations(Christensen et al. 2022). KRASG12D, unlike KRASG12C, lacks a reactive residue close 

to the switch II binding region, making covalent alteration to the protein impossible; hence, 

innovative techniques are required to build selective inhibitors with high affinity and drug-like 

activity(Christensen et al. 2022).  Recently, a study showed that KRASG12D-specific siRNA 

significantly reduced KRAS expression and suppressed pancreatic tumor development in both 

subcutaneous and orthotopic mice models (Zeitouni et al. 2016). A phase I/IIa clinical trial of 

siG12D-LODER in conjunction with chemotherapy in patients with locally advanced PDAC was 

recently completed. The LODER was placed into the tumor via a normal endoscopic ultrasound 

biopsy, allowing it to offer local, ongoing therapy for several months. The medication was well 

tolerated when combined with FOLFIRINOX, a standard of care chemotherapy cocktail 

routinely used in advanced pancreatic cancer patients in good health. The combined therapy 

resulted in a median overall survival of 15.13 months and a median time to metastasis of 8.25 

months (Golan et al. 2015). Herein, we provide a novelty study for a combined targeted therapy 

where we are targeting KRASG12D with a small interference RNA (siRNA) and Gal-1 with an 

inhibitor. Additionally, it has been observed that disrupting the MAPK signaling pathway 

by inhibiting KRAS mutation, increases dependance of pancreatic cancer cells on autophagy to 

create energy. This reduces the effectiveness of drugs in inhibition of tumor growth. 

Therefore, this highlights the significance of our study in inhibiting KRAS and Gal-1 together, 

which will regulate tumor stroma, reprogram immune cells, and prevent autophagic 

cell response. 
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CHAPTER III 

 

 

GENERATION, CHARACTERIZATION, AND FUNCTIONAL CHARACTERISTICS OF A 

NOVEL SPION-siKRAS + GALECTIN-1 INHIBITOR IN- VIVO NANO-FORMULATION 

FOR PANCREATIC CANCER 

 

1. Background 

The most prevalent pancreatic neoplasm is pancreatic ductal adenocarcinoma. It is an 

invasive mucin-producing gland-forming a tumor that causes a strong stromal desmoplastic 

response (Kamisawa et al. 2016). Pancreatic cancer treatment consists of surgery, chemotherapy, 

radiation therapy, and palliative care. A multidisciplinary approach is used to identify treatment 

choices based on the stage of pancreatic cancer; yet, the prognosis remains dismal, with just 20% 

survival (Mizrahi et al. 2020). After being introduced into mammalian cells, siRNA is a short 

non-coding ds-RNA of 21–23 nucleotides that can induce RNAi silencing without triggering 

non-specific interferon. It offers the ability to silence genes that encode proteins that are not 

regulated by small molecules or programmable medicines (Setten, Rossi, and Han 2019). 

Approximately 90% of PDAC patients have a KRAS mutation, which plays a significant role in 

PDAC initiation. Kamerkar et al. created exosomes from normal fibroblast mesenchymal cells 

that had siRNA or shRNA to silence KRASG12D (Kamerkar et al. 2017). A Phase I study is now 

conducted for patients with metastatic pancreatic cancer who have the KRASG12D mutation 

(NCT03608631). 
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Despite the potential of siRNA-therapeutics for cancer treatment, transport of siRNA into 

cells remains a substantial barrier to clinical usage. This is attributable to (1) the large size of 

siRNA (about 13.5 kDa) and its negative charge; (2) naked (unmodified) siRNA is susceptible to 

breakdown by serum proteins in the blood and may be swiftly taken up and removed from the 

body through the reticuloendothelial system (Xin et al. 2017). The capacity of nanoparticles to 

release siRNA into the cytosol is a crucial physical need that must be carefully considered when 

creating nanoparticles for siRNA delivery (Kim et al. 2016). Fortunately, previous work from 

mentor's lab demonstrated the production of an innovative superparamagnetic nanoparticles 

(SPION) for the effective delivery of drugs (Khan et al. 2019; Yallapu et al. 2011; Khan et al. 

2014). 

Previous magnetic nanoparticle formulations for drug delivery developed by others have 

shown poor therapeutic effectiveness for cancer therapy due to high particle size in suspension, 

loss of magnetism, and inadequate internalization in target cells. In contrast, our novel magnetic 

nanoparticle-based solutions for drug delivery applications are stable and extremely efficient. 

Our research has shown that our highly advanced SPIONs exhibit multifunctional features, 

including improved MRI properties as compared to ordinary MNPs (Khan et al. 2014; Yallapu et 

al. 2010; Khan et al. 2019). 

We coupled the SPION formulation with siRNA-KRASG12 in this investigation to 

obtain pancreatic tumor selective delivery of siRNA-siKRAS. Kras is a member of the highly 

homologous Ras protein family and has a strong transforming ability. It is a monomeric 

membrane-localized guanine nucleotide (GTP/GDP)-binding protein with a size of 21 kDa. Kras 

may be activated by a wide range of extracellular stimuli, and the activated form, in turn, 

initiates a cascade of signals that eventually govern cell proliferation, differentiation, and death. 
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Kras mutations are most common at codon 12 (Rachagani et al. 2011). As a result, the following 

three objectives are met in this chapter III: (i) generation and characterization of siKRAS 

conjugated SPION (SP-siKRAS), (ii) investigation of its ability to internalize efficiently into 

cells and demonstrate its siRNA targeting ability, and (iii) investigation of the formulation's 

functional efficacy in combination with Gal-1 inh (inh) using various cell lines, by performing 

in-vitro assays. 

 

2.Materials and methods 

 

2.1 Chemicals, reagents, and antibodies 

 

All chemicals and reagents were acquired from Sigma Aldrich Corporation, while cell 

culture materials were purchased from Corning Life Sciences. Life Technologies supplied the 

Trizol reagent (catalog number # AM9738). XenoLight D-Luciferin Potassium Salt (catalog 

number #122799) from PerkinElmer Health Sciences, Inc. RAS (G12D Mutant) antibody 

[HL10] was used as the main antibody (Cat No. GTX635362). 

 

2.2 Human pancreatic cancer tissues 

 

Tissue microarrays (TMAs) were obtained from US Biomax, Inc. (Derwood, MD, USA). 

Pancreatic disease spectrum (pancreatic cancer progression) and pancreas tissue microarray with 

42 cases of adenocarcinoma, 2 adenosquamous carcinoma, 1 each of squamous cell carcinoma 

and islet cell carcinoma, 6 metastatic carcinoma, 10 pancreas islet cell tumor, 11 pancreas 

inflammation, 21 adjacent normal pancreas tissue and 10 pancreas tissue, duplicated cores per 

case (PA2081b). 
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2.3 Scoring of Galectin-1 expression in stained pancreatic normal and cancerous tissues 

 

 The slides were digitally scanned and evaluated for Gal-1 staining after histochemical 

labeling. Captured photos were separately reviewed by three reviewers (Sheema Khan, Radhika 

Sekhri, and a resident) who were blinded to the patient's history, and a consensus rating was 

determined. The strength of Gal-1 immunoreactivity was rated on a scale of 0 to 4 (0 for no 

staining, 1 for mild immunoreactivity, 2 for moderate immunoreactivity, 3 for high 

immunoreactivity, and 4 for extremely strong immunoreactivity). Within the tumor and 

neighboring normal tissue sections, the percentage of cells positive for Gal-1 immunoreactivity 

was graded as follows: 0–25 percent as 1, 26–50 percent as 2, 51–75 percent as 3, and 76–100 

percent as 4. The composite score (CS) values ranged from 0 to 16 and were determined by 

multiplying the staining intensity (0–4) and the percentage of immunoreactive cells (0–4) values 

for each individual sample. Finally, the mean composite score (MCS) was calculated by taking 

the average of the composite scores of each category's samples. 

 

2.4 Culture of pancreatic cancer cells  

 

Panc1 and AsPC-1 human pancreatic cancer cells were utilized to test the effectiveness of 

the SPION-siKRAS nano formulation. In addition, for in-vitro and in-vivo research, we created a 

lentiviral-expressing KPC luciferase mouse cell line. Pdx1cre; LSL-KrasG12D; LSL-Trp53R172H 

(KPC) mice were used to create the KPC cell line. The KPC mice mimic the progression of the 

disease in humans, such as PanCa activation with PanINs, progression to invasive 

adenocarcinoma, and subsequent metastasis to distant organs. The cells have mutations in 



27 
 

transformation-related proteins such as the p53 gene (TP53R172H) and the KRAS gene 

(KRASG12D). 

