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ABSTRACT 

 

Modulatory Effects of Deacetylated Sialic Acids (a Sugar Residue) in NK-Mediated 

Cytotoxicity and Targeted Therapy by Receptor Tyrosine Kinase Inhibitors 

 

Mathias Tawiah Anim 

2023 

The complex nature of the biology of cancer is still an unraveling science, yielding several 

biomarkers that have served as molecular targets for detection and treatment of the disease. 

How sugars, glycans, play a role has remained relatively uninvestigated. Sialic acid (Sia), 

a sugar residue on the surface of cells, has been identified as a hallmark of cancer and its 

progression. Sialic acid can be highly functionalized, but we became interested in 

acetylated Sias. This functional group is modulated by Sialate O- acetylesterase (encoded 

by the gene SIAE) and Sialate O-acetyltransferase (encoded by CASD1), enzymes that 

play a crucial role in functionalizing sialic acid. CASD1 and SIAE catalyze the addition 

and removal of acetyl groups to sialic acids respectively. We showed that modulating SIAE 

and CASD1 interferes with ligand-receptor binding interactions with adjacent cell surfaces, 

specifically, we demonstrated that deacetylated Sias reduce NK-mediated cytotoxicity of 

colon and lung cancer cells via Siglec binding.  

Building upon this study we turned our attention to understanding how these genes 

modulate the cell’s susceptibility to drugs. Our findings show that targeting SIAE and 



 xiv

CASD1 in chemotherapy renders it more susceptible to drugs that target and inhibit tumor 

cell proliferation via EGFR signaling. The tested novel hybrid analogs (MMA 294, 320 

and 321) and Sorafenib exhibited a dose dependent cytotoxicity via apoptosis on colon and 

lung cancer cells. The effect of these drugs on the cell cycle of HCT116 and A549 cells 

was also assessed using DNA staining with propidium iodide. MMA 321 and sorafenib 

elicited a G0/G1 cell cycle arrest in HCT116 and A549 WT cells but a G2/M in HCT116 

and A549 SIAE. Further screening of phosphorylated EGFR by immunofluorescence 

revealed an overexpression of pEGFR in the CASD1 and SIAE knockout cells suggesting 

an increased activation of this growth receptor rendering these CRISPR Cas-9 knockout 

cells highly proliferative but extremely sensitive to the novel hybrid analogs of estrone 

origin.
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Chapter 1 

 

Deacetylated Sialic Acids Modulates Immune Mediated Cytotoxicity Via The Sialic 

Acid-Siglec Pathway 

 

 

 

 

 



 2

1.1 Abstract 

Cancers utilize glycans to evade the immune system via the Sialic acid (Sia)-Siglec 

(Sialic-acid- binding immunoglobulin-like lectins) pathway. Specifically, atypical 

structural forms of sialic acid bind to inhibitory Siglec receptors on natural killer 

(NK) cells resulting in the suppression of immune cell mediated cytotoxicity. The 

mechanism of action that governs the Sia-Siglec pathway in cancers is not 

understood. Specifically, how deviations from the typical form of Sia 

mechanistically contribute. Here, we focused on modulating 9-O and 7, 9-O-

acetylation of Neu5Ac, via CRISPR- Cas9 gene editing, a functional group that is 

absent from Sias on many types of cancer cells. The two genes that are responsible 

for regulating the level of acetylation on Neu5Ac, are Sialic acid acetylesterase 

(SIAE) and Sialic acid acetyltransferase (CASD1). These genes modulated Siglec 

binding in colon, lung and a noncancerous kidney cell line. In the absence of SIAE, 

Neu5Ac is acetylated, engagement of cancer associated Siglecs is reduced while 

binding was increased when the ability to acetylate was removed via CASD1 knock 

out. In the absence of SIAE NK mediated cytotoxicity increased in both colon and 

lung cancer cells. In addition to modulating Siglec binding, SIAE expression 

modulates the level of Sias in a cell, and the α2–6-linkage of Sias—which is 

specifically upregulated and associated with cancers. Uncovering how functional 

group alterations on Neu5Ac contribute mechanistically to both Siglec receptor 

binding, the Sia-Siglec immune evasion pathway, and the production of cancer 

associated glycosidic linkages—offers a promising avenue for targeted cancer 

immune therapies in the future. 



 3

 

 

 

1.2 Introduction 

1.2.1 Cancer Is A Menace To Public Health 

Cancer is one of the leading causes of deaths in developed countries, comparable 

only to cardiovascular diseases (Bray et al., 2021; Sung et al., 2021). Across the globe, it 

is estimated to have caused 9,958,133 deaths during the COVID pandemic in 2020 (Sung 

et al., 2021). Comparing the US to China, the disease burden of cancer has been seen to 

decrease gradually in the US while increasing steadily in China. The United States has been 

reported to have gradually adopted better behaviors associated with cancer risks and 

medical practices such as improved cancer screening tests, better treatment regimens as of 

a result of successful progress in cancer research, its prevention and care (Schilsky et al., 

2020). In 2022, it is estimated that the United States will record approximately 2,370,000 

new cancer cases and 640,000 cancer deaths with lung cancer predicted to be the leading 

cause of cancer deaths (Xia et al., 2022). 

Lung cancer is the leading cause of cancer deaths in the US and the world. In 2021, 

an estimated total number of 235,760 new lung cancer cases were reported, placing it as 

the second most common cancer reported (excluding non-melanoma skin cancers). Even 

though the age-adjusted lung cancer incidence has been reducing from 1999 to 2019 (70.8 

to 52.9), it is still the number cause of cancer related deaths in the country (Zhang et al., 

2022). Lung cancer has a very poor 5-year rate of survival of 21% (in all stages) and one 
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of the contributing factor to this was that over half (57%) of these lung cancer cases were 

diagnosed with distant metastasis rather than at localized or regional stages (Siegel et al., 

2021).  

 

Figure 1.1 Annual rates of lung cancer cases, 1999 to 2019 

On the contrary, non-small cell lung cancer (NSCLC), which accounts for 80% of 

all lung cancer cases has seen a rather improved 2-year rate of survival from 34% in 2009-

2010 to 42% in 2015-2016 with a 5 to 6% absolute gains in all stages of diagnosis (Siegel 

et al., 2021). NSCLC has a much better rate of early detection and diagnosis than small 

cell lung cancers, making it possible for effective treatments regimens to be started in time 

before it metastasizes (Howlader et al., 2020). One other factor that has accounted for the 

decline in the overall lung cancer disease burden is the decrease in cigarette smoking in the 

adult population in the US. Smoking of cigarette is one of the well-known risk factors to 

developing lung cancer and it is reported to cause about 81.7% of lung cancers in the United 

Lung cancer incidence and mortality in the United States from 

1999 to 2019

Annual reported incidence Annual reported mortalities
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States (Islami et al., 2017). Since the prevalence of cigarette smoking reduced by 29.8% 

(in adult males) and 38.7% (in adult females) from 1990 to 19.9% (in males) and 15.3% 

(in females) in 2019, there is a steady decline in the rates of new lung cancer cases (Reitsma 

et al., 2021). The decrease in the prevalence of cigarette smoking is attributed to a number 

of very successful public health policies on smoking including increases in cigarette excise 

taxes, smoking restrictions in public areas, reduced access to cigarettes and increased 

public awareness of the dangers of smoking cigarette (Moolgavkar et al., 2012). 

