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ABSTRACT  

In this thesis we investigate the effects of myo-inositol phosphates on human cancer 

cells. We determined that InsP6 and two InsP5 isomers, specifically Ins(2,3,4,5,6)P5 and 

Ins(1,2,4,5,6)P5, induce vesicle formation in the ER of two human cancer cell lines. We 

also determined that Ins(1,2,3,4)P4 did not induce vesicles in cells. We predict that the 

specificity of the vesicle phenotype is limited to higher-phosphorylated IPs. This is the first 

time either InsP5 isomer has been exogenously applied to cells in vitro. To our knowledge, 

we are also the first to report IP-mediated vesicle formation within the ER in any human 

cell line. Additionally, InsP6, Ins(1,2,4,5,6)P5 and Ins(2,3,4,5,6)P5 formed precipitate in cell 

culture media whereas Ins(1,2,3,4)P4 did not. Occurrence of IP precipitation in cell culture 

media is noted in the literature, yet little is known about the effect the precipitate has on 

cells itself. Despite observing that IP precipitation occurred simultaneously with the vesicle 

phenotype, we determined that the precipitate itself was not cause of vesicle formation. We 

also determined that vesicle formation was not due to extracellular cation depletion by the 

precipitate as EGTA and DFO could not induce a similar effect. The effects of InsP6 are 

relatively well characterized in vitro, yet its mechanism of action often remains ambiguous. 

Therefore, the novel discovery that InsP6 and two chemically related InsP5 isomers induce 

vesicle formation in the ER of human cancer cells offers new insights relevant to 

mechanistic discussion behind exogenous InsP6 effects, especially those already present in 

the literature. 
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CHAPTER 1 

 Introduction 

This thesis is about the biological effects of myo-inositol phosphates (IPs) on human 

cancer cells. A wide range of biological effects have been attributed to IPs. This research 

has been limited by the source of IPs as they are difficult to chemically synthesize or purify 

from natural sources. As a result, the potential biological function of many IPs has not been 

studied. In the present project, previous work in Dr. Mosimann’s laboratory provided 

unique access to IPs not commercially available and not reported in eucaryotic cells . We 

analyzed myo-inositol hexakisphohspahte (InsP6), a common IP, as well as three unique, 

enzymatically derived IPs from our own research program. We found that InsP6 and two of 

our unique IPs induced vesicle formation in the endoplasmic reticulum (ER) of human 

cancer cells.  Despite InsP6 being relatively well characterized in vitro, we are the first to 

report vesicle formation in human cancer cells upon InsP6 treatment. We were also able to 

determine that the effect is not specific to InsP6 given that two related IPs induce the same 

vesicle phenotype. To discuss the observed effect of vesicle formation in cells upon 

treatment with IPs, we will introduce the chemical structure of IPs, their known biological 

effects, and several challenges facing in vitro IP research.  

1.1 Myo-inositol phosphates 

Myo-inositol phosphates (IPs) are a diverse group of chemically distinct but related 

compounds. They are ubiquitous in eucaryotic cells and play key roles in cellular processes. 

Their structural complexity facilities their diverse functions yet this complexity introduces 

challenges when considering IP research. To understand better these challenges, we will 

provide a detailed discussion of their structure.  
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1.1.1 Chemical structure of myo-inositol  

Inositols are a family of 6 carbon, cyclic carbohydrates with hydroxyls at each 

carbon (Figure 1.1). The inositol family is made up of 9 stereoisomers of 

cyclohexanehexol, of which myo-inositol is the most abundant in biological systems 

(Michell, 2008b; Murthy, 2006). Myo-inositol is most energetically stable in its chair 

conformation with the 1 hydroxyl in the axial position and the other 5 hydroxyls in the 

equatorial position (Michell, 2008a). Myo-inositol is a meso-compound with a plane of 

symmetry through the C2 and C5 carbons and is therefore achiral despite having chiral 

centers. Splitting the molecule along the plane of symmetry results in two non-

superimposable, mirror images with the remaining carbons forming prochiral pairs at 

C1/C3 and C4/C6 (Loewus & Murthy, 2000). Numbering of the carbons within each 

prochiral pair can be conducted according to the D- or L- configuration. IUPAC 

recommendations specify the D- numbering system be used by default (Figure 1.1). Thus, 

the abbreviated prefix, Ins, represents myo-inositol in the D- configuration (Murthy, 2006).  

1.1.2 Chemical structure of myo-inositol phosphates 

Each hydroxyl in myo-inositol can form a phosphodiester bond with a phosphate, 

resulting in 63 unique phosphorylated derivatives of myo-inositol, termed myo-inositol 

phosphates (IPs). Of these 63 theoretical IPs, myo-inositol-1,2,3,4,5,6-hexakisphosphate 

(InsP6 or phytic acid) is the most abundant in nature (Irvine & Schell, 2001). In solution, 

InsP6 adopts the energetically favourable 1-axial/5-equatorial chair conformation for pH 

values <9.2. Between pH 9.2 and 9.6, InsP6 exists in a dynamic equilibrium between the 

sterically favored 1-axial/5-equatorial conformation and sterically unfavourable 5-axial/1-

equatorial conformation. Above pH 9.6, InsP6 primarily exists in the 5-axial/1-equatorial 
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conformation (Isbrandt & Oertel, 1980). These values were determined in vitro and 

strongly depend on other factors such as ionic strength and presence of multi-valent 

cations. 

Each phosphoryl can be protonated twice resulting in 12 total protonation sites on 

InsP6 (Figure 1.1). The first six sites – one on each of the six phosphoryl groups - are 

strongly acidic with pKa values between 1.1 and 2.1. The next three sites have pKa values 

in the physiological range of 6.0-7.6, whereas the last three sites correspond to the total 

deprotonation (and subsequent conformation inversion) of InsP6 with pKa values between 

9.2 and 9.6 (Costello et al., 1976). As a result, InsP6 carries a highly negative overall charge 

in physiological systems (usually between -6 and -9). Importantly, these physiochemical 

properties differ as a function of phosphorylation of the myo-inositol backbone, since the 

presence or absence of one phosphoryl group changes the microenvironment of the 

remaining phosphoryl groups (Barrientos & Murthy, 1996).  

Like myo-inositol, InsP6 is an achiral mesocompound. Drawing a plane of 

symmetry through the C2 and C5 carbons of InsP6 results in two non-superimposable, 

mirror images. Dephosphorylation of specific phosphoryl groups may render the IP chiral 

by removing the plane of symmetry. For example, Ins(2,3,4,5,6)P5 is a chiral molecule due 

to the absent C1 phosphoryl. Ins(2,3,4,5,6)P5 is an enantiomer of  Ins(1,2,4,5,6)P5 as they 

differ at phosphorylation states within the enantiotopic C1/C3 pair. These two enantiomers 

are chemically equivalent and will interact with achiral molecules such as divalent cations 

without specificity whereas a chiral reagent such as an enzyme will select between them 

preferentially. This phenomenon extends to all IPs that differ in phosphorylation state 

between the C1/C3 and/or C4/C6 prochiral pairs alone.  
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1.1.3 Limited availability of myo-inositol phosphates 

Of the 63 theoretical IPs, approximately half have been reported in nature. Of the 

IPs reported, many have critical cellular roles. As a result, the elucidation of biological 

functions of all IPs has acquired significant attention (Best et al., 2010). A limiting factor 

in this search is the unavailability of most IPs. IPs are obtained either by extraction from 

natural sources or chemical synthesis. Some IPs such as InsP6 are present at high 

concentrations in natural sources like plant seeds and are thus readily available for research. 

However, most lower phosphorylated IPs have no significant natural source, limiting their 

access to chemical synthesis (Potter & Lampe, 1995). Specifically, all IPs, excluding InsP6, 

sourced from natural sources, lack the C2 phosphoryl. Consequently, the biological roles 

of common IPs such as InsP6 have become relatively well characterized while those of the 

less available IPs remain ambiguous. Because of previous research in Dr. Mosimann’s 

laboratory, we have unique access to enzymatically derived IPs, all of which contain the 

C2 phosphoryl (Bruder et al., 2017). This access presents an opportunity to study their 

potential biological functions. This is a central significance of our research. 

1.2 Biological roles of myo-inositol phosphates 

1.2.1 InsP6 

InsP6 was first discovered in 1855 by Theodor Hartig while studying small circular 

particles in plant seeds (Hartig, 1855). Later, these particles were found to be a source of 

phosphorus, calcium and magnesium. The substance in these particles was termed “phytin” 

on account of its botanical origin, having not been observed in other biological sources like 

meat or dairy. In 1897, the presence of myo-inositol in phytin was discovered by its reaction 
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with hydrochloric acid, which released phosphoric acid and myo-inositol. This discovery 

paved the way for the elucidation of InsP6’s structure in 1914. 

The initial understanding of InsP6 as a storage molecule has evolved to include a 

host of biological roles. Historically, InsP6 has been considered a signaling molecule. More 

recently it has been acknowledged that InsP6 does not fit the classical understanding of a 

signaling molecule as no evidence suggests it undergoes stimulus-dependent changes in 

intracellular concentration (Shears et al., 2012). Rather, InsP6 is now understood to be a 

key co-factor in cellular processes. For example, InsP6 is a co-factor in processes such as 

mRNA export, DNA repair, bacterial pathogenicity, plant hormone receptor regulation, 

apoptosis, and vesicle trafficking (Anderson & Wolter, 1966; Hanakahi et al., 2000; 

Macbeth et al., 2005; Majerus et al., 2008; Potter & Lampe, 1995; Smith et al., 1994; Tan 

et al., 2007; York et al., 1999). This list is not comprehensive, but it provides a sample of 

the diverse yet universal functions of InsP6.  

InsP6 has also received much attention in health and nutrition. There is growing 

evidence that InsP6 has therapeutic potential for conditions such as diabetes, osteoporosis, 

neurodegenerative diseases, pathogenic calcifications, and various cancers (Dilworth et al., 

2023; Pujol et al., 2023; Shamsuddin et al., 1997). InsP6 is the subject of several ongoing 

clinical trials reviewed by Pires and colleagues regarding these conditions (Pires et al., 

2023). Additionally, InsP6 contains well characterized antioxidant and anti-inflammatory 

activity (Urbano et al., 2000). As a result, several studies have focused on the benefit of 

dietary InsP6 in nutrition (Pujol et al., 2023). Conversely, InsP6 has negative effects such 

as reduced absorption of essential minerals in humans and animals (Schlemmer et al., 

2009). The reduced bioavailability of cations such as iron, zinc and calcium can disrupt 
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homeostasis in humans with serious health effects. In the case of animals, the agriculture 

industry utilizes enzymes known as phytases that can be included in animal feed. These 

phytases increase mineral availability and animal growth by dephosphorylating InsP6, 

thereby liberating any chelated cations. The inclusion of these phytases in animal feed is 

commonplace and made up an industry valued above 550 million USD in 2023. Taken 

together, the diverse range of effects and broad implications of InsP6 make it a significant 

bioactive molecule. 