 

2.5 Design and preparation of SPION-PEI  

 

By co-precipitating Fe2+ and Fe3+ iron ions in the presence of ammonia in a nitrogen 

environment, superparamagnetic iron oxide nanoparticles were created. The Fe2+ and Fe3+ iron 

salts were reduced by ammonia in the presence of 200 mg -cyclodextrin (-CD) and 250 mg 

Pluronic polymer [(F127, poly (ethylene-co-propylene glycol)], and magnetite formulations were 

formed as (Figure 2), as a consequence (negatively charged with negative zeta potential values). 

The CD was acquired from Sigma Aldrich in St. Louis, MO (catalog number # C4805), and it 

has hydrophilic units (OH) and a hydrophobic cavity for binding to iron oxide nanoparticles and 

loading anti-cancer medicines, respectively(Khan et al. 2019; Yallapu et al. 2011; Dan et al. 

2019) . F127 improves the overall hydrophilicity and stability of the formulation. The 

nanoparticles were washed three times by placing the water-SPION beaker on a magnet, which 

separated SPIONs from the water, washing and purifying the nano-formulation Aldrich 

[408727]. SPION is further conjugated with a third, 25 kDa polymer, polyethylenimine (PEI) 

Sigma. Polyethylenimines (PEIs) are positively charged, linear or branched polymers that may 

form nanoscale complexes with small RNAs, resulting in RNA protection, cellular transport, and 

intracellular release. 2.5mg PEI is added to every 10mg/ml of SPION solution, 2.5mg is added 

for every 1ml of the SPION (10mg/ml), this formulation is left for 4-6 hours incubating on 

stirring plate. The formulation is then placed over a magnet for pulling, and simultaneously 

purifying the formulation. The formulation is now ready to be embedded with siRNA-siKRAS 

silencer (Figure 3). One hundred nanomolars of siRNA-siKRAS silencer mimics was incubated 
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with 1 mg/ml of MNP-PEI nanoparticles for 30 min to form SPION-PEI-siKRAS formulation 

complexes. 

 

2.6 SPION-PEI-siKRAS conjugation 

 

SPION-PEI-siKRAS (100 nM) conjugation consisted of the dilution of the previously 

mentioned SPION-PEI stock, where 100:1000 ratio is used to achieve a 1mg/ml desired 

concentration. An 8ug concentration of SPION-PEI is used per individual treatment, with the 

addition of siRNA-siKRAS silencer (100 nM) 1ul and 1.5ul of PBS. 

Figure 2. Novel SPION-PEI siKRAS conjugation Final product of SPION (1mg/ml) 

conjugations containing all three (p-127, CD and PEI) polymers plus conjugation with 

siKRAS (100 nM). This final step takes 30 min at room temperature.  
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2.7 Determination of particle size and zeta potential of SPION formulation The 

hydrodynamic nanoparticle size and zeta potential of SPION and SPION-PEI were measured 

using Zetasizer and the dynamic light scattering (DLS) approach (NanoZS, Malvern Instruments, 

Malvern, UK). To determine particle size, 150 L of 10 mg/ml nanoparticle suspension was added 

to 3ml of water and probe sonicated for 15 seconds with VirSonic-Ultrasonic Cell 22 Disrupter 

100 128 (VirTis, Gardiner, NY). 50 ul of 10 mg/ml nanoparticle solution was added to 1 ml of 

1X PBS for ζ-potential measurement. 

 

 

 

 

 

Figure 3. Loading of siKRAS onto SPION SPION particle is used as a delivery system of 

siKRAS. Diagram depicts conjugation of iron core, F127 polymer, cyclodextrin polymer, 

addition of PEI polymer 
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3. Internalization of nanoparticle formulation in pancreatic cancer cells 

 

3.1 Prussian Blue Staining for uptake of formulation  

 

Prussian blue staining was used to determine the cellular uptake of SPION formulations 

in the pancreatic cancer cells; AsPC-1, Panc-1 and KPC. Cells were seeded in a 24 well plate 

with 50 thousand cells per well and the next day cells were treated with no SPION, SPION-

siKRAS, Gal-1 inh (5 uM), and SPION-siKRAS + Gal-1 inh (5 uM) in ASPC-1 and PAnc-1 cell 

lines. SPION, SPION-siKRAS, Gal-1 inh (5 uM), and SPION-siKRAS + Gal-1 inh (5 uM) on 

KPC cell line. After 6hrs, cells were washed (with 1X PBS), fixed (with methanol), and 

incubated with a mixture of 2%potassium ferrocyanide, 2% hydrochloric acid (30 min). 

 

3.2 Confocal immunofluorescence assays for cell internalization 

 

SPION-CUR internalization was studied in pancreatic cancer AsPC-1, Panc-1, and HPAF 

II human cell lines, as well as KPC lines. Cells were treated with an SPION-PEI-siKRAS 

nanoparticle formulation and immunofluorescence was used to assess internalization, which was 

then observed using confocal microscopy. SPION, SPION-siKRAS, Gal-1 inh (5uM), and 

SPION-siKRAS + Gal-1 inh (5uM) was administered to cells in a 24 well plate (50,000 

cells/well) for 24 hours. Cells were trypsonized and re-seeded in an 8-well chamber or a 4-well 

chamber slide for 12-16 hours after 24 hours of incubation. The treatment was 

terminated and fixed with 4% PFA for microscopy to produce immunofluorescence images. For 

immunofluorescence tagging, antibodies against Gal-1 and KRASG12D (RAS (G12D Mutant) 

antibody [HL10] Cat No. GTX635362) were utilized. 
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3.3 Gel retardation assay 

 

The complexes were produced for the gel retardation analysis by adding 100 nM siKRAS 

to 1–10 g nanoparticles (SPIONs), vortexed immediately, and allowed to stand for 30 minutes. 

The complete binding process was carried out in a 20 µL solution. Gel electrophoresis was 

performed on complex solutions using 2 percent agarose gel in the presence of an agarose gel 

ladder. The gels were then stained for 20 minutes with 0.5 g/mL ethidium bromide and studied 

on a UV illuminator (UVPTM Multi-User Imaging System, Upland, CA, USA) to determine the 

mobility or location of the siRNA-siKRAS complex. 

 

3.4 Internalization of formulation in clinically relevant cell line models, spheroids 

 

Cells were seeded in a 24 well plate and incubated for 24 hours. To create primary 

spheroids, cells were seeded in a 96 well ultra-low attachment plates and allowed to develop for 

7 days. the re-location of the spheroids from a low-attachment 96 well plate to a low-

attachment 6 well plate which allowed secondary spheroids to form on an ultra-low attachment 

surface.  
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4. Anti-Cancer efficacy of SPION-siKRAS formulation in pancreatic cancer cells 

 

4.1 Viability assay 

 

In this study KPC (50,000/well) cells were seeded in a 24 well plate and treated 

accordingly (control, SPION-siKRAS, Gal-1, SPION-siKRAS + Gal-1). Cells were incubated 

for 24 hours.  Cells were then trypsonized and counted for viability using a CountessTM 

Automated Cell Counter in a trypan exclusion study. Cell viability was evaluated as a ratio of 

treated to untreated cells. 

 

4.2 Spheroid assay  

 

Primary tumor spheroid was developed using KPC and Panc-1 or ASPC-1cell line. This 

assay mimics the tumor microenvironmental condition and we investigated the effect of SPION-

siKRAS and Gal-1 inh (alone and in combination), properties in spheroid formation ability. Cells 

were seeded in a 24 well plate and incubated for 24 hours.  To create primary spheroids, cells 

were trypsonized and re-seeded in a 96 well ultra-low attachment plate and allowed to develop 

for 7 days. the re-location of the spheroids from a low-attachment 96 well plate to a low-

attachment 6 well plate allowed for the formation of secondary spheroids on an ultra-low 

attachment surface (Corning) in DMEM/F12 (KPC), DMEM (Panc-1) and RPMI (ASPC1) 

complete medias (10% fetal bovine and 1% anti-mycotic-anti-microbial) and treated them with 

previously mentioned treatment groups for 5-7days. After one-week primary spheroids were 

photographed and compared with the size of SPION (control). 
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4.3 Wound healing 

 

Cell migration was analyzed using wound healing assay, as described before (Khan et al., 

2015). Cells were seeded in a 24 well plate (50,000/well) treated with SPION, SPION-siKRAS, 

Gal-1 inh (5uM), and SPION-siKRAS + Gal-1 inh (5 uM) and incubated for 24 hours. cells were 

then trypsonized and seeded in 24 well plate with 65,000 cells per well to form a monolayer. 