Colon cancer is considered as one of the deadliest forms of cancer, in the same 

league as lung, breast and prostate cancer. Colon cancer can develop in any of the four 

segments of the colon, namely the ascending, transverse, descending and sigmoid sections. 

According to the 2020 estimates from the United States, it is the third most commonly 

diagnosed cancer with an incidence of 40.7 per 100,000 population in the US. It was also 

the third leading cause of cancer related deaths, accounting for 14.8 per 100,000 population 

deaths in 2020 (Siegel et al., 2020). However, these statistics are an improvement 

compared relative to 20 years prior incidence and mortalities due to the presence of better 

and more sensitive screening methods and effective removal of precancerous lesions 

detected in the early onset of the disease (García-Albéniz et al., 2016). 
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Figure 1.2 Annual rates of colorectal cancer cases, 1999 to 2019 

Colon cancer has no specific cause but several risk factors that predisposes 

individuals to the disease. Colon cancer has been shown by meta-analysis to have some 

familial risk mainly between first degree relatives. About 5% of patients diagnosed with 

colon cancer have some form of inherited genetic predisposition (Burt and Neklason, 

2005). Furthermore, certain lifestyle factors also play key roles in increasing the risk to 

developing colon cancer. One of such lifestyle factors is the consumption of meat diets, 

particularly red and processed meat which is rich in Neu5Gc, a type of sialic acid that has 

been linked to cancer (Orlich et al., 2015). Several studies have confirmed how meat and 

fat consumption can induce genetic and epigenetic changes in the colon that often leads to 

genome instability and an increased risk of mutations in tumor suppressor or oncogenes 

(Raskov et al., 2014). Such genetic changes is possible as a result of poor meat preparation, 

high nitrate and nitrite found in processed meats and undigested remnants of meats that 

Colorectal cancer incidence and mortality in the United States 

from 1999 to 2019

Annual reported incidence Annual reported mortalities
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cause bacterial accumulation and fermentation and the ultimate formation of N-nitroso 

compounds from the action of the bacterial. N-nitroso compounds are known to readily 

form adducts with DNA and lead to mutations with the genome (Raskov et al., 2014). On 

the other hand, a healthier diet, high in fiber, fish, legumes (especially soybeans) and 

calcium has been reported by several studies to reduce the risk of developing colon cancer 

(Aune et al., 2011; Gonzalez and Riboli, 2010). Even, simple vegetarian diets can also 

reduce the risk of developing colon cancer (Orlich et al., 2015). 

1.2.2 Sialic Acids Discovery  

Sialic acids are a group of nine-carbon sugar residues that are found in vertebrates, 

eubacteria and archaea. They can also be generally referred to as nonulosonic acids and are 

characterized by the presence of a 3-carbon exocyclic side chain as well as one or more 

acylated amino groups. There are over 50 different sialic acids found in nature, with the 

most predominant ones being N-acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic 

acid (Neu5Gc), 2-keto-3-deoxy-nonulosonic acid (Kdn). Neu5Ac is the most common 

sialic acid found in humans whiles Neu5Gc and Kdn are some examples of nonhuman 

sialic acids (Schauer, 2004). 

Sialic acids were independently identified by two different researchers, Gunnar 

Blix and Ernst Klenk in 1936 and 1941 respectively. Blix isolated these sugars from 

salivary mucins and named them sialic acids while Klenk named them neuraminic acid 

because he isolated them from neurons in the brain (Blix, 1936; Klenk, 1941). Sialic acids 

can have O-acetyl, O-lactyl, O-sulfo, O-methyl or O-phospho groups attached contributing 

to the vast diversity and functionality of these sugars. 



 8

1.2.3 Synthesis Of Sialic Acids 

Upon entry of glucose into cells via glucose transporters, and its subsequent 

conversion to N-Acetylglucose-6-phosphate (GlcNAc), the bifunctional enzyme 

glucosamine UDP-GlcNAc-2-epimerase/N-acetylmannosamine kinase, coded by the GNE 

gene. This enzyme catalyzes the conversion of UDP-bound GlcNAc to N-acetylmannose-

6-phosphate (ManNAc-6-P) and UDP in 2 steps. Firstly, it catalyzes the hydrolytic 

epimerization of UPD-GlcNAc to N-Acetylmannosamine (ManNAc), with the release of 

UDP from the substrate. Secondly, ManNAc is phosphorylated by the N-

acetylmannosamine kinase functionality of this protein to ManNAc-6-phosphate using 

ATP. Nonaka et al. (1985) reported a rare disorder that affects muscles and leads to a mild 

serum creatine kinase elevation and muscle atrophy in some patients. This disease was later 

named GNE myopathy and discovered to be caused by mutations in the GNE gene and 

found to be inherited in an autosomal recessive manner.  It has an incidence of 1-9 in 

100,000 individuals and is characterized by a progressive weakness in muscles which leads 

to a reduced ability to grasp with the hands and a loss of balance in patients (Carrillo et al., 

2018). 
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Figure 1.3 Physiological pathway highlighting the synthesis and transport of Sia 

Synthesized ManNAc-6-P condenses with phosphoenolpyruvate (PEP) to produce Neu5-

Ac that bears an extra phosphate group at C-9.  Neu5-Ac-9-P undergoes dephosphorylation 

by Neu5Ac-9-phosphate phosphatase to release Neu5Ac into the cytoplasm. 

 

1.2.4 Sialoglycans Are Synthesized By Sialyltransferases 

Sialoglycans are generally carbohydrates that contain sialic acids, mainly as 

terminal residues. Their synthesis involves addition of sialic acids to growing glycan chains 

via specific linkages catalyzed by sialyltransferases (ST). Aside from the diversity in these 

nonulosonic acids, the specific linkages between these sugars also adds another layer of 

complexity to their structures, making these one of the most diversified systems within any 
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given population. Sialyltransferases adds Sia to the non-reducing sugar chains of proteins 

and lipids using cytidine monophosphate linked Sia as the donor molecule. The STs 

catalyze the glycan linkages between a C-2 anomeric carbon of Sia in the α configuration 

to the C-3 or C-6 positions of galactose, or the C-6 of N-acetylgalactosamine or the C-8 or 

C-9 of another Sia (Petit et al., 2013).  