1.2.2 Other myo-inositol phosphates   

Like InsP6, myo-inositol pentakisphosphate (InsP5) functions as a cofactor for 

eucaryotic enzymes. Although 6 theoretical isomers of InsP5 exist, only specific isomers 

have biological roles. Of these, Ins(1,3,4,5,6)P5 appears to be the most abundant in 

eucaryotic cells and is a key metabolic link between the less-phosphorylated IPs (InsP4 and 

InsP3) and InsP6 (Irvine & Schell, 2001). The characterized biological roles of 

Ins(1,3,4,5,6)P5 include regulation of oxygen binding to hemoglobin, viral assembly, 

chromatin remodeling, regulation of L-type Ca2+ channels, and cytoskeletal reorganization 

(Borgese & Nagel, 1977; Campbell et al., 2001; Heslop et al., 1985; Komander et al., 2004; 

Quignard et al., 2003; Steger et al., 2003). Ins(1,3,4,5,6)P5 has also been shown to promote 

apoptosis by competitively inhibiting the binding of phosphatidylinositol-3,4,5-

triphosphate (PtdIns(3,4,5)P3) to the pleckstrin homology (PH) domain  of Akt/PKB, 

thereby preventing the protein’s localization to the membrane (Piccolo et al., 2004). While 

other water-soluble IPs have been implicated in the competitive inhibition of cytosolic PH 

domains, Ins(1,3,4,5,6)P5 is most notable. The biological roles of the remaining InsP5 

isomers, specifically those with the C2 phosphoryl, are not known. 
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The less-phosphorylated IPs, InsP4 and InsP3, are the most numerous and diverse 

class of IPs. Unlike the higher-phosphorylated IPs, InsP4 and InsP3 are considered classical 

2nd messengers that regulate key biological transduction cascades. Briefly, these less-

phosphorylated IPs have been implicated in biological roles such as chloride channel 

regulation, hormone signaling, chromatin remodeling, gene expression, and calcium 

mobilization from the ER (Odom et al., 2000; Shen et al., 2003; Steger et al., 2003; 

Vajanaphanich et al., 1994). The last of these is by far the most well-known and well-

characterized function of any myo-inositol phosphate to date. Calcium release by the ER is 

regulated by direct binding of Ins(1,4,5)P3 to InsP3 receptors on the ER membrane 

(Berridge & Irvine, 1989). Interestingly, the interlinked and rapid metabolism of less-

phosphorylated IPs has been shown to create a pool of accessory IPs (specifically 

Ins(1,3,4,5)P4) capable of priming cells for, and thereby altering, the effect of Ins(1,4,5)P3 

signaling (Irvine & Schell, 2001). 

Many other IPs with known functions, as well as several classes of molecules such 

as the pyrophosphates and phosphoinositides which are closely linked and interconverted 

with IPs, are not discussed here but are reviewed by Maffucci and colleagues (Maffucci & 

Falasca, 2020).  

1.3 In vitro assays on myo-inositol phospahtes 

The basis of IPs’ potential as therapeutic agents comes from assays in vitro. Due to its 

availability, InsP6 has been studied the most. For example, the antioxidant, anti-

inflammatory and anti-cancer properties of InsP6, have all come in part from experiments 

in vitro in which InsP6 has been exogenously applied to human cell lines. Less is known 

about the other IPs as very few groups have access to these IPs, despite their potential 
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bioactivity. Here we recognized a knowledge gap, in that we had the opportunity to observe 

the effects of IPs not yet tested on human cell lines.  

 However, exogenously applying IPs in cell culture models has several challenges. 

These are due in part to the complexity of IPs. Unlike most natural products, the 

physiochemical properties of IPs make them particularly difficult to research in vitro. In 

some cases, this has led to the legitimacy of specific IP effects, most notably InsP6’s anti-

cancer activity, to be criticized in the literature on the basis that the interpretations of their 

supporting experiments are overly reductionistic. Our research, though unique, was not 

free of these complexities and the confounding variables they present. Therefore, we will 

introduce the main challenges of IP research in vitro, and the controversies surrounding 

certain claimed effects of IPs.  

1.4.1 Cation chelation by higher myo-inositol phosphates  

The high negative charge density of IPs, especially the higher-phosphorylated IPs, 

makes them potent cation chelators, especially multivalent cations (Luttrell, 1994). For 

example, at physiological pH, InsP6 carries a net charge between -6 and -9 making it unique 

even among other polyanions. Consequently, InsP6 can chelate various divalent cations 

with greater affinity than popular chelators like ethylenediaminetetraacetic acid (EDTA) 

and ethylene glycol bis-(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA) (Bohn et 

al., 2008). InsP5 isomers share similar charge density and corresponding chelating potential 

(Hawkins et al., 1993). However, a change is observed in the lower phosphorylated IPs 

such as InsP4 and InsP3. These lower IPs have relatively weaker cation affinity (Lonnerdal 

et al., 1989; Luttrell, 1993), setting up a spectrum where the structure (number of 

phosphoryls) is an indicator of function (cation binding affinity). Stereospecificity of 
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phosphoryl locations on the myo-inositol backbone leads to exceptions to this spectrum. 

For example, whereas most InsP3 isomers lack cation affinity, Ins(1,2,3)P3 binds ferrous 

iron tightly (Minihane & Rimbach, 2002). This is because the 1,2,3 – phosphoryl motif has 

been shown to be pivotal in chelating Fe3+. However, in general, InsP6 and InsP5 bind 

multivalent cations tighter than InsP4 and InsP3 (Skoglund et al., 1998).  

Many biological functions of IPs are based on their chelating properties. These 

functions are not due to direct interactions of IPs with protein targets but are indirect effects 

due to altered cation pools. For example, the antioxidant activity of InsP6 is largely due to 

its chelation of free iron, thereby protecting against oxidative damage (Minihane & 

Rimbach, 2002). InsP6 has also been shown to prevent the formation of kidney stones in 

rats through calcium chelation (Grases et al., 1998). Distinguishing between direct effects 

of an IP and indirect effects via cation chelation can often be difficult. In 1987 an article in 

Nature inaccurately claimed both InsP6 and InsP5 were neurotransmitters in the mammalian 

brain (Vallejo et al., 1987). The article proposed that these two IPs may function as 

signaling molecules, similar to Ins(1,4,5)P3. It was later shown that these higher IPs were 

not neurotransmitters but that they influenced neurotransmission by chelating neuronal 

calcium pools (Sun et al., 1992).  Therefore, as Shears pointed out, careful attention should 

be given to assessing the functional specificity of any IP (Shears, 2001). 

The challenge of cation chelation adds specific difficulty to in vitro assays. All cell 

culture models require divalent metal cations for cell growth and survival (Weiskirchen et 

al., 2023). While specific cell culture media compositions can vary, most media contain 

concentrations of calcium and magnesium in the micro to millimolar range with other 

essential metals present at lower, trace concentrations. When InsP6 is added to these media, 
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it is likely that their divalent cation pools are affected by IP chelation. This argument forms 

the basis of the controversy surrounding InsP6 as an anti-cancer agent.  

For the last 3 decades multiple studies have noted the antiproliferative effect of 

InsP6 on human cancer cells in vitro (Bizzarri et al., 2016; Rizvi et al., 2006; Shamsuddin 

et al., 1997; Vucenik, 2019). The effects appear broad, occurring in dozens of diverse cell 

lines (Brehm & Windhorst, 2019). Yet the mechanism by which InsP6 exerts its 

antiproliferative effect is controversial. Some researchers have attributed it to direct 

interactions of InsP6 with specific protein targets in the Akt pathway (Liu et al., 2015). 

Others hypothesize that the dephosphorylated products of InsP6 account for its observed 

antiproliferative effect (Fu et al., 2016). However, Shears and Irvine dismiss both 

hypotheses on the basis that cation depletion is a more obvious explanation (Letcher et al., 

2008; Shears, 2001). While the number of studies showing reduced cell progression in vitro 

is in the dozens, nearly all reports only saw the effect at high concentrations of 500 µM to 

5 mM InsP6. At these concentrations of InsP6, Letcher argues, it can be assumed that cation 

depletion alone would induce an antiproliferative effect.  

1.4.2 Precipitation with cell culture media components 

 Another characteristic of IPs, especially the higher IPs, is their tendency to form 

insoluble precipitates with cations in solution (Bohn et al., 2008; Torres et al., 2005; Veiga 

et al., 2006). In the context of experiments in vitro using InsP6, this precipitation is a 

concern. Most cell culture media contain sufficient divalent cations to precipitate 

micromolar concentrations of InsP6 as insoluble complexes (Letcher et al., 2008). Given 

the standard conditions of in vitro experiments using InsP6 it could be assumed that the 

precipitate phenomenon is likely present in these experiments (Shears, 2001). However 
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few groups acknowledge this complexity in their reports. Encountering InsP6 precipitation 

in our results we recognized that we could fill a knowledge gap by analyzing this 

precipitate.  

Like the chelation described above, the precipitate may be a confounding variable 

when analyzing the effect of any IP in vitro. Not only does the physical presence of a 

precipitated complex alter the model system, but the precipitate may also trap components 

of the media, thereby altering the solubility of components in the extracellular 

environment. Additionally, the ability of the IP itself to interact with cells is limited as most 

of the IP will be trapped in insoluble precipitates. Viega and colleagues predict that less 

than 1 µM of InsP6, and only a slightly higher concentration for InsP5, will be soluble in 

any in vitro cell culture model (Veiga et al., 2006; Veiga et al., 2009). Because of these 

complexities, a portion of this thesis is devoted to disassociating our observed effect of 

vesicles formation from the confounding variable of precipitation by higher IPs.  

1.4.3 Cellular internalization of myo-inositol phosphates and their rapid metabolism  

The last two complexities of IP in vitro research will be discussed together as they 

are related and relevant to our discussion. First, because of their high negative charge 

density, IPs are unable to diffuse across the plasma membrane and into cells. The literature 

has also yet to identify a transporter for any IP. Several groups, however, have inferred the 

rapid internalization of radiolabeled InsP6 by detecting its dephosphorylated products  in 

range of cell lines post treatment with InsP6 (Ferry et al., 2002; Vucenik & Shamsuddin, 

1994; Windhorst et al., 2013). The current hypothesis is that higher IPs enter cells slowly 

through endocytosis via precipitated complexes (Brehm & Windhorst, 2019; Letcher et al., 
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2008). Thus, applying cells exogenously in vitro may not result in  a significant intracellular 

increase of that IP’s concentration. 

The last complexity is the rapid metabolism of any IP once it enters eucaryotic cells. 

Upon entering, most IPs, and certainly InsP6, are quickly metabolized into 

dephosphorylated products (Irvine & Schell, 2001; Shears, 2001). Rapid metabolism, 

combined with slow cellular uptake, make it difficult to increase the intracellular pool of 

an exogenously applied IP. Here, our results are unique as both InsP5 isomers we studied 

are not reported in eucaryotic metabolic pathways and thus may not be metabolizable by 

eucaryotic enzymes.  

1.4 Vesicle formation in the endoplasmic reticulum 

In our experiments we observed the formation of vesicles in the ER of human 

cancer cells in response to InsP6 and InsP5 treatment. To provide a framework for 

interpretating our results, we will provide a brief discussion on vesicle formation in the ER 

and several cellular events in which this phenotype has been reported. 

Vesicles are spherical compartments made up of a lipid bilayer and a liquid interior 

(Cui et al., 2022). In animal cells, vesicles take part in secretion, transport, and digestion 

of intracellular components (Liu & Wang, 2023). Vesicles such as lysosomes and 

peroxisomes are specialized and have specific functions in digestion (Schrader et al., 2020). 

Vesicles are dynamic and often trafficked between the ER, Golgi apparatus and plasma 

membrane (Cui et al., 2022). They commonly form via endocytosis at the plasma 

membrane or budding from endomembrane components  (Parkar et al., 2009). 

The small diameter of most vesicles prevents their visualization by light 

microscopy (Mondal et al., 2019). However, in response to specific stimuli, vesicles can 
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fuse and enlarge to form giant vesicles that are visible by light microscopy. These larger 

structures are often termed vacuoles in the literature but will be referred to as vesicles in 

this thesis. The specific classification of these structures as vacuoles requires 

characterization not carried out in this thesis, therefore we will use the non-specific term 

vesicle. . The phrase ‘vesicle formation’ will also be used to describe the observation of 

enlarged vesicles. A common location for enlarged vesicles to be observed is in the ER. To 

date, several specific cellular events have been associated with vesicle formation in the ER. 