Next day cell monolayer was scraped using a 200μL micropipette tip and tin KPC cell line 

(mouse) and Panc-1 (human). After 48hours-72 hours of treatment the residual gap length was 

captured as described earlier(Yallapu et al. 2015). The plates were photographed for migrated 

cells using phase contrast microscope at day 0hrs, 48hrs, and 72hrs. 

 

4.4 Boyden chamber migration assay 

 

The impact of SPION, SPION-siKRAS, Gal-1 inh (5uM), and SPION-siKRAS + Gal-1 

inh (5uM) on KPC and Panc-1 cells was investigated using 96 well insert migration Chambers 

(BD Biosciences), according to the manufacturer's procedure. Cells were starved overnight with 

FBS negative medium and counted the next day. Cells were seeded in a 24 well plate 

(50,000/well) treated with SPION, SPION-siKRAS, gal-1 inh (5u M), and SPION-siKRAS + 

Gal-1 inh (5 uM) and incubated for 24 hours. Cells were then trypsonized and counted. In FBS-

free medium, 35,000 cells were re-seeded into the top chamber. While the lower chamber 

received FBS-positive media. The migratory cells were fixed with methanol and stained with 

crystal violet after 12- 18 hours of incubation. The migratory cells were captured as migration of 

SPION-siKRAS, Gal-1 inh (5 uM), and SPION-siKRAS + Gal-1 inh (5 uM) treated cells 

compared to control (SPION). 
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4.5 Matrigel invasion assay 

 

To study the impact of SPION-siKRAS on KPC cells, a cell invasion test was done using 

BD Biocoat Matrigel Invasion Chambers (BD Biosciences) (Yallapu et al. 2015) (HAVING 

TROUBLE WITH CITATIONS) according to the manufacturer's protocol. Cells were seeded in 

a 24 well plate (50,000/well) treated with SPION, SPION-siKRAS and incubated for 24 hours. 

Cells were then trypsonized and re-seeded in the upper compartment 40,000 cells in FBS 

negative medium, whereas the bottom chamber was planted with 40,000 cells in FBS positive 

media. The invading cells were preserved with methanol and stained with crystal violet after 24- 

and 48-hour incubations. Invaded cells were collected as invasion of SPION-siKRAS treated 

cells were compared to the control. 

 

5. Molecular analysis of SPION-siKRAS and Galectin 1 inhibitor in pancreatic cancer cells 

 

5.1 Real-time PCR 

 

TRIZOL reagent was used to extract total RNA from HPAF, Panc-1, and KPC cell lines 

(catalog number AM 9738, Invitrogen). Gene expression was normalized to GAPDH, and the 

fold change for SPION-siKRAS, Gal-1 inh and SPION-siKRAS + Gal-1 inh were measured and 

plotted on a graph. Total RNA from the KPC and Panc-1 cell lines were utilized to investigate 

the degree of SPION-siKRAS and Gal-1 gene expression. 
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6. RESULTS 

 

6.1 Galectin-1 expression is increased in human PDAC tissues with the progression of 

pancreatic cancer  

 

To determine the relationship between Gal-1 and clinicopathological parameters, patient 

samples were grouped and analyzed for Gal-1 positivity based on sex (78 males and 89 females), 

age (141 patients with age 50 and 68 with age >50), and TNM staging (27 individuals with 

tumor located to pancreas and 34 with extension beyond pancreas) (Figure 4). Gal-1 positive was 

shown to be substantially associated with advanced stage development into neighboring organs 

or metastasis to lymph nodes (N0-N1); N0-N1 (MCS N0=8.75 Vs N1-N1= 7.25; p= 0.3196),  

T2, T3, T4  (MCS T2=8.67 Vs T3=8.3 p= 0.7290 Vs T4= 8.33 ; p= 0.8331 ), Grade (MCS 

G1=5.94 Vs G2=9 p= 0.0029 Vs G3= 10.63; p= 0.0001), Gender (MCS F=8.80 Vs M=8.98; p= 

0.7801 ), Stage (MCS I=9.22 Vs II&III=8.53; p= 0.3814)  and Age (MCS >50=8.18 Vs 

<50=9.23; p= 0.0400 ). 
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Figure 4. Expression of Galectin-1 in PDAC Pancreatic microarray tissue slide was used to 

stain it with Gal-1 antibody, then it was scored with Mean Composite Score parameters. The 

information was then organized in different groups for further analysis. The groups created to 

investigate age, metastasis tumor, regional lymph nodes, gender, distant metastasis, Age, Grade, 

and stage. 
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6.2 Galectin-1 expression is observed in human PDAC cells  

 

Confocal immunofluorescence was performed as described earlier. Cells were fixed and 

incubated with rabbit anti-Gal-1 antibody for 1 hr. Localization of Gal-1 was analyzed by further 

incubating cells with Alexafluor-cy3 fluorophore mouse mAb as secondary antibody and nucleus 

was stained with DAPI. Images were captured for DAPI (blue) and gel-1 (red) in pancreatic 

cancer cells (Figure 5). Gal-1 expression is present in all cell lines tested (BXPC3, HPAF II, Mia 

Paca and KPC). KPC cells show a higher expression of Gal-1 when compared to other cell lines 

implemented.

Figure 5. Galectin-1 expression of cell lines through immunofluorescence staining  

Gal-1 expression was tested on human cell lines, BXPC3, HPAF II and, MIA PACA, and 

mouse cell line, kpc 
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6.3 Successful generation of SPION formulation for pancreatic cancer  

 

PDAC has a dense tumor microenvironment, which makes medication administration 

extremely difficult. Previous work by mentor’s lab reveals the effectiveness and 

administration of a unique SPION with exceptional characteristics. The researchers devised a 

multi-layer method for producing water-dispersible superparamagnetic iron oxide nanoparticles 

for hyperthermia, magnetic resonance imaging (MRI), and drug delivery. In this method, iron 

oxide core nanoparticles were created by precipitating Fe ions in the presence of ammonia, and 

they were coated with -cyclodextrin and pluronic polymer (F127). This formulation (F127250) is 

extremely water dispersible, allowing the anti-cancer medication(s) to be encapsulated in -

cyclodextrin and F127 polymer for prolonged drug release. When compared to pure magnetic 

nanoparticles, the F127250 formulation demonstrated better hyperthermia effects over time in an 

alternating magnetic field (MNP) and β-cyclodextrin coated nanoparticles (CD200). PEI was 

employed as a cationic polymer to improve SPION-siKRAS surface attachment. The dynamic 

light scattering approach was used to determine particle size and charge. SPION-PEI was 

effectively prepared and stabilized using polymers -cyclodextrin, F-127, and PEI, as shown in 

Figures 2 and 3, and then coupled with KRASG12D silencer siKRAS for pancreatic KRASG12D 

mutant targeting. In order to determine the core weight, we lyophilized the formulation using a 

lyophilizer equipment. Every time, an average of 7- 10 mg/ml was achieved, and this 

formulation could be kept at 4°C for two weeks. Prior to each treatment, new batches were 

created. The weight of the iron core was estimated using the empty tube technique, which 

measured the weight of the tube with and without lyophilized nano formulation. 
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6.4 SPION-siRNA complexation with nanoparticle 

 

The gel retardation experiment was used to investigate the complex formation of MNPs 

with siRNA-siKras silencer (ambion AM 51334) at varied ratios. For 30 minutes, MNPF (1–10 

g) was incubated with 100 nM siRNA-siKRAS mimic. Gel electrophoresis was done using a 2 

percent agarose gel that was allowed to run for 1 hour at varied time intervals before 

photographing the gel to assess particle mobility. In Figure 6, we can observe from left to right at 

0 the siRNA-KRASG12D silencer easily traveling down the gel, whereas, comparing it to 1-8 

where different concentrations of SPION were used. Optimal concentration observed was at 8 µg 

of SPION at well 8.