Cytosolic Sia can only be added to a glycan chain after it undergoes activation via 

coupling with cytosine 5’-monophosphate (CMP). This process is compartmentalized and 

occurs in the nucleus and catalyzed by the nuclear CMP-Neu5Ac synthase. CMP-Sia exits 

the nucleus and gets concentrated in the Golgi lumen, the cellular compartment that houses 

the sialyltransferases. The influx of CMP-Sia occurs via an antiporter that exchanges CMP 

for CMP-Sia, thus reducing cytosolic CMP-Sia and increasing cytosolic CMP in the 

process. The CMP-Sia antiporter is localized in the medial-trans Golgi and possesses two 

specific ER export motifs in its carboxyl-terminal cytoplasmic tail. Zhao et al. showed that 

the specific deletion of the last four amino acids in the C-terminal of this transporter 

resulted in a loss of its export signals and prevented the export of this protein from the ER 

(Zhao et al., 2006). Sialic acid levels in cells have been shown to be largely impacted by 

this transporter. Wong et al (2006) successfully increased glycoprotein sialylation in 

Chinese hamster ovary cells by overexpressing the CMP-Sia antiporter. Conversely, 

Chinese hamster ovary cells that possess the mutant non-functional form of this transporter 

lack the ability to sialylate recombinant interferon gamma, proving the therapeutic 

potential of this transporter as a molecular target in diseases relating to sialylation (Lim et 

al., 2008). 
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Humans have about 20 known genes that encode these STs and these work co-operatively 

to put Sia on glycans, marking the last stage of post-translational modification of proteins.  

Sia have hydrophilic and electronegative features and their terminal position helps 

them in playing various crucial roles spanning intercellular interactions to migration and 

adhesion of cells to extracellular matrix. In most cancers, sialylation is poorly controlled, 

leading to poor prognosis of the disease. Aberrant expression of STs have been reported to 

be one of the mechanisms through which cancer cells enhance sialylation on their cognate 

glycoconjugates.  This phenotype allows cancer to evade the immune system, proliferate 

and metastasize rapidly and resist apoptosis particularly when the Fas receptors are 

hypersialylated (Zhou et al., 2020) 

1.2.5 Structural Diversity of Sialic Acids And Their Roles in Health 

Sialic acids can have several structural diversities depending on the functional 

groups attached to the 9-carbon backbone. Such modifications can include phosphate, 

sulfate, methyl or acetyl groups attached to one or more hydroxyl group substituents of the 

molecule (Schauer, 1982). Enzymes that catalyze such reactions use molecular donors like 

S-adenosylmethionine (SAM) as a methyl group donor, or 3'-phosphoadenosine-5'-

phosphosulphate as a sulfate group donor. This creates a vast array of diversity in the 

molecule and accounts for its numerous roles across several species.  

Acetylation of Sia has been the most widely studied functional group and has been 

linked to several disease conditions. For example, O-acetylated sialic acids have been 

observed to be highly expressed in developing tissues of neuroectodermal origin as well as 

in B and T lymphocytes. In childhood acute lymphoblastic leukemia, 9-O-acetylation in 
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Sia can be readily used as a diagnostic or prognostic marker, helping in informing 

physicians of the presence and severity of the disease. 

 

Figure 1.4 The family of naturally occurring sialic acids 

 

1.2.6 Role of Sialic Acids in Cancer 

Cancer is one of the main diseases in humans that have been reported to exhibit 

aberrant sialylation (Pietrobono and Stecca, 2021). There is either an overexpression and/or 

altered activity of sialyltransferases, an increased influx of metabolic substrates into the 

Sia synthesis pathway or a decreased synthesis of sialidases that catalyze the removal of 

Sia from glycan chains. All three mechanisms ultimately lead to an overexpression of Sia 

in cancer cells, contributing to a poor prognosis of the disease. Ras and c-Myc, are two 

8-O-methyl
8-O-sulfate

5-hydroxyl

7,8-di-O-acetyl

7,9-di-O-acetyl

8,9-di-O-acetyl

7,8,9-tri-O-acetyl

7-O-acetyl
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main proto-oncogenes that are involved in tumorigenesis and have also been proven to 

control transcription of sialyltransferases ST6Gal I and ST3Gal I, II and IV respectively 

(Seales et al., 2003; Sakuma et al., 2012). Ras specifically increases the α2,6-sialylation of 

ß1-integrin and facilitate the motility of the tumor cell, thus improving its chances of 

metastasizing (Seales et al., 2003). c-Myc also increases tumor cell motility but does this 

by increasing the expression of sLex/a antigens (Sakuma et al., 2012). Furthermore, hypoxic 

conditions have been shown to induce the expression of ST3Gal I and subsequently sLex/a 

antigens in colon cancer cells. The increased expression of this glycan antigen causes a 

favorable binding to selectins and entry of these tumor cells into the blood stream. There 

is also evidence of the role of sialidases in cancer metastasis. Colon cancer cells tend to 

downregulate the sialidases NEU1 and NEU4 to ensure hypersialylation of the laminin 

receptor ß4-integrin and a reduced hydrolysis of sLex antigens. This phenotype leads to an 

enhanced signaling of the laminin receptor and improves the ability of the cells to 

metastasize (Uemura et al., 2009; Shiozaki et al., 2011). 

Sia specifically plays several key roles in the survival of cancer cells. 

Hypersialylation in tumor has been observed to help cancer cells evade cell death. One 

mechanism by which tumor cells undergo apoptosis is via the Fas receptor (FasR)-Fas 

ligand (FasL) pathway. The binding of the FasL to the FasR ideally triggers apoptosis and 

eventual cell death of cells, a pathway that has been widely studied. However, certain 

tumors have developed the ability to silence this pathway even when the FasL and FasR is 

present. Swindall and Bellis observed that, colon cancer cells overexpressing ST6Gal I, 

have an increased α2,6-sialylation of the FasR, a conformation that hinders the binding of 

the Fas-associated adaptor molecule (FADD) to the death domain of the FasR which 
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subsequently prevents the initiation of the death inducing signaling complex (DISC) and 

an ultimate shut down of the FasR-FasL apoptotic pathway (Swindall and Bellis, 2011). 

Sia also confers some level of resistance to cancer therapy when overexpressed in cells. 

Schultz et al. observed that an overexpression of Sia made tumor cells much more resistant 

to cisplatin, the platinum based chemotherapeutic drug. The group showed that when 

ST6Gal I is knocked out from tumor cells, the cells become overly sensitive to the drug 

and went further to demonstrate an increased expression of ST6Gal I in cisplatin-resistant 

ovarian tumor cells compared to non-resistant cells (Schultz et al., 2013). A similar 

resistance to the plant alkaloid and topoisomerase I inhibitor, irinocetan, has been observed 

in cancer stem cells when ST6Gal I is overexpressed (Swindall et al., 2013). 