These events include disruption of ion and protein homeostasis, increased reactive oxygen 

species (ROS), ER stress, and plasma membrane injury (Raeymaekers & Larivière, 2011; 

Reggiori & Molinari, 2022b; Yoon et al., 2012). In general, the agents capable of inducing 

ER vesiculation are broad, and the phenotype itself is not indicative of one specific cellular 

process.  

1.5 Research aims and objectives 

A central goal of research conducted on myo-inositol phosphates is to understand 

their biological functions. Because of the collaboration by two laboratories in this project, 

we were uniquely positioned to extend this goal by investigating several relatively 

uncharacterized IPs. This thesis was the first project in either laboratory to investigate the 

effect of IPs on human cancer cells.  

To summarize, my objectives were: 

• To search for and identify phenotypic changes in human cancer cells upon treatment 

with both common and unique myo-inositol phosphates; 

• To analyze the physiochemical properties of IP precipitates 
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• To investigate the potential role of the IP precipitate in the formation of the 

observed phenotype of vesicle formation 
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Figure 1.1 Chemical structures of myo-inositol and the four myo-inositol phosphates 

studied in this thesis. Structures were generated using ChemDraw 22.2.0 and are shown 

in their fully ionized states. Carbons are numbered using the D- configuration. Myo-

inositol (1), Ins(1,2,3,4,5,6)P6 (2), Ins(2,3,4,5,6)P5 (3), Ins(1,2,4,5,6)P5 (4), and 

Ins(1,2,3,4)P4 (5).   



16 

 

CHAPTER 2 

Experimental Methods and Procedures   

2.1 Cell culture 

The human cell lines HT-29 (ATCC HTB-38) and U2OS (ATCC HTB-96) were 

obtained from the American Type Culture Collection (ATCC) and cultivated as previously 

described (Tuescher et al., 2021). Briefly, the human cell line U2-OS was maintained in 

Dulbecco’s Modified Eagle Medium (DMEM)/F-12 (Gibco; 11320-033) supplemented 

with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Gibco; 12484028), 2 mM 

Modified Eagle Medium non-essential amino acids (MEM-NEAA) (Gibco; 11140050), 1.6 

mM GlutaMAX (Gibco; 35050-061), and 15 mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), pH 7.4. The human cell line HT-29 was maintained in 

RPMI 1640 medium (Gibco; 21870-092) supplemented with 10% (v/v) heat-inactivated 

FBS (Gibco; 12484028) and 1.6 mM GlutaMAX (Gibco; 35050-061). Cells were grown at 

37°C in 5% CO2. U2-OS and HT-29 cells were plated at 5.0 x 105 cells/75 cm2 flask and 

cultured for either 24 or 48 hours, respectively, prior to treatment. The following 

compounds were dissolved in dimethyl sulfoxide (DMSO; Sigma; D2438) and stored at - 

20 °C: Cyclosporine A (10 mM; Cayman Chemical; 59865-13-3) and Oleic acid (100 mM). 

The following compounds were dissolved in HyPure Molecular Biology Grade Water 

(HyClone; SH30538.02) and stored at 4°C: Deferoxamine (10 mM DFO; Sigma; D9533), 

Ethylene glycol bis-(2-aminoethyl ether)-N,N,N’N’-tetraacetic acid (100 mM EGTA; 

OmniPur; 4100), myo-inositol hexasulfate (12.5 mM InsS6; Sigma; 28434-25-5), and myo-

inositol hexakisphospahte (100 mM InsP6; Sigma). InsS6 and EGTA were solubilized by 

buffering with N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES; Gibco; 
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15630-080). Ins(2,3,4,5,6)P5, Ins(1,2,4,5,6)P5, and Ins(1,2,3,4)P4 were enzymatically 

derived, and their purity was assessed by MDD-HPIC chromatograms (appendix B).  

2.2 Light microscopy 

U2-OS and HT-29 cells were seeded at 2.0 x 104 cells per mL. Multi-well plates 

were prepared at 2 or 1 mL per well for 6- or 12- well plates, respectively, and incubated 

at 37°C prior to treatment. Cells were treated with either 1, 10, 30, or 100 µM of various 

IPs. If not otherwise specified, cells treated with IP isomers resulting in precipitation were 

washed twice with PBS and resuspended in media prior to imaging. Images were either 

captured with an Infinity 1 camera operated by Infinity Capture imaging software 

(Lumenera Corporation) on an Olympus CKX41 inverted microscope or a Cytation 5 cell 

imaging multi-mode reader (Biotek) operated by Gen 5 software (v 3.11). Images were 

processed using Microsoft PowerPoint 365 or ImageJ software (ImageJ; 1.50f) and 

experiments were performed three times. 

2.3 Fluorescence microscopy 

U2-OS cells were plated at 2.0 x 104 cells/mL of media into 6- or 12-well plates at 

2 or 1 mL/well, respectively, and incubated at 37°C prior to treatment. Cells were incubated 

either with  Nile red (Sigma; 72485), or 1X ER Cytopainter green (Abcam; 139481) for 15 

minutes at 37°C. Cells were observed on a Cytation 5 (Biotek) microscope using either an 

Olympus UPlanFL N 20x objective with 0.45 numerical aperture or an Olympus UPlanFL 

N 40x objective with 0.60 numerical aperture. Images were captured using Gen5 software 

(v 3.11) for the Cytation 5 microscope. For both Nile Red and ER Cytopainter fluorescence 

was detected using the Green Fluorescent Protein filter cube (Biotek; 1225101; Ex:469/35 

nm; Em:525/39 nm). Images were prepared using Microsoft PowerPoint 365 software and 
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ImageJ software (ImageJ; 1.50f). Percentage of cells with vesicles were counted manually 

and experiments were performed three times. 

2.4 Localization of InsP6 precipitate in cell culture  

 A unique protocol was utilized for localizing the precipitate to a specific region of 

cell culture flasks. U2-OS cells were placed in T25 flasks at a density of 5.0 x 105 cells/75 

cm2 and cultured for 24 hours prior to treatment. The total volume of media in the T25 

flask was 5 mL. One corner nearest the opening of the T25 flask was designated as the 

precipitate corner (PPT corner). The corner diagonally across from the PPT corner was 

designated the non-PPT corner. InsP6 was localized to the PPT corner by pipetting 15 µL 

of a 10 mM InsP6 solution into that corner. The resulting concentration of InsP6 throughout 

the T25 flask was 30 µM. Effort was taken to minimize mixing of the media prior to 

incubation. At 24 hours, both corners of the T25 flasks were visualized by light microscopy.   

2.5 Pre-treatment of media with myo-inositol phosphates and removal of their 

precipitate prior to cell treatment 

 A unique protocol was developed for the removal of IP precipitates in media prior 

to cell treatment. U2-OS cells were seeded at 2.0 x 104 cells per mL in 12 well plates. U2-

OS media (described above) was aliquoted by 1 mL fractions into 1.5 mL centrifuge tubes 

and pre-treated with IPs. These aliquots were left for at least 6 hours at room temperature 

to allow for precipitation of IPs with media components. The 1 mL aliquots were 

centrifuged for 5 minutes at 13000 rcf. Supernatants were decanted by careful pipetting, so 

as not to disturb the pelleted precipitate. Each supernatant was suspended on cells in 12 

well plates 24 hours after plating. Cells were visualized by light microscopy 24 hours after 

treatment.  
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2.6 Detection of InsP6 in precipitate by MDD-HPIC  

 Detection of InsP6 in precipitate was performed by metal-dye detection high 

performance ion chromatography (MDD-HPIC). U2-OS media was divided into 1 mL 

aliquots and treated with either 100 or 1000 µM InsP6.  A third concentration of 10 µM was 

also tested requiring an aliquot of 10 mL  to achieve a detectable signal. These aliquots 

were left for at least 15 minutes prior to centrifuging for 5 minutes at 13000 rcf. The 

supernatants were decanted. Pellets were resuspended in 2.5 % TCA and injected on to a 

MDD-HPIC system (HPIC; Waters 1525 Binary HPIC Pump; Milford, MA) utilizing a 

CarboPac PA-100 (4 x 240 mm) analytical column (Dionex; Sunnyvale, CA). InsP6 was 

eluted with a methanesulfonic acid gradient and visualized using a post-column reactor 

with 0.1% (m/v) Fe(NO3)3 in a 2% (m/v) HClO4 solution (0.3 mL/min).  

2.7 Determination of precipitate in individual U2-OS media components 

 Individual components of U2-OS media were tested for the presence or absence of 

precipitate after treating 1 mL aliquots with 100 µM InsP6. After 15 minutes, aliquots were 

centrifuged for 5 minutes at 13000 rcf and checked for the appearance of a visual white 

pellet. The appearance of a pellet was taken to represent the presence of precipitate in that 

aliquot. Complete U2-OS media (described above) and DMEM/F12 (Gibco; 11320-033) 

were tested directly. The remaining components were diluted with a 13 mM HEPES 

buffered solution to the concentrations they are present at within the complete U2-OS 

media. For example, FBS (Gibco; 12484028) was diluted to 10% v/v with 13 mM HEPES 

before testing. All other media components were generated artificially from inorganic salts. 
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2.8 Statistics 

Data and statistical analyses were performed using Prism 10 software (GraphPad; 

10.2.2) and data were plotted as means from three separate experiments ± standard errors 

of the means using Microsoft Excel 2016 software. Unpaired t-test analyses were 

performed on manual cell counts to calculate the statistically significant differences 

between two groups. One-way ANOVA with Tukey’s post hoc analyses were performed on 

manual cell counts to calculate statistically significant differences between more than two 

group means.  
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CHAPTER 3 

Results 

3.1 InsP6 induces precipitation in cell culture media and induces vesicles in U2-OS 

cells 

 U2-OS cells were treated with either H2O (negative control) and observed by phase 

contrast microscopy at 24 h (Figure 3.1A). Cells treated with H2O did not display any 

morphological changes, as expected. The percent of cells containing vesicles in H2O treated 

cells was 1 %, which represents a baseline value (Figure 3.1B). U2-OS cells were also 

treated with either 1, 10, 30, or 100 µM InsP6 and observed at 24 h by phase contrast 

microscopy (Figure 3.1A). Cells treated with 1 µM InsP6 did not display any morphological 

change whereas cells treated with 10, 30, or 100 µM InsP6 showed cytoplasmic vesicles. 

The percent of cells containing vesicles in 100 µM InsP6 treated cells was 98 % (Figure 

3.1B). The vesicles were light grey in color, circular, and clustered around the nucleus in 

the cytoplasm.  

In the same experiment we also observed the formation of precipitate in wells 

treated with 10, 30, or 100 µM InsP6 whereas wells treated with 1 µM InsP6 showed no 

observable precipitate (Figure 3.1A). The amount of precipitate qualitatively appeared to 

increase with InsP6 concentration. The quantity of precipitation in wells treated with 100 

µM made it difficult to visualize the cells (Pre-wash). Consequently, cells were washed 

twice with PBS prior to visualizing (Wash). These experiments confirmed a previous 

observation in an undergraduate project that cells treated with InsP6 appear to have vesicles 

and that InsP6 precipitates in culture media at micromolar concentrations. 
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3.2 InsP6 induced vesicles in HT-29 cells 

After observing the InsP6 induced vesiculated phenotype in U2-OS cells, we tested 

whether the same phenomenon would occur in a second cell line. HT-29 cells were treated 

with H2O (negative control) and observed by phase contrast microscopy at 24 h. Prior to 

imaging, cells were washed twice with PBS. Cells treated with H2O did not show any 

morphological change, as expected (Figure 3.2).  HT-29 cells were also treated with either 

10, 30, or 100 µM InsP6 and observed by phase contrast microscopy at 24 h. Cells were 

then washed twice with PBS to remove precipitate prior to imaging. Cells treated 10 µM 

InsP6 appeared normal whereas cells treated with 30 or 100 µM InsP6 showed vesicles 

(Figure 3.2). This confirms that InsP6 can induce vesicles in a second cell line and that the 

vesicle phenotype is a broad biological phenomenon. Even though U2-OS and HT-29 cells 

are both of epithelial origin, the apical polarity of the HT-29 cells made it difficult to 

observe the vesicles in this cell line. Thus, U2-OS cells were used for all future 

experiments.  