 

Figure 6. Successful complexation of SPION with si-RNA-KRASG12D silencer Agarose 

gel electrophoresis gel retardation experiment demonstrating the creation of a 

complexation between SPION and the siRNA-siKRAS silencer via electrostatic contact. 

Complex formation is observed in lane 3, and complexation develops further in lanes 5 and 8 

when MNP concentration (1, 2, 3, 5, and 8ug) increases 
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6.5 SPION-siKRAS was observed to have an optimal size and charge 

 

SPION-siKRAS delivery success is dependent on its size and charge. The Zetasizer 

machine was used to assess the size and charge of the SPION before and after loading silencer 

siKRAS. The size of the nano formulation was assessed by dissolving 150 l of nano formulation 

in 3 ml of pure water, repeating three times, and calculating the average. Our formulation has an 

optimal average size range for SPION of 96.76-112.5 nm and 115.9-122.6 nm for SPION-PEI-

siKRAS. By dissolving 50l of the nano formulation in 1ml of 1X PBS, the formulation's charge 

was evaluated; a preferred negative charge was achieved for both SPION and SPION-PEI-

siKRAS (Figure 7). The formation's average zeta potential was -23.8 - -28.2 mV for SPION and 

19-23.2 mV for SPION-PEI-siKRAS (Figure 7) 

-27.8 

19 mV 

112 nm 

A 

125 nm 

B 

Figure 7. SPION-PEI-siKRAS nano-formulation characterization Graphs exhibiting the 

size and charge distribution of (A) SPION and (B) SPION-PEI-siKRAS nano formulations 

using Zetasizer. The size distribution by intensity was measured in nanometers, and the 

formulation's zeta potential was recorded in voltage 
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6.6 siKRAS formulation internalized efficiently in the pancreatic cancer cells  

 

We investigated the formulation for its efficacy in cell internalization using various 

procedures. We found that the formulation in internalizing the cells efficiently using various 

procedures: 

 

6.7 Prussian blue  

Prussian staining is one approach for determining iron particle absorption in cells. This 

staining technique detects the presence of iron in the cell, then reacts and produces a blue hue as 

a signal. Prussian blue was used to stain the SPION and SPION-siKRAS groups, which may be 

seen as dark blue dots created by ferric to ferrous iron reduction (Figure 8). The findings at 16-18 

Figure 8. Internalization of SPION-siKRAS Prussian blue staining was used to internalize 

the SPION-siKRAS nano formulation. After 6 hours of incubation, Prussian staining was 

used to test the cell uptake effectiveness of SPION(SP), SPION-PEI, and SPION-PEI-

siKRAS in (A) KPC and (B) ASPC-1 cell lines. 
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hours (human) and 24-48 hours (mice) clearly show the existence of nanoparticles within the 

cells. Nanoparticle uptake was constant in pancreatic cancer cells, demonstrating that these 

particles are adaptable and may successfully deliver therapies. 

 

6.8 Immunofluorescence 

 

The complexation efficiency of the SPION-PEI-siKRAS formulations and fluorescein 

amidite (FAM)-labeled siRNA was determined using fluorescence quenching (the FAM label 

provides fluorescence). Above, on figure 9 We can observe the individual DAPI staining of the 

nucleus and the specific staining of the conjugation SPION-PEI-siFAM labelled (KRASG12D). 

The siRNA formulation was observed SPION-PEI-siFAM was let to conjugate for 30 minutes 

before administrating to cells. Once concoction is administered a 16-18 hrs incubation period 

takes place. Cells were fixed and stained with primary antibody KRASG12D (GENETEX 

132480) for an hour. The samples were then incubated for an hour with secondary antibody 

Alexafluor-488 (light sensitive). Samples were washed and mounted then stored at 4°C. 
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6.9 Treatment of combined SPION-siKRAS + Galectin-1 inhibitor reduces PDAC cell 

growth  

We investigated the therapeutic potential of inhibiting KRAS and Gal-1 (Gal-1) together 

in PDAC cells. The SPION-siKRAS formulation was given in conjugation to Gal-1 inh PDAC 

cells and investigated for the efficacy of co-targeting genes using procedure illustrated below.

Figure 9. Internalization of SPION-siKRAS through immunofluorescence Dapi staining 

was used to stain the nucleus of ASPC1 cells, SPION-siKRAS, tracked and, located through 

siFAM labeled (AMBION) 

Figure 10. Novel therapy treatment SPION-siKRAS + Galectin-1 inhibitor SPION 

conjugation is needed prior to treatment (30 min). Once SPION-siKRAS formulation is 

successful, Gal-1 inh (DB21) is added to the cocktail prior to treatment with a 5 µM 
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6.10 Inhibition of proliferation, growth, and migratory ability of PDAC primary and 

secondary spheroids  

 

Primary spheroids are a useful in-vitro 3D model for testing the anti-cancerous activity of 

SPION-siKRAS. The formulation's capacity to suppress spheroid development was studied as it 

is a most clinically relevant experiment to evaluate the therapy for potential against clinical 

samples. Cells were separated into four groups and treated as follows: control, SPION-siKRAS, 

Gal-1 inh, and SPION-siKRAS + Gal-1 inh for the formation of spheroids. The number of 

spheroids generated and the size in the presence of therapy was calculated for each treatment 

group (Figure 11 upper group, left). The spheroids were allowed to grow as secondary spheroids 

without treatment in an ultra-low attachment plate to investigate the potential of sustained 

inhibition of PDAC cells by combined treatment (Figure 11 upper group, right). These findings 

also show that SPION-siKRAS + Gal-1 inh therapies inhibited the formation of primary tumor 

spheroids when compared to SPION-PEI (control) and SPION-siKRAS in KPC cells (Figure 11 

lower group, left). The primary spheroids were allowed to grow as secondary spheroids and 

reseeded in a non-ultra-low attachment plate to observe the effect of treatments on migratory 

properties. 

 



45 
 

Our results show that SP-siKRAS combined with Gal-1 inh treatment can successfully 

penetrate the PDAC cells and inhibit tumor growth. 

Figure 11. Spheroid formation post-treatment Spheroid assay was conducted in Panc-1 

cell line (Upper panel) treated with control, SPION-siKRAS, Gal-1 inh 5 µM, and combined 

(left). Spheroids were then re-seeded into a low attachment tissue culture plate (corning) 

where analysis was done on cellular migration away from spheroid (right). Spheroid assay 

was also conducted in KPC mouse cell line (Lower panel) and investigated for the effect of 

treatment on primary spheroid (left), and the migratory ability of cells of secondary spheroids 

upon seeding them in non-ultra-low attachment plates (right). 
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6.11 The combined effect of SPION-siKRAS and Galectin-1 inhibitor shows inhibition in 

PDAC cell proliferation  

 

The proportion of viable cells in KPC cells was determined using a cell viability test. 

Following 24 hours of incubation, live cells from each group were counted using an automatic 

cell counter (Invitrogen Cell Countess), and the percentage of viability gained from counting was 

utilized to produce the graph (Figure 12). The percentage viability of KPC cell lines reduced 

after treatment with formulations. Following our methodology, the % cell viability of treated 

samples after incubation was determined in comparison to the preceding control. 

 

 

Figure 12. SPION-siKRAS, Galectin-1 inhibitor 5 µM, and combined viability assay 

KPC (treatment groups): 1 control, 2 SPION-siKRAS, 3 Gal-1, and 4 SPION-siKRAS + 

Gal-1 this difference is considered to be statistically significant. With a P value of 0.0068, by 

conventional criteria, this difference is very statistically significant. 
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6.12 Wound healing assay depicting inhibition of migratory ability in PDAC upon 

treatment  

 

Wound healing assay is a molecular approach that uses the creation of a wound in cells to 

evaluate cell migratory capacity that can lead to wound closure. Wound healing assay was used 

to investigate inhibition of migratory ability in PDAC cells due to combined treatment of 

SPION-siKRAS + Gal-1. The cell migratory capacity of KPC (Figure 13 A) and Panc-1 (Figure 

13 B) discovered to be decreased by SPION-siKRAS + Gal-1 inh therapy, as shown in Figure 13 

The initial (0hr) and residual gap lengths at 24 and 48 hours after wounding were measured and 

recorded. Before each image was captured, cells were rinsed with 1X PBS. The control SPION-

PEI demonstrated close to or full wound closure, but the treatment groups all had different 

healing patterns. When comparing the SPION-siKRAS + Gal-1 inh gap combinatory therapy to 

A) 

Figure 13. Wound healing The wound healing test was used in this investigation to 

determine the therapeutic effectiveness of SPION-siKRAS, Gal-1 inh 5 µM, and SPION-

siKRAS plus Gal-1 inh.  
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any of the other groups focusing mainly on the control and SPION-siKRAS groups we can 

observe a predicted response. 

