
ABSTRACT 

MZYK, PHILIP CHRISTOPHER.  Effects of Hypoxia and Iron Chelation on the Metabolism of 

the Amyloid Precursor Protein in Retinal Pigmented Epithelial Cells.  (Under the direction of Dr. 

Mary McGahan). 

 

Two common pathogenic stimuli, altered oxygen concentration and iron availability, 

change the intricate interrelationship between iron and the metabolism of the amyloid precursor 

protein (APP) in the retinal pigmented epithelium (RPE) of the eye, causing disruptive effects on 

cellular metabolism.  In hypoxia, both APP and iron are depleted.  When iron is deficient APP is 

not properly processed for full functionality.  Crucially, APP is metabolized into active 

metabolites, one of which helps to regulate cellular iron levels.  Our recent findings have led us 

to focus on the interrelationship of hypoxia, iron, and APP within the RPE.  Here, we further 

characterized how APP is altered by changes in both iron and oxygen metabolism, as well as by 

changes in their levels in primary, cultured RPE cells.  Additionally, we identified a novel role 

for APP in photoreceptor phagocytosis. 

First, we studied how hypoxia altered the levels, localization, and secretion of APP from 

polarized and non-polarized RPE.  We found that intracellular levels of APP are decreased in 

hypoxic conditions.  In order to determine how hypoxia caused a decrease in APP levels in RPE 

cells, we studied if it affected the synthesis or degradation of APP.  We found that hypoxia 

decreased APP’s synthesis, but not its degradation. 

Hypoxia also caused a change in directional secretion of APP, with a dramatic decrease 

(92%) in apical secretion.  Three dimensional quantitative fluorescence imaging of APP in fixed, 

polarized RPE cells showed that APP localization is substantially affected by hypoxia.  APP 

almost completely disappeared from the apical surface which is in agreement with the directional 

secretion data.   



In order to determine the mechanism by which APP is directionally secreted we studied 

an intracellular protein transporter, retromer, responsible for membrane localization.  Like APP, 

retromer levels are greatly decreased in hypoxic conditions.  Knockdown of retromer with 

siRNA also decreased the secretion of APP from the RPE.  Therefore, it is likely that retromer 

participates in the movement of APP to its proper location in RPE cells.  These projects provided 

novel insight into the mechanisms by which hypoxia was altering APP synthesis, localization, 

and section from the RPE. 

APP undergoes extensive glycosylation in a highly orchestrated post-translational 

process.  Iron chelation was utilized to study the effects of altered iron metabolism on APP 

glycosylation.  Our studies revealed that a decrease in iron levels causes APP glycosylation to be 

significantly altered.  Specifically, the terminal glycan sialic acid is likely either not added or 

removed when the iron content of the cell is lowered.  This finding demonstrates that the 

maturation of APP may be iron dependent. 

Lastly, we investigated a functional role for APP in RPE cells.  Normally, the RPE 

phagocytose photoreceptor outer segments.  APP has characteristics of cell surface receptors and 

adhesion molecules.  Therefore, we hypothesized that APP may participate in the phagocytic 

process.  We designed a study in which siRNA was used to knockdown APP in RPE cells, and 

then fed those cells photoreceptor outer segments.  We found that APP knockdown decreased the 

ability of the RPE to phagocytosis photoreceptor outer segments.  These results demonstrate a 

novel role for APP in the metabolism of photoreceptors and demonstrate that APP may act as a 

cellular receptor or adhesion molecule.  Therefore, a hypoxia induced decreased in APP levels on 

the apical surface of the RPE could have serious effects on one of the RPE’s critical roles in the 

visual pathway.  
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CHAPTER 1 

A Review of the Literature Regarding Ocular Physiology, Iron and Oxygen Metabolism, 

and the Amyloid Precursor Protein 
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Overview 

Age-related macular degeneration (AMD) is the main cause of irreversible vision loss in 

the elderly, accounting for about half of the newly registered cases of blindness in the developed 

world.  Unfortunately, the pathologic mechanisms underlying AMD are incompletely 

understood.  However, in AMD there is dysregulation of the metabolism of both iron and the 

amyloid precursor protein (APP).  Iron is an essential trace element which is important in retinal 

physiology for proper enzyme function and it is vital for cellular respiration.  APP and its 

byproducts have been implicated in the progression of AMD.  In addition, within the eye, the 

retina has varied iron and oxygen levels, both of which can be altered in pathological conditions.  