3.3 The observed precipitate contains InsP6 and inorganic cations from cell culture 

media 

 At this point we have observed that InsP6 produces two effects when exogenously 

applied to cultured cells: first, precipitation within culture media, and second, vesicles 

within cells. We first sought to characterize the nature of the observed precipitate. InsP6 is 

capable of precipitating with cations like calcium, zinc, iron and magnesium (Odani et al., 

2011; Vasca et al., 2002). We sought to determine if InsP6-cation interactions were indeed 

the source of precipitation in cell culture media. To do this we took U2-OS cell culture 

media components and added InsP6 to a concentration of 100 µM and asked if a precipitate 
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had formed or not.  To aid in detecting precipitation, the mixtures were centrifuged and 

then checked for the formation of a white pellet (the precipitate). We tested the components 

of U2-OS culture media, DMEM/F12 and FBS, separately. We observed precipitate in 

DMEM/F12 treated with 100 µM InsP6, whereas no precipitate was observed in FBS (Table 

3.2). The individual components of DMEM/F12 can be categorized as amino acids, 

vitamins, inorganic salts, and other components (i.e. phenol red, lipids, or additives). We 

chose to test the inorganic salt component first because it is the source of cations in 

DMEM/F12 known to precipitate with InsP6 (Thermo Fisher, 2024).We observed 

precipitate in the inorganic salt component treated with 100 µM InsP6 (Table 3.2). The other 

components were not tested since they do not contain substrates likely to precipitate with 

InsP6. 

 Of the cations present in the inorganic salt component of DMEM/F12, calcium and 

magnesium are the most probable precipitate constituents given that all other cations are 

present at trace concentrations (Table 3.1). Only calcium and magnesium are present above 

10-100 µM, the concentrations of InsP6 where precipitate was observed in media. We 

therefore prepared the inorganic salt solutions as one without calcium and the other without 

magnesium.  We observed precipitate in the magnesium free solution treated with 100 µM 

InsP6, whereas no precipitate was observed in the calcium free solution treated with 100 

µM InsP6. We next treated a 1 mM calcium solution, pH 7.2, with 100 µM InsP6 and 

observed precipitate. We reasoned that if calcium is the source of precipitation with InsP6, 

we expect the prior treatment of the inorganic salt solution with EGTA, a cation chelator 

with high affinity for calcium (Rothen-Rutishauser et al., 2002; Takadera et al., 2010), to 

prevent precipitation.  We thus pretreated the original 1 mM calcium solution with 2 mM 
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of EGTA to chelate all available calcium prior to addition of InsP6 and observed no 

precipitate when treated with 100 µM InsP6 (Table 3.2). These results suggest that calcium 

is necessary for the observed InsP6 precipitate U2-OS cell culture media.  

 To test further the hypothesis that the precipitate is a metal-IP complex we asked if 

InsP6 was present in the precipitate by a metal-dye detection high-pressure ion 

chromatography (MDD-HPIC) system. Media treated with 10, 100 or 1000 µM InsP6 

showed 67, 123 and 52 % of total InsP6 in the precipitate, respectively (Figure 3.3). The 

fact that InsP6 was detected in all precipitates at all concentrations tested qualitatively 

confirms the presence of InsP6 in the precipitate observed within U2-OS media. Therefore, 

these combined results indicate that InsP6 and calcium are substantial components of the 

observed precipitate in culture media. 

3.4 Physical contact of visible InsP6 induced precipitate with cells is not required for 

the vesiculated phenotype 

 Having noted that the precipitate appeared to be in physical contact, or at least in 

proximity with the cells and that the presence of precipitate appears correlated with the 

appearance of vesicles we considered the precipitate itself as a potential confounding 

variable. Physical contact of precipitate, specifically calcium-phosphate precipitate (CCP), 

with cell monolayers has been reported to affect human cells (Chen et al., 2014; Gao et al., 

2008). Thus, we designed an experiment to determine if physical contact by the precipitate 

with cultured cells is necessary for the vesiculated phenotype.  

The heavy, bulky nature of the precipitate made it possible to control its distribution 

throughout a tissue culture flask.  We applied 100 µM to a specific region of the flask rather 
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than distributing the InsP6 evenly. The corner where the InsP6 was pipetted was designated 

as the precipitate corner (PPT corner) while the corner furthest away from where the InsP6 

was pipetted was designated the non-precipitate corner (non-PPT corner). The cells were 

observed by phase contrast microscopy for 24 h. Images taken in the PPT corner show dark 

precipitate above the cells, whereas images taken in the non-PPT corner show no 

precipitate present (Figure 3.4A). Cells observed in the both the PPT corner and non-PPT 

corner show vesicles. (Figure 3.4A). The percent of cells containing vesicles in the PPT 

corner and non-PPT corner was 100 ± 0 and 95 ± 5 %, respectively (Figure 3.4B). These 

data indicate that physical contact of the InsP6 precipitate is not required for vesicle 

formation in U2-OS cells and that their formation is dependent on a soluble component. 

3.5 The pre-treatment of media with InsP6 and subsequent removal of the InsP6 

precipitate  maintains the vesiculated phenotype 

 Since vesicle formation occurs via the soluble portion of the media, we 

hypothesized that treatment of IP6 with culture media may modify its composition 

(specifically the solubility of specific cations) and that this media modification may be the 

cause of the vesiculated phenotype. To test this, we designed an experiment where U2-OS 

culture media was either not treated or pre-treated with 100 µM IP6 and left for 6 h to allow 

for precipitation of the InsP6. Both treatments were then centrifuged to remove all 

precipitate and cells were treated with the media supernatants of both treatments. Cells 

treated with the 100 µM InsP6 supernatant showed vesicles whereas cells treated with the 

un-treated supernatant showed no vesicles (Figure 3.5A). The percent of cells containing 

vesicles in wells treated with the 100 µM InsP6 supernatant and the un-treated supernatant 

was 77 ± 13 and 0 ± 0 %, respectively (Figure 3.5B). These results indicate that formation 
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of InsP6 precipitate modifies the culture media, and that the presence of insoluble 

precipitate in the culture media is not required for vesicle formation.  

3.6 EGTA and DFO do not induce vesicle formation in U2-OS cells 

Suspecting cation depletion in the media to be a potential cause of vesicle 

formation, we tested whether EGTA would  produce the same effect. U2-OS cells were 

treated with H2O (negative control) or 30 µM InsP6 (positive control) and observed by 

phase contrast microscopy at 24 h (Figure 3.6). Cells treated with H2O did not show any 

morphological change whereas cells treated with 30 µM InsP6 showed vesicles, as expected 

(Figure 3.6). U2-OS cells were also treated with either 100, 500, 1000, or 1500 µM EGTA 

and observed at 24 h by phase contrast microscopy. Cells treated with EGTA showed no 

vesicles or precipitation at all concentrations tested (Figure 3.6). Notably, cells treated with 

1 and 1.5 mM EGTA showed disassembled cell-cell contacts, and at 1.5 mM EGTA alone, 

detachment from the culture flask (Figure 3.6). These results suggest that extracellular 

calcium depletion is not sufficient to cause the vesicle formation induced by InsP6.  

 Given reports that InsP6 decreases iron absorption in vitro and in vivo (Glahn et al., 

2002; Hoes et al., 2018; Hurrell & Egli, 2010; Ma et al., 2011) we also tested deferoxamine 

(DFO), a synthetic iron chelator, at concentrations known to induce iron depletion in vitro 

(Hoes et al., 2018). Cells were treated with either H2O (negative control) or 30 µM InsP6 

(positive control) and observed by phase contrast microscopy at 24 h. Cells treated with 

H2O did not show any morphological change whereas cells treated with 30 µM InsP6 

showed vesicles, as expected (Figure 3.7). U2-OS cells were also treated with either 10, 

30, or 100 µM DFO and observed at 24 h by phase contrast microscopy. Cells treated with 

DFO showed no vesicles or precipitation at all concentrations tested (Figure 3.7). These 
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results indicate that iron depletion is not sufficient to cause the InsP6 induced vesicle 

formation. While the mechanism behind vesicle induction by InsP6 appears to be 

modification of the extracellular media, the extracellular cation chelators EGTA and DFO 

do not induce the same vesicle effect.  

3.7 Ins(1,2,4,5,6)5 and Ins(2,3,4,5,6)P5 induce precipitate in cell culture media and 

vesicles in U2-OS cells whereas Ins(1,2,3,4)P4 does neither  

Because of the chemical similarity between InsP6 and several of our enzymatically 

derived IP isomers (Figure 1.1) we hypothesized that other IPs may be able to induces 

vesicle and the associated precipitation in cell culture. IPs are similar in that they all contain 

high negative charge density, especially the higher phosphorylated IPs. Previous research 

in our laboratory gave us unique access to IP isomers to answer this question.  The two 

InsP5 isomers we tested have not been published as metabolic products in eucaryotes and 

are likely not naturally present in human cells. We treated U2-OS with H2O (negative 

control) and observed them by phase contrast microscopy at 24 h. Cells treated with H2O 

did not show any morphological change, as expected (Figure 3.8A). U2-OS cells were also 

treated with either 1, 10, or 100 µM of either Ins(1,2,4,5,6)P5, Ins(2,3,4,5,6)P5, or 

Ins(1,2,3,4)P4 and observed for 24 h by phase contrast microscopy. Cells treated with  1, 

10, or 100 µM Ins(1,2,3,4)P4 showed no vesicles formation (Figure 3.8A). Additionally, 

for all concentrations of Ins(1,2,3,4)P4 no precipitate was observed by light microscopy. 

Cells treated with 1 µM of either Ins(1,2,4,5,6)P5 or Ins(2,3,4,5,6)P5 also showed no 

vesicles whereas cells treated with 10 or 100 µM of either Ins(1,2,4,5,6)P5 or 

Ins(2,3,4,5,6)P5 showed vesicles (Figure 3.8A). Precipitate was also observed in the cell 

culture at both 10 and 100 µM of Ins(1,2,4,5,6)P5 and Ins(2,3,4,5,6)P5. The percent of cells 
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with vesicles treated with 100 µM Ins(2,3,4,5,6)P5 or Ins(1,2,4,5,6)P5 was 97 ± 4 and 98 ± 

2 %, respectively, whereas cells treated with 100 µM Ins(1,2,3,4)P4 showed 1 ± 1 % 

vesiculated cells (Figure 3.8B). Together, these results indicate that two InsP5 isomers form 

precipitates in cell culture media and induce vesicles, similar to those induced by InsP6, 

whereas a lower phosphorylated InsP4 isomer neither formed precipitate nor induced 

vesicles at the tested concentrations.  

3.8 The pre-treatment of media with Ins(2,3,4,5,6)P5 and subsequent removal of the 

Ins(2,3,4,5,6)P5  precipitate maintains the vesiculated phenotype. 

Having observed that two InsP5 isomers both induced a phenotypic effect similar 

as that of InsP6 on U2-OS cells, we then asked whether Ins(2,3,4,5,6)P5 in place of InsP6, 

would form a precipitate, that when removed, would have a similar vesicle effect as InsP6. 