The action of sialyltransferases ultimately increases sialylation of glycan containing 

biomolecules. Sia overexpression in tumor generally fuels tumorigenesis and increases 

tumor survival, metastasis, and resistance to therapy as such, Sia metabolism holds the 

potential for improving cancer treatment if the enzymes involved in this mechanism are 

targeted. 

1.2.7 Sia O-Acetylation And Deacetylation Is Catalyzed By CASD1 And SIAE 

Aside from the level of Sia on cell surfaces, the nature of the Sia can also contribute 

to the overall physiology and role of Sia. Acetylation and deacetylation of 9-O and 7,9-O 

position of Sia is regulated by sialate-O-acetyltransferase (CASD1) and sialate-O-

acetylesterase (SIAE) respectively. CASD1 adds acetyl functional groups to position 7-O 

of Sia, using acetyl CoA as the carbon source (Baumann et al., 2015; Orizio et al., 2015). 

This occurs in the Golgi apparatus during the post-translational modification of Sia-capped 



 15

glycoproteins (Baumann et al., 2015). Under physiological conditions the acetyl group can 

migrate from position 7 to position 8 or 9 of the Sia residue (Baumann et al., 2015). 

 

Scheme 2.1 Sia acetylation scheme showing 7-O and 9-O acetylation and deacetylation catalyzed by CASD1 and SIAE 

SIAE is a serine esterase that catalyzes the removal of acetyl functional groups from 

position 7 and 9 of Sia. This enzyme exists as two isoforms, the cytosolic Cse and the 

lysosomal Lse. The Lse isoform has been found to be mainly excreted out of the cells and 

associated with the cell membrane or in the culture media. The Lse isoform performs 

deacetylation of terminal Sia residues of membrane associated glycoproteins and 

glycolipids. The Cse isoform is known to be responsible for regenerating the native non-

modified Sia from cytosolic acetylated Sia (Orizio et al., 2015). This ensures nonmodified 

Sia is available for the CMP-Neu5Ac synthase and other sialyltransferases to utilize these 

recycled Sia for other purposes. One other contrasting roles of the Cse and Lse is that Lse 

cleaves O-acetyl groups strictly from the 9-position while Cse can cleave from position 4 

in addition to 9 (Butor et al., 1993; Takematsu et al., 1999). 
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1.2.8 Sialic Acid-Binding Immunoglobulin-Like Lectins (Siglecs) Are Inhibitory 

Receptors 

Sialic-acid-binding immunoglobulin-like lectins (Siglecs) are a unique subset of the 

immunoglobulin-type (I-type) lectins and have the ability to bind to sialic acids on cell 

surfaces. Generally, the I-type lectins showcase a wide recognition function in binding to 

diverse glycan molecules, and Siglecs have been the most functionally and structurally 

studied subclass in this category (Powell and Varki, 1995; Angata 2002). There are 14 

different Siglecs in humans that have been structurally classified so far. These have been 

divided into two main subfamilies based on the similarity in their structural sequence and 

their evolutionary conservation over time (Crocker and Varki, 2001). Four of the 14 

Siglecs, namely Siglec-1 (sialoadhesin or CD169), Siglec-2 (CD22), Siglec-4 (myelin-

associated glycoprotein) and Siglec-15 share about 25 to 30% sequence similarity and have 

orthologues in all mammalian species (Crocker et al., 2007). The remaining 10 Siglecs 

namely Siglec-3 (CD33) and its related Siglecs (5-11, 14, 16) also share about 50 to 99% 

sequence identity. However, these have been reported to show some form of rapid 

evolution via gene duplication, exon loss or exon shuffling creating key differences in 

CD33-related Siglecs within mammals (Angata et al., 2004). Siglecs also have a unique 

expression and distribution on immune cells, and this ensures that their roles in specific 

immune cells are restricted to that cell alone. For instance, Siglec-1 is expressed mainly on 

macrophages but can be strongly induced on monocytes and monocyte-derived dendritic 

cells in vitro by culturing cells with type I interferons (Crocker and Varki, 2001). CD22 

also found highly expressed on B cells is developmentally regulated and is expressed 

approximately at the time of Ig gene rearrangement. CD22 is a well-known modulator of 
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B-cell activation, primarily increasing the activation threshold needed for B-cell activation 

via the B cell receptor (BCR) (Tedder et al., 2005). It is does this by engaging Sia residues 

on the BCR via a cis-interaction and ultimately inhibiting the B-cell (Doody et al., 1995). 

However, CD22 is lost when B cells differentiate into plasma cells. 

1.2.9 Structure And Role Of Siglecs 

Siglecs have an amino-terminal V-set immunoglobulin domain that binds Sia and 

varying numbers of a C2-set immunoglobulin domain depending on the type of Siglec. The 

C2-set domain project the V-set domain away from the plasma membrane. They are type 

1 membrane proteins and are found on various immune cells, playing primarily an immune-

modulatory role. Several Siglecs have one or more tyrosine-based signaling motifs in their 

cytoplasmic tails called the immunoreceptor tyrosine-based inhibitory motif (ITIM). Those 

that do not constitutively contain ITIM regions may associate with membrane adaptor 

proteins that contain cytosolic tyrosine motifs. The ITIM region is consensus sequence of 

amino acids (V/I/L)XYXX(L/V), where X  could be any amino acid. On the other hand, 

some Siglecs, notably Siglecs-14, -15, and -16 can associate with the DAP12(DNAX 

activation protein-12) ITAM-containing adaptor, thus mediating activating functions 

(Pillai et al., 2013).  

Signaling via Siglecs begin with the binding of Sia to the V-set domain on the 

extracellular plasma membrane and a subsequent phosphorylation of the tyrosine residues 

in the ITIM domain by Src family kinases. The phosphorylated tyrosine residues recruit 

and activate SH2-domain-containing effectors, particularly the tyrosine phosphatases SHP-

1 and SHP-2. Activated SHP-1 and SHP-2 phosphatases catalyzes the dephosphorylation 
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of prior-activated downstream proteins, counteracting any previously activating signals, 

and inhibiting the activation of the cells (Taylor et al., 1999). 

 

Figure 1.5 Sia-Siglec inhibitory signaling mechanism, showing binding of Sia to Siglecs and stimulation of downstream 

inhibitory proteins that acts to shut down activation signals. 

 

1.2.10 Sia-O-Acetylation In Immune System Biology 

Synthesis of O-acetylated Sia was first discovered by Corfield et al in 1976 when 

they observed N-acetyl-9(or 7)-O-acetyltransferase activity in a microsome fraction and in 

the cytosol of bovine submandibular glands (Corfied et al., 1976). Subsequently further 

evidence of O-acetylated sialic acids was reported by Hueso et al. in 1988 when they 

discovered the presence of a tentatively designated O-acetylated sialic acid in lymphocytes 

of spleen. Hueso’s team set out to determine the sialic acid content of gangliosides from 

pig spleen lymphocytes and realized that the cellulose plates they used had two additional 
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molecules in addition to N-glycolylneuraminic acid and N-acetyleuraminic acid. One of 

these additional molecules was proposed to be an O-acetylated derivative of the 

disialoganglioside GD3, since after de-O-acetylation it co-migrated with GD3. 