Importantly, iron and APP metabolism are interrelated in a feedback loop; iron regulates APP 

synthesis and its glycosylation, and APP in turn regulates iron levels in cells. 

A deeper mechanistic understanding of the connection between iron and APP metabolism 

is the basis of this dissertation as it is essential to understand these critical aspects of ocular 

pathology.  The premise of this work is that two common pathogenic stimuli, altered oxygen 

concentration and iron availability, change the intricate interrelationship between iron and APP 

metabolism in the retinal pigmented epithelium (RPE), causing disruptive effects on cellular 

function.  In hypoxia, iron is depleted, while iron levels increase in response to iron overload in 

the RPE.  We have also found that APP is depleted in hypoxia and is not properly processed for 

full functionality when iron is deficient.  Results from this work will provide information critical 

to the development of new treatments for diseases in which iron and APP play key roles, with the 

ultimate disposition of APP and its reciprocal effects on iron metabolism to be the subject of 

future work. 
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Anatomy of the Eye: Focusing on the Retinal Pigmented Epithelium 

The eye is responsible for turning light into an electrical signal that can be interpreted by 

the brain.  The exterior of the eye is covered by the cornea, which acts as a protective membrane 

for the eye, as well as providing roughly 75% of the focusing power of the eye (Figure 1.1).  

Behind the cornea is the anterior segment of the eye, which is filled with aqueous humor, a fluid 

which helps to maintain the intraocular pressure of the eye.  Next comes the lens, which provides 

the remaining focusing power of the eye.  Following the lens is the posterior chamber, which is 

filled with vitreous humor, which also maintains intraocular pressure.  At the back of the 

posterior chamber is the retina (Figure 1.2).  The retina is responsible for converting the focused 

light of the eye into the electrical signals that are transmitted to the brain via the optic nerve.  The 

retina sits atop the retinal pigmented epithelium (RPE) which maintains a basement membrane 

called Bruch’s membrane.  This membrane separates the RPE and retina from the choroidal 

vasculature of the eye.  The work within this dissertation focuses specifically on the physiology 

of the RPE.  

The RPE is a highly specialized monolayer of heavily pigmented, tight junctional, 

polarized cells (Figure 1.3).  The RPE makes up the outer blood retinal barrier.  This barrier is 

formed by the tight junctions comprised primarily of the zonulae occludentes [1, 2].  These tight 

junctions regulate the flow of ions into and out of the eye and prevent diffusion of large toxic 

molecules from the choroidal capillaries to the photoreceptors of the neural retina above.  They 

also separate the apical and basolateral domains of the RPE, allowing for the appropriate 

polarized movement of substrates into and out of the retina.  The inner blood retinal barrier is 

formed by the zonula occludentes between endothelial cells of the retinal circulation in species 

like dogs and humans that have a retinal vasculature. 
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A myriad of sorting signals determine where proteins travel within the RPE.  Apical 

sorting signals are usually found within a protein’s glycans, segments of the protein bound 

within the membrane, or their C terminal domain [3].  Some common apical sorting signals seen 

within the RPE are glycosylphosphatidylinisotol (GPI) anchors, N- or O- glycans, or dynein 

binding sites [4].  Basolateral sorting signals are usually short, simple peptide motifs found in the 

C terminal domain [3].  Common basolateral sorting signals in the RPE are tyrosine or dileucine 

motifs [4]. 

One example of how the RPE regulates polarity is seen by how the RPE ensures that fluid 

is continually transported out of the subretinal space.  This movement of fluid away from the 

subretinal space towards the choroid allows the RPE to maintain a negative hydrostatic pressure 

within the subretinal space [4].  This pressure is necessary for the adhesion of the photoreceptor 

outer segments to the apical villi and surface of the RPE.  Without this tight adhesion, retinal 

detachment can occur, resulting in vision loss [5].   