 

6.13 SPION-siKRAS + Galectin-1 inhibitor reduces invasion and migration in PDAC cells  

 

The invasiveness and migration of KPC and Panc-1 pancreatic cancer cells were studied, 

and pictures were captured and analyzed. Cancer cells have the ability to invade and migrate 

towards media containing FBS chambers, a characteristic known as chemotaxis.  The ability of 

KPC and Panc-1 cells to invade after treatment (SPION-PEI, SPION-siKRAS, SPION-

siKRAS+Gal-1 inh) reduced with treatment groups. Treatment group of SPION-siKRAS + Gal-1 

Figure 13, cont. Wound healing was used to test the capacity of Panc-1 (A) (human) and 

KPC. (B) (mouse) cells to mend after a wound was generated. KPC and Panc-1 cells were 

treated for 48 hours, and images were taken at 0hr, 24hr, and 48hr 

B) 
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inh reduced the number of invading cells, indicating that SPION-siKRAS + Gal-1 inhibits KPC, 

and Panc-1 cell migration (Figure 14 A). Similar findings were obtained in a invasion 

experiment, which revealed that increasing the concentration of SPION-siKRAS + Gal-1 

lowered the number of migrating cells (Figure 14 B). 

 

 

 

 

Figure 14. Boyden chamber migration assay and Matrigel invasion assays in KPC and 

Panc-1 cells Therapeutic efficacy study of SPION-siKRAS + Gal-1 on migration using 

Panc-1 cells and KPC cell line and invasion using KPC cells. The crystal violet staining the 

blue color depicts the cell invasion and the hematoxylin staining the red color depicts cell 

migratory ability of KPC after treatment. 
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6.14 SPION-siKRAS and Galectin-1 inhibitor reduces tumorigenic features of pancreatic 

cancer cells  

 

Using real-time PCR, we sought to observe if SPION-siKRAS + Gal-1 inh therapy 

changes the expression of KRAS and Gal-1 in KPC and Panc-1 cells. Significant alterations in 

the expression of both KRAS and Gal-1 were found as shown in Figure 15. Overall, our findings 

on the KPC cell line back up our initial notion. When compared to the control (SPION-PEI), 

both siKRAS-SPION and Gal-1 inh treatments showed a reduced fold change. Additionally, 

expression of mutant KRASG12D was investigated in all cells with high expression in HPAF-II, 

which was not considered for further experiments due to low Gal-1 expression as shown above. 

 

Figure 15. PCR quantification of Galectin-1 inhibitor and KRAS Was performed on 

PanCa cell lines after treatment with Gal-1 inh and SP-siKRAS, simultaneously (upper 

panel). The KRASG12D expression was observed in all PDAC cells (lower panel). 
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7. Discussion 

 

Because of late detection and the development of chemo-resistance, pancreatic cancer 

(PanCa) is the third highest cause of cancer-related fatalities in the United States (Yallapu et al. 

2013). SPION particles generated in this investigation are based on patented particle formulation 

(Yallapu et al. 2013), which allows for improved delivery of silencer siRNA-KRASG12D in cell 

lines. Our novel nano-formulation SPION-siKRAS allows the targeting of mutated KRASG12D 

which successfully inhibits KRASG12D mutation. The study reported here attempts to create an 

effective therapeutic for people with advanced pancreatic cancer. A combination of a stroma inh 

and a superior tumor targeting technique will be implemented in this study. Gal-1 is 

overexpressed in PanCa, which promotes cancer metastasis, proliferation, tumor transformation 

and migration. Unlike other cancer types, PanCa is extremely resistant to chemotherapy 

medications due to desmoplasia and a fibrotic tumor microenvironment (TME), making it critical 

to develop alternative treatment techniques for the effective delivery of treatments that are 

particularly targeted to the tumor site. In this study we demonstrate how to use a unique 

technique to selectively target and deliver medicines to the pancreatic tumor location. 

 In this chapter we have generated a novel nanoparticle formulation of SPION-siKRAS. To 

deliver it, we have generated a novel nanoparticle formulation of siRNA-KRAS-SPION for the 

delivery of siKRAS silencer therapeutically to the tumors. Per this novel therapy we have used 

three polymers for the stabilization of the particle pluronic F127, beta cyclodextrin, and 

polyethyleneimine (PEI) and the conjugation siRNA-SPION. 

We have then furthered our study by adding a Gal-1 inh (antagonist) to the already 

concocted SPION-siKRAS to investigate their functionality, the effects of the inh and KRAS 

silencer together and their response to PDACs aggressiveness.  This formulation is significantly 
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inhibiting the proliferation, migration, ability to formulate spheroids, and gene expression of the 

cells.  

This formulation is important, and promising, inhibiting both could lead to the re-

programming of the TME. Using a Gal-1 inh and at the same time being able to inhibit 

KRASG12D mutation using SPION-siKRAS will not only aid in migration, invasion, and tumor 

cross talk but it will silence KRAS mutation. We are furthering this study by studying the 

efficacy of the combination treatment of SPION-siKRAS + Gal-1 inh using a pre-clinical 

synergetic mouse model. This model, known as the KRASG12D; Trp53 R172H; Pdx-1Cre (KPC), 

C57BL/6J mice (specific to this study) 

 

8. Conclusion 

 

The results show that SPION-siKRAS + Gal-1 inh has a high therapeutic importance for 

attaining targeted pancreatic tumor specific therapy administration. Because SPION-siKRAS 

particles inhibit KRAS mutation, Gal-1 in conjunction with SPION-siKRAS has the potential to 

limit tumor growth, progression, transformation, migration, and invasion by halting tumor- 

stromal crosstalk (NEXT CHAPTER IV). This study has the potential to improve patient 

survival. 
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CHAPTER IV 

IN-VIVO AND EX-VIVO STUDIES USING NANO-FORMULATIONS FOR 

PANCREATIC CANCER THERAPY 

1. Background

We recommend the reader to numerous recent studies that address in detail the creation 

of these models, which integrate mutations in proto-oncogenes (e.g., KRAS) and tumor 

suppressor genes (e.g., TP53, SMAD4, and CDKN2A) that are particularly targeted to the mouse 

pancreas (Pérez–Mancera et al. 2012; Westphalen and Olive 2012). The KRAS proto-oncogene 

and the TP53 tumor suppressor gene are two of the most frequently altered genes in PDAC 

(Hruban et al. 2001; Jones et al. 2008; Biankin et al. 2012; Waddell et al. 2015). KPC mice 

reacted in the same way as human patients when treated with typical PDAC therapy 

techniques(Lee et al. 2016). A variety of genetically modified mice models of pancreatic cancer 

have recently been reported and validated. Hingorani et al. identified one paradigm in which 

mutant KRAS expression and concurrent p53 deletion, especially in the mouse’ pancreas, result 

in pancreatic intra-epithelial neoplasia (PanIN) lesions that proceed to invasive ductal 

adenocarcinoma (Hingorani et al. 2005). This model, known as the KRASG12D; Trp53 R172H; 

Pdx-1Cre (KPC) model, is one of the most extensively utilized for understanding pancreatic 

cancer pathophysiology (Majumder et al. 2016). The latter form, known as KPC mice, is the 

most promising preclinical model of PDAC at the moment (Lee et al. 2016). In this study in a 
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syngeneic Orthotopic xenograft mouse model, we aim to analyze the therapeutic efficacy of our  

innovative nanomedicine technique. For the planned research, we employed a KPC mouse-

generated cell line (LSL-KrasG12D; LSL-Trp53R172H; Pdx1cre) to create a syngeneic 

orthotopic  xenograft mouse model of PDAC. These cells are produced from the Pdx1cre; LSL-

KrasG12D; LSL-Trp53R172H (KPC) transgenic mouse model, which is a promising preclinical 

animal model for studying the progression and development of PanCa growth and metastasis. 