Hematopoiesis is a process where new immune cells and erythrocytes are 

generated. This primarily occurs in the bone marrow. The bone marrow also serves as a 

resident site for mature myeloid and lymphoid cells (Punt, 2019). These include antibody-

secreting B cells (plasma cells) as well as some mature T cells. As such it is one of the 

most important tissues in the body, primarily also serving as a site for generation and 

storage of stem cells. In fact, the fate of hematopoietic progenitors has been shown to be 

partly determined by their surface levels of 9-O-acetyl sialic acids, specifically, 

plasmacytoid dendritic cells being the bone marrow progenitors with the lowest levels of 

9-O-acetylated Sia (Netravali et al., 2019). 

Though all lymphocytes are produced in the bone marrow, not all of them mature 

there, unlike B lymphocytes, T lymphocytes do not complete their maturation in the bone 

marrow. Instead, T lymphocytes travel to the thymus, which is another unique primary 

lymphoid organ to complete their maturation. T lymphocytes produced in the bone marrow 

have been observed to undergo a CDw 60 antigen differentiation in the thymus, that leads 

to the detection of a subpopulation of 9-O-acetylated GD3 gangliosides in the T 

lymphocytes population (Kniep et al., 1992). 9-O-acetylation has also been observed to 

play other key roles in the maturation of T lymphocytes in the thymus. Krishna and Varki 

(1997) demonstrated the preferential expression of 9-O-acetylated Sia on CD4 T cell 

lineage in normal B10 mouse lymphoid organ. This high degree of 9-O-acetylation is 

present on 90–95% of peripheral spleen and lymph node CD4 T cells. In contrast, only a 
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small minority of CD8 T cells and B cells show such levels of 9-O-acetylation (Krishna 

and Varki, 1997). The pattern of expression of Sia 9-O-acetylation was seen to markedly 

increase as cells matured from CD4/CD8 double positive (DP) and CD8 Single Positive 

(SP) to CD4 SP T lymphocytes suggesting a major role of this modified Sia in T 

lymphocyte maturation (Krishna and Varki, 1997). 

The ability of influenza C virus spike glycoprotein Hemaglutinnin-Esterase-Fusion 

(HEF) to bind specifically to 9-O-acetylated Sia has provided a lot of possibilities in terms 

of isolating and quantifying 9-O-acetylated Sia containing biomolecules. Previously, it was 

believed that 9-O-acetylated Sia were restricted to gangliosides but this was proven to be 

untrue when Sia acetylation was detected in sialoglycoproteins prepared from blood 

leucocyte (Zimmer et al., 1994). Zimmer et al. further proved that, not only are these 

acetylated Sia present on sialoglycoproteins, their presence are not restricted to a specific 

leucocyte subpopulations, both B and T lymphocytes expressed these modified Sia. 9-O-

acetylated Sia play key roles in the development of the cells of the adaptive immune 

system.  

In rat erythrocytes the reduction in O-acetylation of Sia on cell surface 

glycoconjugates improved binding of erythrocytes to peritoneal macrophages (Kiehne and 

Schauer, 1992). This de-O-acetylation of Sia was thought to be catalyzed by an enzyme 

that had the same heat inactivation profile and inhibition profile as the non-specific esterase 

D. Varki et al. (1986) successfully isolated this enzyme from human erythrocytes, via 

several purification steps that also led to the co-purification of esterase D with the sialic 

acid-specific-O-acetylesterase. The Sialic acid-specific O acetylesterase was proposed to 
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be involved in recycling of O-acetylated Sias and was readily available in the cytosol of 

erythrocytes (Varki et al., 1986). 

In modulating the immune system, Sia has been shown to be one of the key 

evolutionary mechanisms developed by pathogens and tumors to evade immune detection 

and/or activation. One of such mechanisms has been observed in all nine serotypes of the 

Group B Streptococcus (GBS). Group B Streptococcus (GBS) is known to cause bacterial 

pneumonia, sepsis, and meningitis in human newborns and is also recognized as a pathogen 

in adult populations, including diabetics, pregnant women, and the elderly (Carlin et al., 

2007). The presence of Sia as terminal sugar residues on GBS serves as a molecular 

mimicry with which it is able to engage Siglec 9 and Siglec 5 on neutrophils and 

monocytes, limiting the activation of an effective innate immune response (Carlin et al., 

2007). However, modification of the GBS Sia by O-acetylation leads to a reduction in the 

bacteria’s ability to engage Siglecs on immune cells, with the degree of O-acetylation 

markedly affecting this interaction (Carlin et al., 2007). O-acetylation of terminal Sia of 

GBS could possibly be one of the ways of crippling the defense mechanism of this bacteria 

and making it more susceptible to host immune system. Leishmania donovani is a human 

blood parasite responsible for visceral leishmaniasis. Comparing virulent and avirulent 

Leishmania donovani, Ghoshal et al. (2009) noticed an increase in 9-O-acetylation of 

sialoglycoproteins in the virulent strain compared to the avirulent strain. The changes in 

acetylation levels conferred a 9 and 14.5 fold increase in infectivity and phagocytic index 

on the virulent strain and increased its entry into macrophages. Surprisingly, de-O-

acetylation of the virulent strain led to a 3-fold decrease in its phagocytic index, confirming 

the important role of 9-O-acetylated sialoglycoproteins in the ability of this parasite to 
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cause diseases. Further studies performed one year later revealed a decrease in macrophage 

derived nitric oxide, interleukin-12 and interferon-gamma from macrophages infected with 

9-O-acetylated sialoglycoproteins of this parasite Leishmania donovani, suggesting a 

suppression of leishmanicidal host immune responses. 

The Sia-O-acetylation profile of tumors also contribute to the survival and overall 

physiology of the tumor. Acute lymphoblastic leukemia (ALL) has been linked with an 

increase in the 9-O-acetylation of Sia residues on lymphoblasts. Interestingly the serum of 

these patients was noticed to contain IgG1 and IgG2 antibodies raised against O-acetylated 

derivatives of Sia. The specificity of these antibodies for the acetylated Sia was markedly 

high and was completely abrogated when de-O-acetylated, confirming the specificity of 

the antibodies for the O-acetylated Sia variants. Further studies on this revealed that an 

increased Sia-acetylation in the peripheral blood mononuclear cells of both B- and T-ALL 

patients warranted an increase in antibody production and binding. The ability of these 

antibodies to bind acetylated Sia variants and trigger complement dependent cytolysis 

conferred some form of passive protection against ALL whiles creating a novel 

serodiagnostic assay via the specific antibody levels (Pal et al., 2000). In murine 

erythroleukemic cells (MEL), an increase in cell surface 9-O-acetyl groups of Sia caused 

by nocodazole treatment correlates with increased sensitivity to alternative pathway lysis. 