U2-OS culture media was pre-treated with either 100 µM Ins(2,3,4,5,6)P5 or left untreated 

and let rest for 6 h to allow for precipitation of the Ins(2,3,4,5,6)P5. Both samples were then 

centrifuged to remove precipitate and cells were treated with the media supernatants of 

both treatments. Cells treated with the 100 µM Ins(2,3,4,5,6)P5 supernatant showed 

vesicles whereas cells treated with the un-treated supernatant showed no vesicles (Figure 

3.9A). The percent of cells containing vesicles in wells treated with the 100 µM 

Ins(2,3,4,5,6)P5 supernatant and the un-treated supernatant was 100 ± 0 and 0 ± 0 %, 

respectively (Figure 3.9B). These results indicate that, like IP6, Ins(2,3,4,5,6)P5 modifies 

the culture media, and that this modification is responsible for the vesiculated phenotype. 
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3.9 InsS6 does not induce precipitation in cell culture media nor induce vesicles in U2-

OS cells 

 We asked if inositol hexasulphate (InsS6), a structural analog of InsP6, could also 

produce a similar vesicle and precipitate phenotype (Shears, 2001). Due to its similar 

structure and negative charge, InsS6 is often used as an isosteric, non-physiological analog 

of InsP6 and has been shown to have similar interactions as InsP6 to various biomolecules 

(Cecconi et al., 1994; Larsson et al., 1997; Ullah & Sethumadhavan, 1998). U2-OS cells 

were treated with either H2O (negative control) or 100 µM InsP6 (positive control) and 

observed at 24 h by phase contrast microscopy. Cells treated with H2O (negative control) 

appeared normal whereas cells treated with 100 µM IP6 (positive control) appeared 

vesiculated (Figure 3.10). Cells were also treated with either 100, 300, or 1000 µM InsS6 

and observed at 24 h by phase contrast microscopy. Cells treated with 100, 300, 1000 µM 

InsS6 appeared normal (Figure 3.10). No precipitate was observed in any well treated with 

InsS6. These results indicate that despite the structural similarity of InsS6 with InsP6, it does 

not precipitate in culture media nor induce vesicles in U2-OS cells. 

3.10 InsP6 induced vesicles are not lipophilic 

Next, we sought to characterize the nature and origin of the vesicles. Previous 

studies report that vesicles observed adjacent to the nucleus may be lipid droplets 

associated with the endoplasmic reticulum (ER) (Lee et al., 2015). To test whether the InsP6 

induced vesicles were lipid droplets we used the lipophilic stain, Nile Red, which 

selectively fluoresces green in lipid-rich environments (Greenspan et al., 1985). We treated 

U2-OS cells with either H2O (negative control) or 100 µM Oleic acid (positive control), 

which induces lipid droplets (Brasaemle et al., 1997). H2O treated cells appeared normal 
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by phase contrast microscopy at 24 h with no observable green fluorescence by 

fluorescence microscopy (Figure 3.11). Oleic acid treatment resulted in vesicles, some of 

which appeared bright white, adjacent to the nucleus, as observed by phase contrast 

microscopy and green fluorescence was observed localized to these vesicles by 

fluorescence microscopy (Figure 3.11). U2-OS cells were also treated with 100 µM InsP6. 

InsP6 treated cells showed vesicles surrounding the nucleus by phase contrast microscopy 

and no observable green fluorescence by fluorescence microscopy (Figure 3.11). 

Interestingly, unlike the Oleic acid induced vesicles, the InsP6 induced vesicles did not 

appear bright white by phase contrast microscopy, but instead appeared grey. These results 

revealed that the InsP6 induced vesicles are not lipid droplets.  

3.11 InsP6 induced vesicles are localized to the endoplasmic reticulum 

 Having observed that the vesicles induced by InsP6 are found adjacent to the 

nucleus, we hypothesized that they may originate from the ER. To test this, we used 

cyclosporine A (CsA), an inducer of vesicles in the ER as a positive control (Ram & 

Ramakrishna, 2014; Zupanska et al., 2005). We sought to compare the vesicles induced by 

CsA, known to be in the ER, with the vesicles produced by InsP6. We used an ER 

membrane specific dye, ER Cytopainter, to observe the membrane structure of the ER. U2-

OS cells were treated with either H2O (negative control) or 30 µM CsA (positive control) 

observed by phase contrast and fluorescence microscopy at 24 h. We observed that cells 

treated with H2O appeared normal by phase contrast microscopy with the ER Cytopainter 

fluorescence localized to the perinuclear region by fluorescence microscopy (Figure 3.12). 

Cells treated with CsA showed a vesiculated phenotype throughout the perinuclear region 

by phase contrast microscopy and a dispersed ER Cytopainter signal delineating the 
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vesicles observed by fluorescence microscopy (Figure 3.12). U2-OS cells were also treated 

with 100 µM InsP6 and observed at 24 h by phase contrast and fluorescence microscopy. 

InsP6 treated cells showed vesicles surrounding the nucleus by phase contrast microscopy 

and a dispersed ER Cytopainter signal delineating the vesicles observed by fluorescence 

microscopy (Figure 3.12). These results suggest that the vesicles induced by InsP6 are 

localized to the ER, like the vesicles induced by CsA. 
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Figure 3.1 InsP6 produces precipitation in cell culture media and induces vesicle 

formation in U2-OS cells. (A) U2-OS cells were treated with either H2O, 1, 10, 30 or 100 

µM InsP6 and imaged at 24 h by phase contrast microscopy. The bottom (Wash) panel 

indicates images taken post washing with PBS. The top (Pre-wash) panel indicates cells 

imaged prior to the PBS wash. Scale bar = 50 µm. (B) Cells treated with either H2O or 

100 µM IP6 were counted manually using ImageJ software and percent vesiculated cells 

were calculated from three experiments. Values are means and error bars represent SEM. 

(**** p<0.0001). 
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Figure 3.2 InsP6 induces vesicle formation in HT-29 cells. HT-29 cells were treated with 

either H2O, 10, 30 or 100 µM InsP6 and imaged at 48 h by phase contrast microscopy. 

Scale bar = 50 µm.  
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Table 3.1 Concentrations of all inorganic salts in DMEM/F12 (Gibco; 11320-

033)(ThermoFisher, 2024).  
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Table 3.2 Presence or absence of InsP6 precipitate in individual components of U2-OS 

cell culture media. Aliquots of each media component were treated with 100 µM InsP6 

prior to centrifuging and pellet collection. The formation of a white pellet was taken to 

represent presence of precipitate. 

 

 

 

 

 

 

 

 

 

  

U2OS Media Component  Precipitate 

U2OS Complete Media + 

DMEM/F12 + 

FBS - 

DMEM/F12 Inorganic Salts + 

DMEM/F12 Inorganic Salts (- Mg2+) + 

DMEM/F12 Inorganic Salts (- Ca2+) - 

1 mM CaCl2, pH 7.2 + 

2 mM EGTA, 1 mM CaCl2, pH 7.2 - 
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Figure 3.3 InsP6 is present in the precipitate observed upon InsP6 addition to U2-OS 

culture media. Media aliquots were treated with either 10, 100 or 1000 µM InsP6 prior to 

centrifuging and pellet collection. Pellets were resuspended in 2.5 % TCA and analyzed 

by MDD-HPIC. Values are means of three replicates and error bars represent SEM.  
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Figure 3.4 Physical contact of the InsP6 precipitate with cells is not required for the 

vesiculated phenotype. (A) U2-OS cells were treated in T25 flasks with 30 µM InsP6. The 

InsP6 precipitate was localized to a specific corner of the flask, designated the PPT 

corner. Cells were imaged at 24 h by phase contrast microscopy. The bottom (Washed) 

panel indicates images taken post washing with PBS. The top (Pre-wash) panel indicates 

cells imaged prior to the PBS wash. Scale bar = 50 µm. (B) Cells in both corners were 

counted manually using ImageJ software and percent vesiculated cells were calculated 

from three experiments. Values are means and error bars represent SEM. (ns p=0.1836). 
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Figure 3.5 The pre-treatment of U2-OS media with InsP6 and subsequent removal of the 

InsP6 precipitate  maintains the vesiculated phenotype. (A) U2-OS culture media was 

either untreated or pretreated with 100 µM InsP6 and left for 6 h prior to precipitate 

removal by centrifugation. U2-OS cells were treated with both supernatants and imaged 

at 24 h by phase contrast microscopy. Scale bar = 50 µm. (B) Cells in both treatments 

were counted manually using ImageJ software and percent vesiculated cells were 

calculated from three experiments. Values are means and error bars represent SEM. (**** 

p<0.0001) 
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Figure 3.6 EGTA does not induce vesicles like those induced by InsP6. U2-OS cells were 

treated with either H2O or 30 µM InsP6 or either 100, 500, 1000, or 1500 µM EGTA. 

Cells were imaged at 24 h by phase contrast microscopy. Scale bar = 100 µm. 
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Figure 3.7 DFO does not induce vesicles like those induced by InsP6 . U2-OS cells were 

treated with either H2O or 30 µM InsP6 or either 10, 30, or 100 µM DFO. Cells were 

imaged at 24 h by phase contrast microscopy. Scale bar = 100 µm. 
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Figure 3.8 Ins(1,2,4,5,6)P5 and Ins(2,3,4,5,6)P5 induce precipitate in culture media and 

vesicles in U2-OS cells, respectively, whereas Ins (1,2,3,6)P4 does neither. (A) U2-OS 

cells were treated with H2O or either 1, 10 or 100 of Ins(1,2,3,4)P4, Ins(2,3,4,5,6)P5 or 

Ins(1,2,4,5,6)P5. Cells were imaged at 24 h by phase contrast microscopy. Scale bar = 100 

µm. (B) Cells treated with H2O and 100 µM of each IP were counted manually using 

ImageJ software and percent vesiculated cells were calculated from three experiments. 

Values are means and errors bars represent SEM. Statistical significance was determined 

using one-way ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means that are 

significantly different from the mean of the H2O treatment are represented with a 

different letter (a, b). 
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Figure 3.9 The pre-treatment of U2-OS media with Ins(2,3,4,5,6)P5 and subsequent 

removal of the Ins(2,3,4,5,6)P5 precipitate  maintains the vesiculated phenotype. (A) U2-

OS culture media was either untreated or pretreated with 100 µM Ins(2,3,4,5,6)P5 and left 

for 6 h prior to precipitate removal by centrifugation. U2-OS cells were treated with both 

supernatants and imaged at 24 h by phase contrast microscopy. Scale bar = 50 µm. (B) 

Cells in both treatments were counted manually using ImageJ software and percent 

vesiculated cells were calculated from three experiments. Values are means and error bars 

represent SEM. (**** p<0.0001).  
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Figure 3.10 InsS6 does not induce precipitate in culture media nor vesicles U2-OS cells, 

respectively. Cells were treated with either H2O, 30 µM InsP6, or either 100, 300, or 1000 

µM InsS6 and observed for 24 h by phase contrast microscopy. Scale bar = 100 µm.  
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Figure 3.11 InsP6 induced vesicles are not lipophilic. U2-OS cells were treated with 

either H2O, 100 µM Oleic acid or 100 µM InsP6 for 24 h. Cells were incubated with 1 

µg/mL Nile red for 15 minutes prior to imaging. Cells were imaged by phase contrast and 

fluorescent microscopy and exposure settings were kept constant throughout. Scale bar = 

50 µm. 
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Figure 3.12 InsP6 induced vesicles are localized to the endoplasmic reticulum. U2-OS 

cells were treated with either H2O, 30 µM CsA or 100 µM InsP6 for 24 h. Cells were 

incubated with 1X of ER Cytopainter (ab139481) for 15 min prior to imaging. Cells were 

imaged by phase contrast and fluorescent microscopy and exposure settings were kept 

constant throughout. Scale bar = 50 µm.  
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Chapter 4  

General Discussion 

 IPs are a diverse group of chemically distinct but related compounds. Over the last 

50 years a broad range of biological functions have been attributed to individual IPs. Some 

of these functions have been identified from experiments in vitro where cells have been 

exposed to IPs (Huang et al., 1997; Irvine & Schell, 2001; Maffucci & Falasca, 2020; 

Sakamoto et al., 1993; Vucenik et al., 2020). Most IPs, however, have not been studied in 

vitro as they are difficult to synthesize and are thus unavailable commercially (Best et al., 

2010). When I began my research project in the Spring of 2022, previous work in Dr. 