This is because they mimic the disease process found in humans, which begins with mPanINs, 

progresses to invasive adenocarcinoma, and then metastasizes to distant organs. The 

experiments were carried out using C57BL/6 wildtype mice. As a result, KPC mice will give a 

unique opportunity to study the impact of our hypothesized SPION-siRNA-K-RasG12D-

SPION formulation on PanCa development and metastasis in an unmodified animal model 

(Figure 16) 

Figure 16. Schematic representation of proposed study Gal-1 is used in combination with 

SPION-siKRAS on combinatorial effects. Treatment of cells and mice with SPION 

formulation siKRAS-RNA and Gal-1 inh have been used for functional significance of the 

combined treatment for in-vivo assays. 
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2. Materials and methods 

 

2.1 Chemicals, reagents, and antibodies 

 

Sigma Aldrich Corporation (St. Louis, MO, USA) provided all chemicals and reagents, 

while Corning Life Sciences provided cell culture materials (Tewksbury MA, USA). Ly-6CmAb 

(47-5932-82), CD8amAb (# 15-0081-82), Ly-6GmAb (61-9668-82), CD27mAb (# 11-0271-82), 

CD45mAb (# 67-0451-82), CD4mAb (# 61-0042-82), CD25mAb (# 35-0251-82), F4/80mAb (# 

62-4801-82) BIO-X-cell immune checkpoint antibodies, and polyclonal human IgG (#BE0092). 

Solution for tissue storage (MACs medium, lot number 130-100-008).  

 

2.2 Stable transduction of luciferase gene in KPC cells for bioluminescence  

 

Cells were grown in DMEM/F12 (Gibco) media supplemented with 10% fetal bovine 

serum (Gibco) and 1% antibiotic and antimycotic solution at 37°C and 5% CO2 incubator with 

95% air environment. In the lab, stable lentiviral luciferase cells, KPC were maintained. To 

summarize, the cells were treated with a variety of antibiotic dosages to identify the lowest dose 

that kills all the cells. Pre-packaged viruses were used for lentiviral transduction. XenoLight 

(PerkinElmer #122799) was used to measure luciferase activity every two weeks. 

 

2.3 Animal handling survival surgery in C57BL/6J mice 

 

Female C57BL/6J mice aged 8 weeks from Jackson Laboratories were utilized in animal 

experiments. The University of Texas Rio Grande Valley Institutional Animal Care and Use 

Committee authorized and evaluated all protocols (UTRGV-IACUC: AUP-20-15).  
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2.4 Pancreatic cancer cell line preparation for implantation 

 

KPC was utilized to create cells that consistently expressed lentiviral luciferase. These 

transduced pancreatic cancer cells were grown until they were 70% confluent and vitality were 

better than 90%. The cells were resuspended at 1 x 106 cells/ml in a cold Matrigel: Phosphate 

buffered saline mixture. The KPC cell line is known to develop quickly, this cell number is only 

a reference and may vary depending on the cell line. Mouse preparation: A mouse was 

anesthetized by inhaling 2-3 percent isoflurane. The level of anesthesia was evaluated by the 

absence of a pedal reaction in response to a mild toe pinch. To avoid desiccation, lubricant was 

administered to the eyes. The mouse was placed on its back on a 37 °C heating pad, and the 

mouse was gently moved to lift the left side of the abdomen. The abdomen was swabbed with a 

10% povidone iodine solution.  

 

2.5 Laparotomy 

 

A 1.5 cm incision was made in the skin approximately 1 cm left lateral from the midline 

with a sterile surgical tool. The procedure is then followed by a 1.5 cm incision in the underlying 

abdominal muscle. The spleen was carefully removed from the abdominal cavity using forceps. 

To reveal the underlying pancreas, the spleen was tethered using a sterile cotton bud, the 

pancreatic tail was identified close to the spleen and the underlying pancreas was gently removed 

from the peritoneal cavity for a brief moment. We administered 20 µl of the Matrigel-cell 

solution into the pancreas using a 29 G 0.3 ml insulin syringe. Following the injection, we hold 

the syringe in the pancreas for 30-60 seconds to allow the Matrigel to solidify. This is a critical 
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step that can help to reduce cell leakage. The injection site was examined to ensure there was no 

leaking. The spleen and pancreas were surgically re-implanted into the abdominal cavity. 

 

2.6 Abdominal wall closure 

 

The mouse's abdominal musculature was closed using an absorbable braided 4-0 suture 

and a round needle using a continuous stitch. Following that, 1-3 staple(s) per mouse were 

utilized to close the external skin using non-absorbable staples. After removing the mouse from 

the inhaled anesthetic, 0.05-0.1 mg/kg meloxicam was administered subcutaneously (30 ul). For 

recuperation, the mouse was put on a 37 °C heating pad with unrestricted access to food and 

water. Meloxicam was administered to mice every 12 hours for 36 hours if they showed 

indicators of discomfort, such as hunching or restricted movement; mice's respiratory patterns 

and capacity to respond to touch were observed. Every 15 minutes, mice were turned from side 

to side until they could sustain sternal recumbency. During daily health checks, mice were 

observed for any changes in behavior, such as anorexia, aversion to movement, and so on. The 

indicated dose of analgesics was administered as needed. Any animal that had an unfavorable 

response or received an incorrect injection was withdrawn from the research and euthanized. All 

mice were observed for tumor development and general symptoms of morbidity such as ruffled 

fur, stooped posture, and immobility after tumor implantation. 
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2.7 Preparation of formulation and treatment strategy 

 

All SPION formulations have been conjugated with PEI. The mouse model developed a tumor 

five days after implantation, mice were then sorted adequately. These assortments were done for 

four different treatment groups which were comprised of five mice per group: Group1- SPION 

(1mg/ml) in conjugation with scramble siRNA (100 µM) and 1.5 µl of PBS per mice; Group 2- 

SPION-siKRAS (100 µM), 0.9% NaCl (4 µL/mice), and 1 µl of PBS per mice; Group 3- Gal-1 

inh DB-21 (Sigma Millipore (Sigma-Aldrich 505823) was suspended in PBS and stored (-20°C) 

in 1mg/ml working stock, a 5 µM concentration was administered as treatment per mice. Each 

dose had an addition of 1:1 PBS dispersant respectively; Group 4- SPION (1mg/ml)-siKRAS 

(100 µM), [0.9% NaCl (4 µL/mice), and 1 µl of PBS per mice] plus, Gal-1 (5 µM) and a total 

dispersant volume of 216 µl (PBS) for entirety of the group (N=5). SPION formulations 

weighing 100 g/mice and Gal-1 inh treatments were administered intraperitoneally twice a week 

(Mondays and Thursdays) for four weeks into each mouse group. Every week, mice were 

imaged, while their deaths remained tracked. The tumor and tissues were dissected, collected, 

and stored properly for further molecular assays. 
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2.8 Flow cytometry 

2.8.1 Tissue dissociation and preparation of single cell suspension. Tumor tissue kept 

in MACs tissue storage solution was used to make a single cell suspension. Tumor tissue was 

sliced into 2- 4mm pieces and put to a mild MACs C tube with an enzyme mix (Tumor 

dissociation kit protocol #). Gentle MACsTM octo dissociator with heating and enzymatic 

treatment was used to create single-cell suspensions with great prbility and a high degree of 

uniformity for repeatable findings. MACS® Tissue Dissociation Kits are intended to recover 

large quantities of viable single cells with intact epitopes from virtually any solid tissue. To 

guarantee that the influence on all cell types collected from the tissue sample was limited, a red 

blood cell lysis solution was utilized. One liter of cell suspension was diluted with ten volumes of 

1X RBC lysis solution. (For instance, mix 1 mL of cell suspension with 10 mL of 1XRBC cell 

lysis solution.) The cells were vortexed for 5 seconds prior to getting incubated at room 

temperature for 2-3 minutes, ideally 5. After incubation, cells were centrifuged at 300 X g for 10 

minutes at room temperature and the supernatant was discarded.  

2.8.2 Staining of cell suspension. Centrifugation at 350 Xg for 7 minutes at 4°C rinsed 

the cell pellet with 1ml of 1X PBS. Following washing, cells were resuspended in 1ml of 1XPBS 

and counted. The cell density was adjusted to 1 x 106 cells per 1 ml fluid. 1 µl of reconstituted 

fluorescent reactive dye was added and thoroughly mixed in. Component A (fluorescent reactive 

dye) was created by combining it with component B. (anhydrous DMSO). For 30 minutes, cells 

were incubated at room temperature. (Caution: light sensitive.) Wash the cells with 1X PBS after 

incubation by centrifuging them at 350 Xg for 7 minutes at 4°C and discarding the supernatant. 