Thus, the addition of the 9-O-acetyl groups to Sia directly blocks the binding of human 

complement factor H (a negative regulator of the alternative complement pathway), 

abrogating its normal function in restricting alternative pathway activation (Shi et al., 

1996).  
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Also in resting B-cells, the phosphoprotein receptor CD22 beta, which is a Sia 

binding inhibitory receptor was shown to have a reduced binding to Sia when the sugar is 

9-O-acetylated. The presence of 9-O-acetylation on Sia was determined to mask the 

inhibitory role of Sia on B-cells, providing a means of regulating B-cell activity (Sjoberg 

et al., 1994). In lymph node-associated dendritic cells, all the cell surface CD22 beta 

ligands are predominantly masked by 9-O acetylation, suggesting that 9-O acetylated 

masking of Sia may regulate interactions between CD22 beta positive B cells and dendritic 

cells (Sjoberg et al. 1994). In addition to this, CD22’s role in B cell receptor signaling has 

been demonstrated in vivo using mice that had mutations in the sialate-O-acetyl esterase 

gene. The impairment in de-O-acetylation of a 2-6-linked sialic acid resulted in enhanced 

BCR activation, defects in peripheral B cell development, and development of 

antichromatin autoantibodies and glomerular immune complex deposits, thus highlighting 

further the importance of 9-O-acetylated Sia in maintaining immunological tolerance in B 

cell lineage (Cariappa et al., 2008). In the human population, a strong association between 

defective SIAE alleles and rheumatoid arthritis and type 1 diabetes autoimmune disorders 

was observed in a preliminary study by Surolia et al. (2010). Considering the crucial role 

both SIAE and CASD1 play in the immune system, their expression needs to be properly 

coordinated. The dysregulation of these two genes in the immune system leads to one or 

several disease phenotypes. This type of dysregulation can render some survival advantage 

to tumors, leading to poor disease prognosis for patients. In this study, the exact role of Sia 

acetylation/deacetylation in lung and colon cancers was studied.  

Given the role of Sia-O-deacetylation in modulating the immune cells via Siglec 

recruitment in B-cells, this study was designed to investigate how this functional group 
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affects Natural Killer (NK) cells’ ability to identify and kill tumors. It was hypothesized 

that deacetylated Sias on cancer cell surfaces will engage Siglecs and dampen the immune 

response of NK cells. This will impede the ability of NK cells to reach their activating 

thresholds to stimulate any cytotoxicity. However, with the addition of acetyl groups to 9-

O and 7,9-O positions of Sia, we hypothesize that Siglec binding will reduce, thus reducing 

the inhibitory signaling on NK cells and reducing their activating threshold needed to 

stimulate cytotoxicity.  
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1.3 Materials and Methods 

1.3.1 Chemicals and Reagents  

Human Siglec Fc Chimera Protein (7, 9, 10 and 11) were obtained from R&D 

Systems (Minneapolis, MN). The TransIT-LT1 transfection kit was obtained from Mirus Bio 

LLC (Madison, WI). RIPA Lysis and Extraction Buffer as well as Pierce Protease and 

Phosphatase Inhibitor were obtained from Thermo Fisher (Waltham, MA). Prolong 

Antifade-Gold with DAPI was obtained from Invitrogen (Waltham, MA). Carbo-Free 

Blocking Solution  was also obtained from Vector Laboratories, (Burlingame, CA) while the 

CellTracker Green CFMDA dye  was from ThermoFisher (Waltham, MA). SYTOX Red Dead 

Cell Stain and neuraminidase were obtained from Invitrogen (Waltham, MA) and Sigma 

Aldrich, (St. Louis, MO) respectively.  

1.3.2 Cell Lines and Cell culture 

A549 were grown in Dulbecco modified Eagle medium (DMEM Corning) with 

10% fetal bovine serum (Corning) and 1% pen/strep (Cytiva Hyclone). HCT 116 cells were 

grown in RPMI 1640 medium (Corning) with 10% fetal bovine serum and 1% pen/strep. 

All cell lines were originally purchased from American Type Culture Collection. 

Concerning the passaging of cells, Cell Dissociation Buffer (Gibco,Waltham, MA) was 

used exclusively. In the generation of CRISPRi-mediated knockout of CASD1 and SIAE 

knockout HCT116 and A549 cell lines, the CASD1 and SIAE knockout HCT 116 and 

A549 cell lines were obtained from the group of Colin Parrish (Cornell University). 

CRISPR-Cas9 editing of CASD1 and SIAE in HCT116 and A549 cells was previously 

published (Barnard et al., 2019). In brief, for CASD1 knockout cells, paired Cas9 plasmids 
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targeting adjacent sites in early exons of CASD1 were transfected using TransIT-X2 

(Mirus Bio LLC, Madison, WI). Transfected cells were selected with puromycin and single 

cell clones screened with PToV-P4 HE-Fc and sequence verified to confirm loss of CASD1 

function in both alleles (Langereis et al., 2015). SIAE knockout cells were prepared using 

the same method with single cell clones screened by direct PCR amplification of the Cas9 

targeted exons. Full sequencing of each allele and qPCR were performed to confirm 

deletion of the SIAE gene. A protein quantification and expression level of CASD1 and 

SIAE were previously analyzed and published (Grabenstein et al., 2021). 

1.3.2.1 Generation Of CRISPR-Cas9 Mediated Knockout Of HCT 116 Cell Lines 

Cas9 was lentiviraly transduced and constitutively expressed in HCT 116 cells by the 

Bassik lab (Stanford University, Stanford, CA). These CRISPR-Cas9 stably expressing cells 

and the third-generation lentiviral system were gifted from the Bassik lab. To generate 

CRISPR knock out cell lines, targeted guide sequences, with the highest predicted CRISPR 

activity scores reported by (Horlbeck et al. 2016), were cloned into puro-resistant, mCherry 

expressing, lentiviral vector pMCB320. (Han et al. 2017) These plasmids, along with 

components of the third-generation lentiviral systems, were transfected into HEK293T cells 

using TransIT-LT1 (Mirus Bio LLC, Madison, WI). The resulting lentiviruses were then 

infected into the HCT 116 Cas9- expressing cells. Transduced cells were selected with 

puromycin, and single cell sorted using mCherry expression. Knock-out efficiencies were 

confirmed in triplicate by RT-qPCR amplification and western blot analysis. 