Mosimann’s laboratory had produced and purified many IPs not readily available to other 

researchers around the world. Conveniently, Dr. Golsteyn’s laboratory was already 

positioned to conduct discovery-based investigations of novel compounds in vitro using 

human cancer cells. Therefore, we chose to merge the research of both laboratories to 

investigate the effects of unique IPs on human cancer cells. The goal of this project, then, 

was to search for and identify novel phenotypic changes in human cancer cells  in response 

to treatment with IPs.  

 Before testing our unique IPs, we conducted initial screens on the common IP, 

InsP6. We found that cells treated with InsP6 formed vesicles in their cytoplasm. Despite 

InsP6 being relatively well characterized, we were unable to find any mention of vesicle 

formation in any of these reports. Therefore, while not originally the goal of my project, 

we decided to conduct experiments to characterize further the observed vesicles and their 

possible mechanism of formation. By fluorescence microscopy, we determined that the 

vesicles were in the ER. We also noted the appearance of precipitate in the media of cells 
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treated with InsP6 alongside the vesicle phenotype. The presence of precipitate appeared to 

correlate with formation of vesicles indicating that the two phenomena may be associated. 

However, we determined that the physical interaction of the precipitate with cells was not 

the cause of vesicle formation, nor did the precipitate appear to be depleting the cells of 

essential cations like calcium and iron, likely constituents of the precipitate.  

 Finally, the central significance of our investigation came from the finding that 

some of our unique IPs, two InsP5 isomers, induced the same vesicle phenotype and 

precipitation as InsP6. This indicates that the induction of vesicles is not specific to InsP6 

but that other structurally similar molecules can have the same effect. Additionally, we 

predict that the ability to induce the vesicle phenotype is limited to higher-phosphorylated 

IPs, such as InsP5 and InsP6 given that one InsP4 isomer and an isosteric analog of InsP6, 

InsS6, could not produce the same vesicle phenotype. To summarize, not only did we 

accomplish the goal of my project by identifying a phenotypic change in response to our 

unique IPs, but we also discovered that the same phenotypic change was present in InsP6, 

an already widely studied IP. 

4.1 InsP6 induces vesicles in two human cancer cells lines 

We observed that treatment with micromolar InsP6 induced vesicles in U2-OS cells. 

We confirmed that this is a broad cellular effect by showing that a second cell line, HT-29, 

also acquired vesicles in response to InsP6 treatment.  To our knowledge we are the first to 

report vesicle formation in response to InsP6 treatment in any human cancer cell line. This 

is interesting given that InsP6 has been tested in a broad range of human cancer cells lines, 

recently reviewed by Windhorst et al (Brehm & Windhorst, 2019), yet none of these reports 

mention vesicles formation. For example, InsP6 has been tested at equivalent or higher 
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concentrations to our experiments in cancer cell lines from breast, hematopoietic, 

pancreatic, and colon cells, to name a few (Brehm & Windhorst, 2019). Specifically, HT-

29 is one of the cell lines already tested with InsP6, however reports from HT-29 cells do 

not mention vesicle formation and do not include images of their cells post treatment (Saied 

& Shamsuddin, 1998; Yang & Shamsuddin, 1995). Most reports on InsP6 effects in vitro 

have not published images of their cells post treatment, and therefore do not offer 

information as to potential vesicle formation. It is possible that vesicle formation may have 

occurred in these experiments but simply went unobserved.  

4.2 Qualitative characterization of the observed precipitate 

 Besides vesicles, we also observed the formation of dark precipitate in culture 

media treated with InsP6. Precipitation was not unexpected given that previous groups have 

noted its formation in similar model systems where cells were treated with micromolar 

InsP6 (Windhorst et al., 2013). Physical chemistry studies have also established that 

divalent cations present in culture media, principally calcium and magnesium, precipitate 

with InsP6 under conditions similar to culture media (Torres et al., 2005; Vasca et al., 2002; 

Veiga et al., 2006; Veiga et al., 2009). These experiments were carried out in water where 

pH and ion concentrations are controlled. It was likely that the precipitate we observed was 

due to IP-cation interactions. Thus, we sought to confirm that the major constituents of the 

precipitate were cations. 

 We determined that calcium was a major component of the precipitate. Of the media 

components treated with InsP6, only the ones containing calcium ever produced a 

precipitate in the form of a visual pellet. When calcium was substantially chelated with 

EGTA prior to InsP6  treatment, no pellet was observed. This indicates that calcium is 
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necessary for formation of a pellet and confirms previous reports that calcium is the 

dominant cation present in the InsP6 precipitate in media (Veiga et al., 2006). Interestingly, 

these reports also state that magnesium is capable of precipitating with micromolar InsP6. 

However, when we tested the media component without calcium – magnesium being the 

only stoichiometrically relevant cation in this component – we did not observe a pellet. 

Therefore, we conclude that magnesium is not present at a concentration sufficient to 

produce insoluble precipitate, yet it could likely be bound to InsP6 and exist as soluble 

complexes in solution .  

It is possible that that the precipitate contains both calcium and magnesium. Here, 

Veiga suggests that a good rule of thumb is to expect the relative composition of calcium 

and magnesium in the precipitate to strongly bias calcium (Veiga et al., 2006). It is likely 

that the precipitate we observe contains both calcium and magnesium, but that calcium is 

present at a relatively higher concentration. Besides, magnesium and calcium, the only 

remaining cations in the salt component of DMEM/F12 are zinc, iron and copper. While 

all three have an affinity for InsP6 (Torres et al., 2005), and may be present in the 

precipitate, their trace concentrations (< 2 µM)(Table 1) make them stoichiometrically 

irrelevant to the formation of InsP6 precipitate. 

Additionally, InsP6 was also determined to be a component of the precipitate. At 

concentrations of 10, 100, and 1000 µM InsP6, at least 50% of the InsP6 initially added 

appeared in the precipitate 30 minutes later for all concentrations. While this technique 

does not offer quantitative estimates of the InsP6 present in the precipitate, it does 

qualitatively confirm that InsP6 is present in the precipitate. The values in Figure 3.3 should 

not be used to infer solubility limits of the InsP6 in media.  
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 Our determination that calcium and InsP6 are major components of the precipitate 

agree with the predictions present in the literature (Shears, 2001; Veiga et al., 2006). This 

conclusion does not rule out the possibility that other cations or biomolecules are also 

present in the precipitate. For example, one report found that metals present in trace 

concentrations were able to bind a calcium-InsP6 precipitate thereby becoming insoluble 

(Wise & Gilburt, 1981). This could be the case for iron, zinc and copper which are known 

to share high affinity for InsP6 (Torres et al., 2005). Additionally, proteins such as Bovine 

Serum Albumin (BSA) present in the media have been shown to precipitate with InsP6 

under specific conditions (Kaspchak et al., 2019). It could be that the precipitate contains 

molecules other than cations alone. To understand fully the chemical composition of the 

precipitate, techniques such as inductively coupled plasma – mass spectroscopy (ICP-MS) 

or atomic absorption spectroscopy (AAS) could be utilized. Ultraviolet (UV) spectroscopy 

could also identify the presence of peptides in the precipitate.  

4.3 Proximity of the InsP6 precipitate to cells is not necessary for the vesicle phenotype 

We next determined that proximity of the visible precipitate to cells was not 

necessary for the induction of vesicles. Rather our data suggest that InsP6 induces vesicles 

through a diffusion-based mechanism, where the unique emergent properties of the visible 

InsP6-calcium precipitate are not necessary for the vesicle phenotype. This is a novel 

discovery of our research given that we are also the first to report vesicle formation in 

response to InsP6.  

Significantly, the mere presence of InsP6 precipitate creates a confounding variable 

when investigating vesicle formation. Previous studies report that precipitates in cell 

culture models can cause biological effects on cells, these effects being dependent on the 
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emergent properties of the precipitate itself. For example, calcium phosphate precipitate 

(CCP), widely used to transfect DNA (Kwon & Firestein, 2013), has been shown to induce 

autophagy as a byproduct of its structural characteristics (Chen et al., 2014; Gao et al., 

2008). A hallmark of autophagy is the induction of autophagic vesicles. The CCP interacts 

with cell surfaces in a way that induces autophagy. Noting the similarity of CCP, both in 

composition and appearance by light microscopy, to the InsP6 precipitate, we carefully 

considered the possibility that the vesicle phenotype was dependent on the proximity of 

the visible InsP6 precipitate to the cells in our model system. To test this, we designed an 

experiment where the precipitate was localized to a specific regions of cell culture flasks. 

This allowed us to compare cells in proximity to the precipitate with cells that were only 

exposed to the precipitate through the diffusion of soluble components. We found that 

vesicle formation is not dependent on the presence of InsP6-calcium precipitate being 

adjacent to cells, as vesicles were observed in cells isolated from InsP6-calcium precipitate 

(Figure 3.4). Additionally, this provokes the hypothesis that the InsP6 precipitate may 

modify the media in a way that induces vesicle formation in cells. Specifically, the 

precipitate may deplete the media of a necessary component, whereby the depletion of this 

component induces the vesicle phenotype.  

Here, a distinction between “visible” precipitate and soluble complexes must be 

made. The resolution limit of conventional light microscopy is ~ 200 nm, making all 

complexes or precipitates < 200 nm undetectable in our images. IP-metal complexes 

smaller than 200 nm may have been present in the non-PPT corner but were not detected. 

Thus, the conclusion above should really be stated as follows: proximity of InsP6 

precipitate larger than 200 nm is not necessary for the vesicle phenotype. Throughout the 
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rest of this thesis, the term “precipitate” will be restricted to the use of the precipitate we 

observed by light microscopy which we assume to be > 200 nm. IP-metal complexes and 

precipitates smaller than 200 nm, will be termed soluble complexes. This distinction is 

important given that Viega and colleagues have identified the existence of these soluble IP-

metal complexes. Their reports suggest that in conditions such as those in our experiments, 

some fraction of InsP6 exists as soluble IP-metal complexes. The effect of these “non-

visible”, soluble complexes cannot be ruled out as a potential contributing factor to vesicle 

formation.  

4.4 Removal of the InsP6 precipitate from the media prior to treatment maintains the 

vesicle phenotype 

 Having established that the vesicle phenotype is not dependent on the proximity of 

precipitate with cells but rather a soluble mechanism, we sought to test the hypothesis that 

the precipitate may be depleting the media of a component essential to the cells. We tested 

it by removing the precipitate prior to treating the cells, thereby removing any element 

present in the media. We found that cells exposed to media that had been pre-treated with 

InsP6, left to precipitate, and had the precipitate removed, showed a similar vesicle 

phenotype to cells where the InsP6 precipitate was not removed from media exposed to 

cells. Like the previous experiment in which cells were isolated from precipitate, this 

observation further rules out the possibility that interactions between the precipitate and 

cells may be the cause of vesicle formation.  