A 100 µl volume of supernatant residue was saved.  
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2.8.3 Fixation and permeabilization of cell suspension. After adding 100 µl of IC 

fixation buffer and vortexed the mixture, the cells were fixed. Fixed cells were incubated at room 

temperature for 35 minutes (Note: Light sensitive). Following incubation period, the cell 

suspension was washed twice with 1ml of 1X PBS at 450 Xg for 5 minutes at room temperature. 

The supernatant was removed, and the cell pellet could be stored at 4°C for 2-3 days in 5% FBS 

and 95 % 1X PBS. After staining the fixed cells with cell surface markers, they were 

permeabilized with 1X permeabilization buffer. For flow analysis (1 million cells/flow), the cell 

antigen was resuspended in flowcytometry staining buffer. Two antibody panels were immune 

profiled for each of the four therapy groups. F4/80, CD11b, CD45, CD27, CD44, Ly6G, CD8, 

CD45RB, CD3, Ly-6C, and CD25 antibodies are included in the first panel, and FOXP3, CD4, 

CD25, and CD3 on the second panel. The flow cytometer Attune was used for the analysis. 

2.9 Animal handling and survival surgery in C57BL/6J mice 

In this investigation, a mouse pancreatic cancer cell line, KPC luciferase (0.2 x 106 cells/ml) in a 

1:1 combination of cooled Matrigel:Phosphate buffered saline was employed. Luciferin has been 

transfected into these cells for bioluminescence imaging of animals. C57BL/6J mice (8 weeks 

old) will be divided into the following groups and injected orthotopically with mouse pancreatic 

cancer cells (suspended in 50 µl PBS) using the following techniques, followed by medication 

treatments through intraperitoneal route. Surgery was a success, all mice were properly handled 

pre, during and post-surgery. Closing of incision Mice were observed carefully after surgery, 

during recovery period. Over the next couple of days mice were closely monitored, especial 

attention was needed for area of incision, which resulted in proper care and manipulation (Figure 

17). Prior to treatment all incision were properly healed, and staples were removed. 
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Figure 17. Set up during surgery day Surgery Day (March 8th, 2022) began with the 

preparation of the surgery room. Equipment set up, turned on, sterilization of surfaces and 

equipment. Female C57BL/6J mice were used in this study. Area of incision was properly 

shaved and sterilized prior to surgery. Surgery was done inside a fume hood with proper 

air flow and proper UTRGV procedure were implemented. 
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 2.9.1 Treatments. The model developed tumor within a week and sorted randomly for 4 

treatment groups (N= 5), which include, Group 1: SPION-si-scrambled (control), Group 2: 

SPION-siRNA-KRASG12D, Group 3: Gal-1 inh, Group 4: SPION-siKRAS + Gal-1 inh. 

Treatments started at day 6 after surgery (n=5 mice per group). Drug treatments were 

administered through intraperitoneal route (Figure 18); Group 1: SPION-si-scrambled (control) 

(100 nM), Group 2: SPION-siRNA-KRASG12D (8 µg SPION, 100 nM siKRAS), Group 3: Gal-1 

inh (5 µM), Group 4: SPION-siKRAS + Gal-1 inh 8ug SPION, 100 nM si-KRAS, 5 µ M Gal-1 

inh. Treatments were administered twice a week (Monday and Thursday intraperitoneally). Mice 

were monitored for death on a daily basis with the support of UTRGV Edinburg Animal House 

team. Test subjects were dissected where the tumor and organs were collected for further 

molecular studies. Tumors were extracted, cleaned, weighed, and measured accordingly. 

Figure 18. Treatment Mice were segregated according to tumor size into four groups: 

control (si-scammbled), SPION-siKRAS, Gal-1 inh, and SPION-siKRAS + Gal-1. Mice were 

handled with proper care. Area of treatment administration was sterilized before and after.  
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3. Results

3.1 Culture and maintenance of luciferase expressing KPC cells for bioluminescence 

The KPC cell line is a well-established and important model for investigating pancreatic 

ductal cells. We cultured these cells to generate a syngeneic orthotopic xenograft mouse model 

of PDAC utilizing C57 black mice and KPC mouse derived cell lines (LSL-KRASG12D; LSL-

Trp53R172H; Pdx1cre) (Figure 19). The KPC mouse model mimics human disease 

development, such as PanCa start with mPanINs, progression to invasive adenocarcinoma, and 

subsequent metastasis to distant organs. It has a point mutation in the transformation related 

protein 53 gene (TP53R172H) and a non-functional KRAS gene (KRASG12D). Metastases are 

seen in 80 percent of KPC mouse models, particularly in the lung and liver. As a result, 

orthotopic mouse models with KPC cancers will be useful for studying both localized and 

metastatic malignancies. The cells exhibited exceptional bioluminescence as measured by a plate 

reader (Figure 19). When these KPC luciferase cells are implanted into the pancreas, they can 

follow tumor development and metastasis, allowing us to establish the effectiveness of the 

treatment. KPC luciferase was cultivated on a wide scale and its luciferase activity was 

determined using PerkinElmer's XenoLight substrate.
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3.2 SPION-siKRAS + Galectin-1 inhibitor combination treatment had no effect on tumor 

weight in -KRASG12D; LSL-Trp53R172H syngeneic mouse model of PDAC 

Five days after cell implantation, mice were randomly sorted into five groups and began 

receiving treatments as described in Material and Methods section. At this moment we observed 

the difference in weight when comparing prior to surgery and four weeks after surgery. We can 

observe a slight increase in weight. We can conclude that mice weight increase is due to the 

advancement of PDAC causing inflammation and weight gain. 

Figure 19. Bioluminescence imaging in KPC luciferase cells Luciferase activity of KPC 

luciferase cell was tested using XenoLight Bioluminescent/Chemiluminescent Substrates 

PerkinElmer. Normal KPC mouse pancreatic cell was used a control. 
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3.3 Tumor size and weight post dissection 

The tumor was measured after extraction. Tumors were also weighed after extraction 

extrapolating the measurements above. 

3.4 SPION-siKRAS + Galectin-1 inhibitor combination treatment reduced tumor weight in 

-KRASG12D; LSL-Trp53R172H syngeneic mouse model of PDAC

In this chapter we evaluate the efficacy of conjugated SPION-siKRAS + Gal-1 inh. 

Figure below depicts image (Figure 20 A) and weight (Figure 20 B) of tumor after extraction. 

Additionally, the orthotopic tumors were visualized at week 0 before treatment and week 5 using 

animal imaging system (Figure 20 C). Based on these parameters, we observe the weight of the 

control group being higher when compared to treatment groups. Additionally, the mice treated 

with combination treatment of SPION-siKRAS and Gal-1 showed decrease in tumor weight as 

Average

GROUP 1 A 18.7 21.8 20.53 20.75 18.72 20.1

GROUP 2 B 17.9 18.3 18.1 18.17 18.47 18.188

GROUP 3 C 18.5 20 20.34 19.3 21.07 19.842

GROUP 4 D 20.52 19.67 17.3 18.78 18.36 18.926

Surgery Day (grams)

Average

GROUP 1 A 23.7 20 19.4 22.5 20.4 21.2

GROUP 2 B 20.6 19.9 20.7 19.2 21.3 20.34

GROUP 3 C 18.76 20 22.5 21.8 23.1 21.232

GROUP4 D 22.2 17.9 21.4 22.1 20.5 20.82

Four Weeks after Surgery (grams)

Table 1. Mice weight prior to surgery and pre-euthanasia Mice were weighed prior to 

surgery and four weeks after before euthanasia. Group 1 being the control (SPION-

siScrambled), group 2 SPION-siKRAS, group 3 Gal-1 inh, and group 4 SPION-siKRAS + 

Gal-1 inh 
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compared to control (P value 0.001) and siKRAS alone (P<0.01) which by conventional criteria 

is considered to be statistically significant. Most importantly, out of 4 groups, all the mice from 

SPION-siKRAS and Gal-1 group survived until the end of the study when all mice from rest of 

the groups reached endpoint (abdominal diameter of ≥35 mm) or died. Based on these results we 

can conclude that treatment group SPION-siKRAS + Gal-1 inh showed significant inhibition in 

tumor growth. We observed that the mice treated with SPION-si-scrambled died the earliest 

when compared with treatment groups (SPION-siKRAS, Gal-1 inh, and SPION-siKRAS + Gal-1 

inh). This signifies that SPION-siKRAS + Gal-1 inh conjugation could have a role in survival. 