The protospacer sequence for SIAE sgRNA: 

5r- CACCGGACCTTGGCGCAGGGTCA −3r 

The protospacer sequence for CASD1 sgRNA: 5r- 
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CACCGGCAATATGTTTATCTACA −3r 

The primer sequences for SIAE: 

FW: 5r- ACCTTCCCTTACCACCCAGT-3r 

RV: 5- CCGATGATGCTTCCCTCAGT-3r 

The primer sequences for CASD1: 

FW: 5r- AAGACTCTTGCTCTGGCACC-3r RV: 5-

TGCCAATGTCTTAGCCACCA-3r 

 

1.3.2.2 Western Blot Analysis 

Cells were harvested using Cell Dissociation Buffer, enzyme free and PBS (Gibco, 

Waltham, MA). Cells were then lysed with RIPA Lysis and Extraction Buffer (Thermo 

Fisher, Waltham, MA), according to the manufacturer’s instruction. Pierce Protease and 

Phosphatase Inhibitor (Thermo Fisher, Waltham, MA) was added to the RIPA buffer, 

according to the manufacturer’s instruction. Total protein concentration was measured 

using a BCA assay (Sigma Aldrich, St. Louis, MO). The plate was read using a BioTek 

Cytation Live Cell imager (BioTek, Winooski, VT). Media and cell extract samples were 

subjected to SDS– PAGE using 4–12% (w/v) Criterion TGX Precast Gel (BioRad). 

Subsequent transfer was conducted with a Trans-Blot Turbo RTA Midi 0.2 um 

nitrocellulose transfer kit and the associated Turbo-Blot Turbo Transfer System 

(BioRad). Membranes were blocked for 30 min in PBS containing 0.1% (v/v) Tween 20 

(PBST) and 5% (w/v) BSA. Membranes were either subsequently incubated with Anti-

SIAE antibody (Abcam) at a dilution of 1:1000 or Anti- CASD1 antibody (Sigma) at a 
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dilution of 1:5000. Both antibodies were reconstituted in Intercept (PBS) Protein Free 

Blocking buffer (Li- COR, Lincoln, NE), incubated at 4◦C overnight with gentle shaking. 

The membranes were washed three times in PBS (Corning) containing 0.1% Tween-20 for 10 

min each time and subsequently incubated in the dark with the appropriate secondary 

antibody. Goat Anti-mouse IRDye secondary antibody (Li-COR, Lincoln, NE) was 

utilized for detection of SIAE and Goat Anti-rabbit IRDye secondary (Li-COR, Lincoln, 

NE) was used for detection of CASD1. Incubation occurred for 1 h at a dilution of 

1:10,000 for each in PBS containing 0.1% Tween-20. Membranes were analyzed using the 

Odyssey CLx Imager (Li-COR, Lincoln, NE). 

 

1.3.2.3 Immunofluorescence Microscopy And Flow Cytometry  

Cells were stained using probes derived from viral hemagglutinin esterase 

proteins fused to human IgG1 Fc (HE-Fc). The porcine torovirus strain 4 HE-Fc (PToV 

HE-Fc) primarily recognizes 9-O- Ac and the bovine coronavirus Mebus strain HE-Fc 

(BCoV HE-Fc) recognizes 7,9-O-Ac and shows low levels of binding to 9-O- Ac. For 

immunofluorescence microscopy, cells were seeded onto glass coverslips and incubated 

overnight at 37◦C and 5% CO2. Coverslips were fixed in 4% paraformaldehyde (PFA). 

Coverslips were incubated with Carbo-Free Blocking Solution (Vector Laboratories, 

Burlingame, CA), with optional permeabilization with 0.001% Tween-20. To stain, HE-

Fc probes were pre-complexed with Alexa- 488 labeled anti-human IgG antibody then 

diluted in Carbo-Free blocking solution to a final concentration of 5 μg/mL HE-Fc and 

1:500 of secondary antibody. Cells were stained with HE-Fc/anti-IgG complex and 

coverslips were mounted using Prolong Antifade-Gold with DAPI (Invitrogen, Waltham, 
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MA). Cells were imaged using a Nikon TE300 fluorescent microscope. For flow 

cytometry, cells were seeded onto nonadherent cell culture dishes and incubated overnight 

at 37◦C and 5% CO2. Cells were collected using ice-cold PBS to retain surface glycans, 

then fixed in 4% PFA. Cells were blocked as above and incubated with commercial 

lectins SNA and MAA II con- jugated to FITC (Vector Laboratories, Burlingame, CA). 

A Millipore Guava EasyCyte Plus flow cytometer (EMD Millipore, Billerica, MA) was 

used to collect data, analysis using FlowJo software (TreeStar, Ashland, OR). Statistical 

analyses were performed in PRISM software (GraphPad, version 8). 

 

1.3.2.4 Quantification Of Sia Variants 

The Sia composition of cells were determined by incubating with 2 M acetic acid 

at 80◦C for 3 h, filtration through a Microcon 10- kD centrifugal filter (Millipore) and 

drying in a SpeedVac vacuum concentrator. Released Sia were derivatized with 1,2-

diamino-4, 5- methylenedioxybenzene (DMB, Sigma Aldrich, St. Louis, MO) for 2.5 h 

at 50◦C (Varki and Diaz, 1984). HPLC analysis was performed using a Dionex UltiMate 

3000 system with an Acclaim C18 column (ThermoFisher) under isocratic elution in 7% 

methanol, 7% acetonitrile and 86% water. Sia standards included bovine submaxillary 

mucin and commercial standards for Neu5Ac and Neu5Gc (Sigma Aldrich, St. Louis, 

MO). Statistical analyses were performed in PRISM software (GraphPad, version 8). 

 

1.3.3 Cell Proliferation Assays 

1.3.3.1 NK Mediated Cytotoxicity Assay 

Cell lines were grown and cultured accordingly. Control HCT 116, A549 and HEK 
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293 and ΔSIAE HCT 116, A549 and HEK were labelled and incubated with CellTracker 

Green CFMDA dye (ThermoFisher, Waltham, MA), according to the manufacturer’s 

instruction. The stained cells were harvested using enzyme-free Cell Dissociation Buffer 

(Gibco, Waltham, MA), counted and aliquoted into 96 well v-bottom plates. Cells 

designated as controls were pretreated with 10-μM neuraminidase (Sigma Aldrich, St. 

Louis, MO) in DPBS for 1 h, centrifuged and resuspended. Cultured NK-92 (ATCC) cells 

were also grown and harvested accordingly, counted and co-incubated in a previously 

titrated ratio of effector:tumor cell (4:1 for HCT116, 10:1 for A549 and 4:1 for HEK 293 

cells) for 4 h. After co-incubation, cells were centrifuged and washed. APC Annexin V 

and 7-Amino- Actinomycin D (7AAD) were aliquoted into designated wells according to 

the manufacturer’s instruction. The cells were vortexed, incubated NK and then subjected to 

flow cytometric analysis utilizing using Accuri C6 Plus Flow Cytometer. After gating on 

CFMDA+ cells, cell viability was assessed by analyzing APC Annexin V and 7-AAD 

(Vermes et al., 1995, Xiao et al., 2016). 