It is possible that the soluble fraction of InsP6 left in the media is responsible for 

the vesicle phenotype. As stated above, we do not quantitatively understand the fraction of 

soluble InsP6 remaining in the supernatant following centrifugation. It is also possible that 
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the technical process of removing precipitate by centrifugation and pipetting of the 

supernatant back on to cells did not remove all precipitate. While no significant precipitate 

was observed by light microscopy after the precipitate removal, it may be, as already 

discussed in the case of the non-PPT corner, that some quantity of InsP6 is left as soluble 

IP-metal complexes or “non-visible” precipitate in the media, and that this quantity is 

sufficient to induce vesicles alone. This seems unlikely, however, given that we suspect the 

soluble concentration of InsP6 left after precipitation to be less than 1 µM (Torres et al., 

2005; Veiga et al., 2006), and that this concentration is not capable of inducing vesicle 

formation in cells (Figure 3.1).   

 To summarize, the observation that the removal of the InsP6 precipitate prior to 

treatment maintains the vesicle phenotype leaves us with two possible mechanisms for 

vesicle formation. First, an essential component of the extracellular media could be trapped 

in the precipitate and is thereby depleted from the media. This depletion would then be the 

cause of vesicle formation. Or second, vesicle formation is associated with the soluble 

fraction of InsP6 left after precipitate removal. In either case, it suffices to say that adding 

InsP6 to media modifies the media in such a way as to induce vesicle formation. 

4.5 Neither calcium nor iron depletion induce vesicles 

4.5.1 Calcium depletion by EGTA does not induce vesicles 

Depletion of calcium by EGTA did not induce the vesicle phenotype. Given that 

calcium is a central component of the precipitate, and having established that depletion of 

some component in the media by the precipitate is a principal hypothesis explaining vesicle 

formation, we initially thought it plausible that the induction of vesicles is driven by 

calcium depletion. This prediction is supported in the literature by reports that the 
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application of micromolar InsP6 in vitro deplete cells of extracellular calcium  (Letcher et 

al., 2008; Shears, 2001). To test whether calcium depletion was the mechanism behind 

vesicle formation in our experiments we used the specific calcium chelator, EGTA, at 

concentrations known to deplete the extracellular media of calcium (Milosevic et al., 2006). 

Cells treated with 1 and 1.5 mM EGTA induced morphologies consistent with disassembled 

cell-cell contacts resulting from inhibited cadherin function, as previously reported at these 

EGTA concentrations (Rothen-Rutishauser et al., 2002; Takadera et al., 2010). Since cells 

did not form vesicles in calcium depleted media, but rather formed a different morphology, 

the prediction that the vesicles observed InsP6 treated cells are the result of calcium 

depletion by the precipitate is not supported.  

This conclusion does not mean that the soluble calcium concentration in the 

extracellular media is unaffected by InsP6. While the molar ratio of InsP6 to calcium in our 

precipitate is unknown, given the complex system and uncharacterized nature of the 

conditions in which it forms, previously characterized InsP6 precipitates allow us to 

speculate. All reported divalent metal solids of InsP6 range between 4:1 and 6:1 metal to 

IP molar ratios, the most common being 5:1 (Bebot-Brigaud et al., 1999; Evans & Martin, 

1992; Vasca et al., 2002; Veiga et al., 2006). Consequently, our observed precipitate likely 

does not exceed a 6:1 calcium to InsP6 molar ratio and the precipitate formed at 100 µM 

InsP6 in our experiments could remove no more than 600 µM calcium, approximately 50 

% of the extracellular calcium pool (Table 3.1). Therefore, while calcium depletion may 

not be the mechanism of vesicle formation, the InsP6 precipitate could still reduce the 

soluble calcium pool by 50 % which is likely not sufficient to induce disassembly of cell-

cell contacts.  
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4.2.2 Iron depletion by DFO does not induce vesicles  

Other cations present at trace concentrations in the media, and correspondingly 

small concentrations in the InsP6-precipitate, could also be depleted by precipitate removal. 

As discussed above, zinc, magnesium, and iron all have affinity for InsP6 (Torres et al., 

2005). It is possible that one or several of these cations, though present at concentrations 

too low to induce precipitation with InsP6 alone (Table 3.2), are incorporated into the InsP6-

calcium precipitate. Given that InsP6 has high affinity for iron (Marolt et al., 2020; Odani 

et al., 2011), especially ferric iron (Nielsen et al., 2013), and reduces iron absorption in 

vivo and in vitro (Glahn et al., 2002; Hurrell & Egli, 2010; Ma et al., 2011) we asked if 

iron depletion was the cause of vesicles formation by  Deferoxamine (DFO), a known iron 

chelator. Interestingly, DFO has been reported to induce ER localized vacuoles in 

cardiomyocytes in vitro (Hoes et al., 2018). However, incubation of DFO at similar 

concentrations to Hoes et al. with U2-OS cells did not produce the vesicle phenotype. The 

possibility that iron depletion is the cause of InsP6 vesicle formation is complicated further 

by the fact that FBS (containing holo-transferrin) is the main source of iron in cell culture 

media (Young & Garner, 1990). Thus, the concentration of total iron (ferrous and ferric) in 

any FBS batch may vary, and any chelation effects of InsP6 on iron in the extracellular 

environment would interplay with transferrin-iron binding. Overall, these results do not 

support the hypothesis that iron depletion by the InsP6 precipitate is the cause of vesicle 

formation. 

4.6 Characterization of vesicles 

Up until this point, our investigation into the cause of vesicle formation has 

centered on  the precipitate as a potential extracellular factor. A second approach is to study 
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the vesicles directly through fluorescent staining. We found that cells exposed to either 

InsP6 or CsA show similar vesicles located within the ER, as determined by selective 

staining of the ER membrane network. Vesicles in the ER can be a sign of various 

biological effects already known in the literature. In general, vesicles, sometimes referred 

to as vacuoles in the literature, are formed as cells attempt to manage stress. Two cellular 

responses known to produce vesicle in the ER are ER stress, also known as the Unfolded 

Protein Response (UPR) and autophagy (Chino & Mizushima, 2023; Reggiori & Molinari, 

2022a). Interestingly, the ER localized vesicles induced by CsA are positive for autophagy 

markers (Ciechomska et al., 2013). This raises the question, therefore, whether the IP 

induced vesicles are autophagic as they appear morphologically similar to those induced 

by CsA. While our fluorescent marker is specific to the ER, it does not offer further 

information on specific responses such as autophagy or UPR. Further characterization is 

necessary to determine if either of these cellular responses are indeed involved in the 

observed vesicle phenotype. Regardless, the fact that we were able to localize the vesicles 

to the ER is a significant step forward in understanding the vesicle phenotype.  

4.7 Formation of precipitate and vesicles is not specific to InsP6 

 A central complexity in IP research is the phenomenon of redundant effects between 

certain IPs. Examples in the literature exist where InsP5 and InsP6 have redundant effects 

or InsP3 and InsP4 induce similar signal cascades (Irvine & Schell, 2001; Shears, 2001). 

Therefore, we asked if the vesicle and precipitation we observed after InsP6 treatment 

extends to other IPs and structurally related compounds. 
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4.7.1 InsS6 neither forms precipitate in media nor induces vesicles in cells  

 We asked if InsS6, a structural analog of InsP6, could also induce the vesicle 

phenotype. InsS6 is a synthetic compound where the phosphates of InsP6 are replaced with 

sulphates. It that has been reported to interact with proteins similarly to InsP6 and promote 

similar effects (Larsson et al., 1997; Ullah & Sethumadhavan, 1998). For this reason, 

Shears recommends that any observed InsP6 effect in vitro, be controlled with InsS6 to 

clarify the specificity of InsP6 (Shears, 2001). In our results, however, InsS6 was unable to 

form precipitate in media or induce vesicles formation in cells at all concentrations tested. 

Therefore, we conclude that structural components of InsP6, likely the phosphate groups, 

are necessary for the observed vesicle phenotype, and that isosteric substitution of those 

phosphates with sulphates removes the phenotype.  

4.7.2 Ins(1,2,4,5,6)P5 and Ins(2,3,4,5,6)P5 form precipitate in media and induce the 

vesicle phenotype whereas Ins(1,2,3,4)P4 does neither 

A central significance of our results is that both Ins(1,2,4,5,6)P5 and 

Ins(2,3,4,5,6)P5 produce the same precipitate and vesicle phenotype as InsP6 in our cell-

based assays. As in the case of InsP6, precipitate formation in media by InsP5 was not 

unexpected. While specific solubility limits for the InsP5 isomers we tested have not been 

reported in media, it is safe to assume from the literature that at 100 µM of either InsP5 

isomer, some concentration will form precipitate. For example, barring stereospecific 

exceptions, InsP5 and InsP6 have been shown to precipitate similarly in calcium and 

magnesium solutions (Veiga et al., 2006; Veiga et al., 2009). Although these reports suggest 

that InsP5 isomers are, in general, slightly more soluble than InsP6. 



58 

 

Interestingly, the presence of precipitate appeared to correlate with vesicle 

formation. Cells treated with 100 µM of both InsP5 isomers, a concentration where clear 

precipitate was observed throughout the well, induced vesicles in over 90 % of cells 

observed (Figure 3.8). Whereas cells treated with lower concentrations of both InsP5 

isomers showed neither vesicles nor precipitate in media. A similar correlation was 

previously observed in the InsP6 experiments. Having already determined, in the case of 

InsP6, that vesicle formation is not dependent on the presence of precipitate, we asked if 

the same was true for InsP5. We found that removal of the Ins(2,3,4,5,6)P5 precipitate prior 

to treatment with cells caused vesicle formation, just as in the case of InsP6.  

 Additionally, Ins(1,2,3,4)P4 failed to form precipitate or induce vesicles at all 

concentrations tested (Figure 3.8). Given that we suspect the precipitation of IPs in media 

to be driven by the interaction of cations with the negative phosphoryl groups of IPs, it is 

not surprising that a lower phosphorylated IP was unable to precipitate in media. Although 

stereospecificity of the phosphoryl locations is a factor, in general, literature assumes that 

the less phosphoryl groups attached to an IP, the less strongly it interacts and precipitates 

with cations  (Lonnerdal et al., 1989; Luttrell, 1993). It is also worth noting that the 

correlation of vesicle formation and precipitation continues in this experiment. However, 

taken alongside the InsP6 and InsP5 experiments, it agrees with the trend that vesicle 

formation appears to be correlated with precipitation.  

 Importantly, instances where IPs have overlapping biological effects have already 

been identified in the literature. For example, upon microinjection with InsP5 and InsP6, 

Xenopus oocytes showed desensitization of heterologously expressed substance P 

receptors (Sasakawa et al., 1994; Shears, 2001; Vallejo et al., 1987). Interestingly, the InsP3 
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and InsP4 isomers were also microinjected, but showed no effect. Additionally, InsP5 and 

InsP6 have both been reported to influence cardiovascular function upon infusion into rat 

brain stems (Sasakawa et al., 1994; Shears, 2001; Vallejo et al., 1987). This observation 

was later explained by the fact that InsP5 and InsP6 both chelate calcium (Shears, 2001).  

The effect on the local calcium pool is now considered to be the cause of altered 

cardiovascular function. In these examples, the structural similarity of InsP5 to InsP6 have 

been shown to account for the similarity in function. Therefore, it is reasonable to predict 

that the structural similarity of Ins(1,2,4,5,6)P5 and Ins(2,3,4,5,6)P5 with InsP6 explain the 

similarity in their induced vesicle phenotype. Likewise, it is reasonable to predict that the 

lack of a vesicle phenotype in cells treated with Ins(1,2,3,4)P4 is due to its greater 

dissimilarity in structure from InsP6. These results lead to the conclusion that structural 

components of IPs (degree of phosphorylation) correlate with precipitation in media and 

the formation of vesicles in cells. 