The RPE also has one of its major ion transporters, the sodium potassium ATPase pump, 

located apically instead of the usual basal localization that this pump assumes in other epithelial 

cells [6].  This change in localization is thought to aid in phototransduction with the 

photoreceptors.  During phototransduction, the photoreceptors require a large amount of sodium 

to properly function, and the apically located sodium potassium pump is able to provide this 

necessary ion [7]. 

For another example of how the RPE controls and, in stressed states, can enhance 

polarization, specifically basolateral localization and secretion, consider how the RPE 

upregulates the production of the potent antioxidant glutathione when placed under oxidative 

stress by ensuring that the amino acid glutamate is secreted basolaterally.  Under normal 
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conditions, glutamate is preferentially secreted basolaterally.  RPE cells contain the Xc
- 

antiporter, which exchanges glutamate for cysteine.  Cystine is reduced in cells to cysteine, the 

rate limiting amino acid for glutathione synthesis.  Therefore, when the RPE secretes glutamate, 

it is accompanied by an exchange for cystine causing an increase in production of the essential 

intracellular antioxidant, glutathione [8].  Because the RPE routinely are exposed to high levels 

of free radicals as seen with POS phagocytosis, production of glutathione is very beneficial for 

the RPE.  Under oxidative stress, the RPE cause the polarization of glutamate secretion in the 

basolateral direction to be significantly increased.  Therefore increased secretion of glutamate 

from the basolateral surface would provide an advantage by increasing the production of 

glutathione when the RPE is being stressed.  The above example shows how the RPE is able to 

internally control its contents through the proper polarized localization and secretion of 

glutamate.  The RPE also ensures the proper polarized transport of numerous other components, 

such as moving glucose apically for energy metabolism to the photoreceptors and removing 

excess lactic acid basolaterally [9, 10].   

The basolateral membrane of the RPE connects with the highly specialized and 

multilayered Bruch’s membrane.  Bruch’s membrane is synthesized and maintained by the RPE 

and the underlying choroidal vasculature [11].  Bruch’s membrane is a crucial component of the 

retina, as a permeable Bruch’s membrane allows for nutrients, metabolites and oxygen exchange 

between the capillaries and the retina [12]. 

Age-Related Macular Degeneration 

 Age-related macular degeneration (AMD) is a progressive neurodegeneration of the 

retina, specifically within the macula [13].  The macula is the area of the retina responsible for 

visual acuity and color vision, so degeneration of this area leads to severe vision loss.  Besides 
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age and genetics, multiple risk factors exist that have been linked to AMD susceptibility, 

including obesity, hypertension, atherosclerosis and smoking [14].  These factors have been 

shown to contribute to the key process that results in vision loss in AMD, namely the gradual 

impairment of the RPE [15].   

Two forms of AMD occur.  The more prevalent form is the dry form of AMD, where 

sub-RPE deposits called drusen form under the RPE, and ultimately disrupt the RPE monolayer, 

leading to RPE and photoreceptor apoptosis [13].  Drusen formation increases the distance 

between the choroid and the retina.  This causes a reduced flow of oxygen from the choroid to 

the retina, resulting in a hypoxic environment for the RPE and photoreceptors [16].  Drusen is 

partially composed of  APP byproducts [14].  As such, APP dysregulation may contribute to 

AMD progression.  Additionally, iron has been found in higher levels in both the RPE and 

photoreceptors of those with AMD [17].   

The second form of AMD is called the wet form, because it involves the 

neovascularization of vessels that break through the RPE, again ultimately leading to vision loss.  