1.3.3.2 Preparation Of Siglec-Fc Antibody Conjugates 

A 4 mg/mL solution of anti-hFc secondary (Jackson Immuno, West Grove, PA 

Alexa Fluor® 488 AffiniPure Goat Anti-Human IgG, Fcγ fragment) was prepared in PBS 

(Corning) containing 0.5% bovine serum albumin (BSA). Human Siglec Fc Chimera 

Protein (7, 9, 10 and 11 from R&D Systems) was added to the anti-hFc secondary for a 

final concentration of 0.05 nM. 

1.3.3.3 Siglec Binding Assay 

Cells grown to 80% confluency were washed once with PBS and treated with Cell 

Dissociation Buffer (Gibco, Waltham, MA). Cells were centrifuged, counted and 
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resuspended with PBS (Corning) containing 0.5% bovine serum albumin (BSA Fishersci, 

Hampton, NH) into a sterile 96 well plate at a concentration of 2 × 105 cell per well. Cells 

were centrifuged and resuspended in Siglec-Fc antibody conjugates (prepared as previously 

described), incubated for 30 min at 4◦C in the dark. Cells designated as controls were 

pretreated with 10-μM neuraminidase (Sigma Aldrich, St. Louis, MO) in DPBS for 1 h, 

prior to incubation, centrifuged and resuspended with Siglecs- Fc conjugates. Additionally, 

background controls were conducted by incubating cells in anti-hFc secondary (Jackson 

Immuno, West Grove, PA Alexa Fluor® 488 AffiniPure Goat Anti-Human IgG, Fcγ 

fragment) in PBS containing 0.5% BSA. Upon removal, cells were washed three times and 

resuspended in PBS containing 0.5% BSA. Cells were incubated for 15 min with 5 nM of 

SYTOX Red Dead Cell Stain (Invitrogen, Waltham, MA) prior to analysis by flow 

cytometry. All flow cytometry data was analyzed using FlowJo v. 10.0 (Tree Star, Ashland, 

OR). All experiments were performed in three technical and biological replicates. 
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1.4 Results And Discussion 

1.4.1 Precluding And Re-establishing Siglec Binding In SIAE And CASD1 

Knockout Cancer And Noncancerous Cell Lines 

Aberrant glycosylation, hypersialylation and noncanonical Sias have all been 

documented on the cells from a variety of different cancers (renal, prostate, colon, breast, 

head and neck), and are proposed to modulate cancer progression and metastasis. 

Furthermore, hypersialylation in the tumor microenvironment is linked to immune 

suppression (Lubbers et al., 2018). Aside from what is currently known from the 

autoimmune literature, there is little known about how noncanonical Sias, such as the O-

acetylated Sias, regulate the Sia-Siglec immune evasion pathway or what processes are 

involved (Varki et al., 2015) 

SIAE could be utilized by cancers to decrease 9-O-acetylation levels via removal 

of acetyl groups. To determine if loss of SIAE and the increasing 9-O-acetylation in cells 

would decrease Siglec binding, the SIAE gene was knocked out by CRISPR mediated gene 

disruption. These studies were performed with cells from colon cancer (HCT 116), lung 

cancer (A549), as well as testing a noncancer-associated but well-established kidney cell 

line (HEK 293). The resulting knock out cell lines were screened for Siglec binding, along 

with a negative control of pre-treating cells with neuraminidase from Vibrio cholera to 

remove Sia and ablate Siglec binding. Compared with the control cell line, the △SIAE colon 

(Figure 1.6A-D), lung (Figure 1.7A-D) and kidney (Figure 1.8A-D) cell lines all showed 

decreased Siglec 7, 9, 10 and 11 binding.  

The △SIAE HCT 116 cell line showed significant decreases in Siglec 7, 9 and 10 

binding, as well as a mild reduction in Siglec 11 binding. △SIAE A549 cell lines displayed 
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a small decrease in the binding of all Siglecs when compared with the △SIAE HCT 116, 

while the noncancerous cell line HEK 293 was least affected, with very little Siglec 10 

engagement seen.  

As increase of 9-O-acetylated Sias through loss of SIAE resulted in decreased 

Siglec binding, we sought to determine if loss of all 9-O- acetyl modifications would result 

in an equivalent increase of Siglec binding. The CASD1 gene for the O-acetyltransferase 

was removed from HCT 116, A549 and HEK 293 cell lines using CRISPR-Cas9 gene 

editing. Siglec binding to △CASD1 HCT 116 (Fig 1.6E-H), and △CASD1 A549 cells (Fig. 

1.7E-H), increased compared with that seen on control cells, and even more compared with 

△SIAE HCT 116 and △SIAE A549 cells. This supports the role for 9-O-acetylation levels 

in modulating Siglec engagement. Siglec 9 and 11 showed the greatest increase in binding 

over control cells for △CASD1 HCT 116 and △CASD1 A549 cells. HEK 293 cells were 

again least affected by gene modulation, with very little Siglec 10 engagement and no 

modulation after removal of CASD1 (Fig. 1.8E-H). 
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Figure 2.9 HCT116 cells treated with novel pEGFR inhibitors MMA 294 (��� ), MMA 320 (��� ), MMA 321 (��� ) for 

48 hrs show an increase in cells undergoing early and late apoptosis similar to HCT116 cells treated with the known 

anticancer drug sorafenib (	�
 ) relative to the untreated HCT116 cells (��� ).  

Both A549 and HCT116 cells treated with the inhibitors were observed to bind to 

annexin V and 7AAD both of which can bind to cells undergoing apoptosis. The presence 
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of phosphatidylserine on the outer plasma membrane and its ability to bind with Annexin 

V is a hallmark for cells undergoing apoptosis when analyzed with DNA-bound 7AAD 

(Zhang et al., 1997). Though no significant difference was observed between the wild type 

and knockout cells, the mode of cytotoxicity observed was apoptosis in all the cell lines 

tested. This makes MMA 294, MMA 320 and MMA 321 good potential chemotherapeutics 

that could be further explored as drug candidates for a targeted anticancer 

chemotherapeutic against A549 and HCT116 cells. 

2.5 Conclusion 

 Targeted therapeutics against cancer are increasing in demand and popularity due 

to their ability to specifically target cancer cells, sparing normal healthy cells. This offers 

such therapies some advantages over traditional chemotherapeutics. In this study, we have 

shown that, there is a possibility for improving the effectiveness of targeted therapeutics 

by selectively targeting a second unrelated protein. More specifically, by targeting glycan 

modifying proteins like CASD1 and SIAE via CRISPR Cas9 genome editing, lung and 

colon cancer cells tend to upregulate their EGFR expression levels to compensate for the 

genetic aberration. This makes these cancers more susceptible to EGFR inhibitors and 

selectively renders an improved alternative approach through which they can be targeted 

and killed. This is a multidrug targeted therapy that can be harnessed in cancer treatment.  
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