Figure 20. Effect of treatment on tumor burden in mice A) Excised tumors imaged at end 

point. B) Weight of pancreatic tumor tissue C) Bioluminescence to monitor tumor growth 

from week 0 to week 5. Luciferase labelled KPC cells (1 × 106) were orthotopically 

implanted in C5BL6 mice.  
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3.5 SPION-siKRAS + Galectin-1 inhibitor combination treatment improved survival in -

KRASG12D; LSL-Trp53R172H syngeneic mouse model of PDAC  

Effects of treatment on pancreatic mice survival and metastasis were analyzed. Excised 

tumor and organs (liver, lungs, spleen, kidney, heart, and brain) and of all the groups were 

carefully analyzed. Mice were euthanized five weeks post-surgery unless deceased of natural 

causation. The control group (SPION-siScrambled) had one survivor when euthanasia was 

performed. All the animals in the control group (SPION-siScrambled), including the peritoneal 

cavity and intestines, had a significant rate of metastasis into distant organs, including the lungs 

and liver (5 mice). Ascites was observed on 4 mice and 3 mice showed signs of splenomegaly. 

Group two (SPION-siKRAS) had four survivors at time of euthanasia and showed minimal 

intestinal (1 mice) and liver (1 mice) metastasis. Group three (Gal-1 inh) had three survivors at 

time of euthanasia, findings include ascites (2 mice), intestinal metastasis (2 mice), and enlarged 

spleen (1 mice). In Group four (SPION-siKRAS + Gal-1 inh), all members of this group 

survived till the completion of the study, all five mice were euthanized at this time, observations 

include no metastasis. From these results we can conclude that treatment group four indicates  

this novel combination of SPION-siRNA and Gal-1 inh can serve as an excellent potential 

therapeutic combined treatment. 
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3.6 Combination therapy reprogrammed myeloid cells, stimulated memory cells, and 

inhibited regulatory T cells (Tregs) to boost the chemotherapy  

The SPION-siRNA in combination with Gal-1 inh showed increased Tcell infiltration 

and decreased immunosuppressive cells; Treg and M-MDSC. Vehicle-treated group, SPION-

siRNA and gal-1 inh alone showed significantly increased levels of myeloid-derived suppressor 

cells (mMDSCs) i. e CD45+, CD3-, CD11b+, Ly6C high, Ly6G- and T-Regulatory cells (Treg) 

ie. FoxP3+CD25+CD45+CD3+ cells in KRASG12D; LSL-Trp53R172H syngeneic mouse model of 

PDAC (Figure 23). Interestingly, the combined treatment reduced the population by 

approximately 50% and 25%, respectively (Figure 23.). Similar results were observed in memory 

T cells and CD8+ Tcells, which showed increase in memory T cells (by 1.5 folds) and Tregs (by 

2 folds) as compared with SPsiRNA and gal-1 inh alone. These data confirm that effects of 

SPION-siRNA in combination with Gal-1 inh on immune checkpoint expression on myeloid 

Figure 21. Tumor survival curve Survival curves represent the effect of combined therapy 

on mice survival. 
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cells and thus provide the rationale for combination treatment with SPION-siRNA in 

combination with Gal-1 inh for immune cell activation. Overall, reduced immune tolerance, 

increased infiltration of total T cell population and CD8+T cells are observed in mice treated 

with combination regimen.

Figure 22 Flow analysis for investigating the immunostimulatory effect of combined therapy of 

SPION-siKRAS-Gal-inh. 
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4. Discussion

Increased tumor microenvironmental fibrosis and cancer–stroma crosstalk inside 

developing tumors restricts medication efficacy due to signaling pathways that impede drug 

delivery, activation, and effectiveness (Khan et al. 2019). The abnormal activation or 

dysregulation of many signaling pathways contributes significantly to the heterogeneity of 

pancreatic cancer. The KRAS proto-oncogene encodes for a protein with GTPase activity. 

KRASG12D mutation causes constitutive phosphorylation and activation of this pathway (Eser et 

al. 2014). KRAS mutations activate many signaling pathways, including RAF, MEK, ERK, and 

the P13K/AKT pathway (Knickelbein and Zhang 2015) that play essential roles in cell division, 

survival, and drug resistance, as well as suppressing apoptosis and increasing tumor development 

and progression. KRAS activity can alter the microenvironment of PDAC by generating 

molecules such as Sonic Hedgehog (Ji et al. 2007), interleukin-6 (Lesina et al. 2011), and 

prostaglandin E (Charo et al. 2013), and hence govern stroma maintenance (Pylayeva-Gupta et 

al. 2012). KRAS signaling has also been demonstrated to promote immunosuppression. 

 SiRNA treatments have been employed in the goal of reducing the progression of pancreatic 

cancer in order to overcome drug resistance, reduce off-target toxicity, and increase antitumor 

activity of chemotherapeutic drugs(Aslan et al. 2018). 

In this study we have propose (chapter III) the therapeutic efficacy of a patented SPION 

nano-formulation (Yallapu et al. 2011) with the conjugation of silencer siRNA-KRASG12D and 

the simultaneous delivery of Gal-1 inh (DB21). Our initial objective was to create and 

characterize the formulation (SPION-siKRAS). The final formulation has a size of 125 nm and a 

zeta potential of 19 mV, making it an appropriate delivery vehicle for cancer treatment. In a prior 

study, we employed this SPION formulation to deliver curcumin to PanCa cells via miR-145 
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(Khan et al. 2014); this unique formulation was neither harmful to normal nor cancer cells. 

Secondly, and addition of Gal-1 inh was proposed for this study, for the targeting and 

suppression of stromal talk and TME. The tumor microenvironment contains a range of cells 

(stellate cells, pan-endothelial cells, and infiltrating immune cells such as MDSC, Treg cells, and 

tumor-associated macrophages) and extracellular matrix (ECM) components with blood vessels 

and neurons. 

The in vivo data showed that SPION-siKRAS and the combination of Gal-1 inh 

improved survival in the C57BL/6 mouse model. Tumor volume was effectively suppressed in 

those treated with SPION-siKRAS plus a combined Gal-1 inh. Furthermore, as compared to 

these therapies delivered alone, successfully increased the rate of survival in these treated groups 

(Figure 21). This was corroborated by tumor size and weight as well as immune profiling using 

flow cytometry. SPION-siRNA in conjunction with a Gal-1 inh enhanced T-cell infiltration 

while decreasing immunosuppressive cells such as Treg and M-MDSC. Overall, mice treated 

with the combined regimen had decreased immunological tolerance and increased infiltration of 

total T cell population and CD8+T cells. 

This promising study depicts in the in vivo results that SPION-siKRAS and combination 

of Gal-1 inh enhanced targeted approach in C57BL/6 mouse model. It has been observed that 

SPION-siKRAS + Gal-1 inh combinatorial effects improves survival and metastasis expansion 

rate (Figure 21). Tumor volume was efficiently controlled in SPION-siKRAS + Gal-1 inh. Also, 

effectively enhanced the rate of survival in these treated groups when compared to control 

(Figure 21). This was supported with tumor weight and size as well as observation at time of 

dissection (Figure 20). The combination therapy reduced immune tolerance, increased infiltration 
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of total T cell population and CD8+T cells are observed in mice treated with combination 

regimen. 

5. Conclusion

In conclusion, results indicate high significance of targeted SPION-siKRAS + Gal-1 inh 

for achieving targeted pancreatic tumor specific delivery of proposed treatment. Since SPION-

siRNA particles inhibit KRAS, KRAS pathway expression, and slowing KRAS-driven 

pancreatic cancer growth in vitro and in vivo. Because Gal-1 regulates paracrine interactions with 

epithelial cells to promote proliferation, migration, tumor transformation, and invasion, as well 

as endothelial and inflammatory cells to promote angiogenesis and immune cell suppression, 

inhibiting Gal-1 in conjunction with silencing mutated KRAS has the potential to inhibit tumor 

growth and progression, as demonstrated in this chapter. This research has the potential to reduce 

disease-related morbidity and mortality while potentially increasing patient survival.
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