4.8 Conclusion 

In this thesis we have identified a new phenotype not previously reported in the 

literature. We found that InsP6 induces vesicles in the ER of two human cancer cells lines, 

U2-OS and HT-29. Significantly, we also found that Ins(1,2,4,5,6)P5 and Ins(2,3,4,5,6)P5 

induce the same phenotype, whereas Ins(1,2,3,4)P4 was unable to induce the vesicle 

phenotype. Therefore, we have met the first objective of this thesis, which was to search 

for and identify phenotypic changes in human cancer cells upon treatment with both 

common and unique myo-inositol phosphates. 

 Importantly, we noted the presence of precipitate in culture media following 

treatment with InsP6 and both InsP5 isomers, which we were able to dissociate from the 
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formation of vesicles in cells. We determined that the precipitate contained calcium and 

InsP6 thereby meeting our second objective to analyze the precipitate’s composition. This 

observation led to a second mechanistic hypothesis that vesicles were induced through 

extracellular cation depletion by the precipitate. We could not provide evidence to support 

this hypothesis, however, given that neither EGTA nor DFO induced vesicles. In summary, 

we determined that both InsP5 and InsP6 precipitates correlate with vesicle formation, but 

that they are not necessary for the vesicle phenotype, and do not induce vesicles through 

calcium or iron depletion. The determination that the precipitate is not necessary for the 

vesicle phenotype answered our third objective, which was to characterize the role of the 

precipitate in the formation of vesicles.  

 We also predict that the specificity of the vesicle phenotype is limited to higher-

phosphorylated IPs. We predict this for two reasons. First, one InsP4 isomer was unable to 

precipitate or induce the vesicle phenotype, and second, the structural analog of InsP6, 

InsS6, also was unable to precipitate or induce vesicle formation. This suggests that the 

structural characteristics of phosphate groups are necessary for the vesicle phenotype. 

Overall, these two results partially define the structural characteristics necessary to induce 

the vesicle phenotype in cells.  

 To our knowledge, we are the first to report IP-mediated vesicle formation within 

the ER in any human cell line. Therefore, the novel discovery that InsP6 induces vesicle 

formation in the ER of human cancer cells offers new insights relevant to mechanistic 

discussion behind exogenous InsP6 effects, especially those already present in the literature. 

4.9 Future Directions 

4.9.1 Potential intracellular effects of myo-inositol phosphates  
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 In our discussion we left open the possibility that some soluble fraction of both 

InsP5 and InsP6 present in our experiments could account for the formation of vesicles. As 

part of the interpretation of our results, we came across several studies relevant to this 

possible mechanism. While IPs are generally considered unable to enter cells by diffusion 

across the plasma membrane due to their high charge density, several reports have indicated 

that exogenous InsP6 and some InsP5s do enter tissue culture cells in vitro (Ferry et al., 

2002; Helmis et al., 2013; Riley et al., 2014; Windhorst et al., 2013). Most recently, 

Windhorst and colleagues have shown results indicating InsP6 is taken up by cells via IP-

metal complexes. They conclude that the positive charge density of the bound cation 

interacts with the negatively charged glycocalyx of cell’s extracellular matrix ECM, 

localizing the IP to the membrane where it can be taken up by endocytosis. It is possible 

that InsP5 and InsP6 internalized via this mechanism are responsible for the vesicle 

phenotype. This hypothesis could form the basis of future research.  

4.9.2 Analysis of the precipitate 

The alternative hypothesis we suggested is that the precipitate may deplete the 

media of an essential component, whereby depletion of this component induces vesicles in 

cells. Although we challenged the idea that this component was calcium or iron, it may be 

that the component is yet to be identified. Here, a full analysis of the precipitate would 

prove valuable. ICP-MS could provide a full chemical analysis of all cations present in the 

precipitate. Possible metal candidates are zinc, copper, and magnesium, given the media 

conditions (Table 3.1). While less likely, possible non-metal components include proteins 

and organic molecules, which could also be identified by mass spectroscopy. A full 
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understanding of the chemical composition of the precipitate could offer insights into this 

discussion. 
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APPENDIX A 

Development of a myo-inositol phosphate liposomal delivery system 

Introduction 

This appendix describes a portion of work completed during my project not 

included in the formal section of my thesis. It is included here to provide a record of the 

work that was completed, and to aid students in the development of similar protocols in the 

future. This appendix will briefly introduce liposomes, their common methods of 

production, and our reasons for attempting to develop a liposomal delivery system for IPs. 

It will then chronologically outline the advancements we made in developing a protocol 

for liposome production.  

 Liposomes are artificial, spherical lipid vesicles consisting of one or more lipid 

bilayers. Their spherical shape results in a liquid comportment capable of packing diverse 

materials. Use of liposomes as vehicles to transport polar molecules, normally unable to 

cross the plasma membrane, into cells has become commonplace in the literature. 

Liposomes are categorized according to the size of their diameter. For example, giant 

unilamellar vesicles (GUVs) are >1 µm, large unilamellar vesicles (LUVs) are between 

1000 – 200 nm, and small unilamellar vesicles (SUVs) are between 200 – 20 nm. 

Lamellarity refers to the number of lipid bilayers present in a single liposome. In general, 

SUVs are the most utilized size of liposome for delivery of polar molecules into cells.  

 Liposomes are easily produced without the use of sophisticated equipment. Certain 

methods of production such as ethanol injection require the use of sophisticated equipment 

and are utilized by labs specializing in liposome development. However, the most common 

technique for producing liposomes in the literature is the Thin Film Hydration (TFH) 
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method, followed by homogenization steps. This method has become popular on account 

of its simplicity and its customizability to specific projects. We utilized the TFH method in 

our protocol development. The key steps in the TFH method are the selection of lipids, 

formation of a thin lipid film, rehydration and loading, size homogenization of the liposome 

population, and subsequent removal of nonencapsulated material. 

 The reason we chose to pursue the development of liposomes capable of delivering 

IPs to cells was to better investigate their potential effects on human cancer cells. While 

certain reports indicate InsP6 and several InsP5 isomers may be able to enter cells via 

endocytosis, IPs are generally considered unable to enter cells on account of their high 

negative charge. This was a major barrier preventing us from testing the potential 

intracellular effect our unique, enzymatically derived IPs may have on human cancer cells. 

Therefore, we embarked on this project with the goal to develop liposomes capable of 

transporting various novel IPs into human cancer cells.  

Generation of SUVs 

 We based our initial protocol off Gu and colleagues who had already developed a 

protocol for loading myo-inositol pyrophosphates into liposomes and subsequently 

delivering them to human cells in vitro (Gu et al., 2017). Briefly, L-α-phosphatidycholine 

(PC) (Sigma; P5394) and cholesterol (ThermoFisher; C-314) were dissolved in chloroform 

in a 5:1 wt:wt ratio, respectively, in 100 mL round bottom flask (RBFs). The ratio of total 

lipid mass to chloroform was below 10 mg/mL for all experiments and total chloroform 

volume never exceeded 8 mL for an individual batch. The chloroform was removed by 

rotary evaporation under vacuum resulting in a “thin film” of lipids on the surface of the 

RBF. This lipid film was rehydrated with dH2O (or specific rehydration buffers) resulting 
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in the formation of liposomes. At this point, the distribution of liposomes we produced was 

heterogenous in diameter, with a large fraction being giant liposomes. The next step in 

liposome production is to reduce the size of the giant liposomes produced to form a 

homogenous population.  

In their protocol, Gu and colleagues extruded their liposomes through 0.2 µm filters 

resulting in a homogenous distribution of liposomes with a diameter of < 200 nm. This last 

extrusion step is crucial for obtaining ideal SUVs. Lacking an extruder, we initially omitted 

this step. Representative images of the liposomes we produced by omitting extrusion are 

shown in Figure A.1. 

 

Figure A.1 Giant liposomes on U2-OS cells. Scale bar = 100 µm.  

 

 To obtain SUVs we attempted using sonication as an alternative to extrusion. 

Sonication is an older alternative to extrusion that can disrupt liposome membranes, forcing 

liposomes to reform as smaller vesicles. We ran trials with both probe and bath sonicators 

and observed that we could indeed reduce the size of giant liposomes. However, up until 

this point we had used light microscopy to verify the formation of liposomes. The limit of 

resolution for light microscopy is 200 nm. Thus, by sonicating our liposomes we lost the 
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ability to verify their size. The size distribution of a population of liposomes can be 

assessed by techniques such as dynamic light scattering (DLS) and transmission electron 

microscopy (TEM). Rather than pursuing these techniques, we decided to purchase an 

extruder. We recognized in the literature, that it is commonplace to assume a homogenous 

distribution of SUVs following extrusion. Thus, extrusion provided us with a homogenous 

population of SUVs, not needing confirmation of its size. 

Verification of liposome uptake by cells 

 A crucial step in developing a liposomal delivery system is verifying that the 

contents of liposomes are internalized by the target cells. Fluorescent dyes, specifically 

carboxyfluorescein (FAM), are commonly used to verify liposomal uptake. Packaging a 

fluorophore such as FAM into liposomes and tracking its uptake by cells confirms 

liposomal uptake. We prepared FAM loaded liposomes as described above (lacking 

extrusion), rehydrating the thin film in a PBS buffered 100 mM FAM solution, pH 7. To 

remove nonencapsulated FAM, the liposome solution was centrifuged at 13000 rcf for 2 

minutes and resuspended in PBS. This process was repeated 6 times and images were taken 

of FAM loaded liposomes (Figure A.2). Green fluorescence in the spherical shapes 

indicates FAM loading of liposomes.  
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Figure A.2 Carboxyfluorescein loaded liposomes. Scale bar = 10 µm. 

 Having established that we were able to produce FAM loaded liposomes, we next 

attempted to verify liposomal uptake by tracking FAM fluorescence in cells. The final 

optimized protocol we used is described here.  

Final optimized protocol 

Liposomes were produced by dissolving 15 mg of PC and 3 mg of cholesterol in 2 

mL of chloroform in a clean, dry 100 mL RBF. The chloroform was removed by rotary 

evaporation under vacuum in a hot water bath. The thin film was rehydrated for 25 min 

with 2 mL of 100 mM FAM, 10 mM HEPES, 100 mM NH4HCO3, in dH2O. The RBF was 

spun in the hot water bath during the 25 minutes to let the entire surface area of the thin 

film be rehydrated. The rehydrated solution was extruded for 11 passes through a 0.1 µm 

filter using an Avanti Polar Lipids Mini-extruder in 900 mL aliquots. An aliquot of 750 µL 

extruded liposomes was centrifuged for 1 h at 21000 rcf in 4°C and resuspended in 750 µL 

of dH2O. The centrifugation and resuspension were repeated twice more. U2-OS cells were 

treated with 40 µL liposomes per 1 mL media in 12 well plates. Cells were imaged 3 hours 
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post treatment with liposomes (Figure A.4). The internalization of fluorescence in these 

cells suggests FAM is being taken up via liposomes. 

 

Figure A.3 U2-OS cells treated 40 µL of 100 mM FAM liposomes. Cells were imaged 3 

hours post treatment by fluorescent microscopy. Scale bar = 100 µm.  
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APPENDIX B 

Supplementary material 

Supplemental Figure B.1  

MDD-HPIC Chromatogram of enzymatically derived Ins(1,2,3,4)P4 
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Supplemental Figure B.2  

MDD-HPIC Chromatogram of enzymatically derived Ins(2,3,4,5,6)P5 
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Supplemental Figure B.3  

MDD-HPIC Chromatogram of enzymatically derived Ins(1,2,4,5,6)P5 

 

 