Hypoxia is also believed to play a role in the progression of the wet form of AMD.  Choroidal 

ischemia, resulting in decreased blood flow to the retina, is a prognostic indicator for wet AMD 

[16].   Hypoxia inducible factor, which is upregulated in hypoxic conditions, is present in higher 

amounts in wet AMD, as is vascular endothelial growth factor, which is also stimulated by 

hypoxic conditions [18].  Lastly, empirical data shows that when compared to non-AMD 

patients, the ability of the retina to extract oxygen from retinal vessels is lowered in patients with 

the wet form of AMD [16]. 
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The Visual Cycle: The Relationship between Photoreceptors and the RPE 

Photoreceptors (shown in figures 1.2 and 1.3) are specialized neurons at the back of the 

retina where photons of light are detected in the initial steps of the visual cycle [19].  The light 

sensitive photoreceptors of the retina interdigitate with the apical microvilli of the RPE.  The 

RPE participates in the visual cycle and is responsible not only for the nutrition of 

photoreceptors but also for the proper phagocytosis and turnover of photoreceptor outer 

segments (POS) [20].  The interaction between the RPE and photoreceptors is critical for visual 

function.   

The purpose of the retina is to convert photochemical transductions into nerve impulses 

that can be created and transmitted along the visual pathway to the brain for higher cortical 

processing (Figure 1.4).  This pathway relies on the retina and its multiple layers for its 

functionality.  For phototransduction to begin, light must first reach the retina.  To do so, light is 

focused through the cornea after which it is further focused through the lens.  This focused wave 

of light, which is comprised of photons, passes through the clear vitreous humor and is next 

absorbed by the photoreceptors of the retina.  Within the photoreceptors, light isomerizes the 11-

cis-retinal chromophore of rhodopsin to its all-trans-retinal isomer.  This photoisomerization is 

the initial and only light dependent reaction in the phototransduction cascade, with its end 

product being the conversion of light into an electrical signal that is processed into a visual signal 

[21].   

Once rhodopsin is isomerized to its all-trans state, it loses its light sensitivity, and must 

be converted back into 11-cis-retinal.  This reisomerization of rhodopsin from its trans state back 

to its cis state is a key component of the visual cycle.  This reisomerization can occur because 20 

to 40 photoreceptor cells project towards and interdigitate with each RPE cell [22].  This close 
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contact allows the all-trans form of rhodopsin to move into the RPE, where reisomerization 

occurs.  Without this reisomerization in the RPE, phototransduction would not be able to take 

place. 

After trans-retinol is taken up by the neighboring RPE, it is esterified by lecithin:retinol 

acyltransferase (LRAT).  This esterification allows all-trans retinol to serve as the substrate for 

the crucial RPE65 enzyme within the RPE.  The iron dependent RPE65 enzyme is then able to 

catalyze the conversion of all-trans-retinal into 11-cis-retinol, which is further oxidized within 

the RPE into 11-cis-retinal.  11-cis-retinal is then moved back into the photoreceptors, where it is 

able to couple to opsin and form rhodopsin, which can then participate in the phototransduction 

cascade again [23].  If the RPE65 enzyme does not function properly within the RPE, toxic 

levels of trans-retinol can build up within the RPE since it cannot be reduced to its cis form.  As 

such, the phototransduction cascade cannot occur, leading to retinal degenerations such as AMD 

and ultimate loss of vision [22, 23]. 

The intricate relationship between the RPE and photoreceptors explained above in the 

visual cycle is crucial for vision as well as the protection of the retina.  Though retinals are 

extremely well suited for signaling the arrival of a photon and inducing phototransduction, they 

are also very sensitive to oxidation and are thus extremely toxic [24].  Additionally, if the RPE is 

damaged and POS cannot be properly phagocytosed, then the RPE will have a buildup of large 

levels of POS that it cannot properly degrade.  This excess POS buildup will lead to rapid 

photoreceptor degeneration and vision loss since the RPE cannot properly function [25].  This 

interplay of RPE and photoreceptor cells creates a rich environment for oxidative damage as it 

has high lipid, oxygen and iron content.  Even during the regular phagocytosis of POS free 

radicals are released into the RPE.  However, the RPE is able to mitigate the harmful effects 
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from these free radicals, by employing its pigment granules to absorb excess light, especially 

blue light, as well as enzymatic and non-enzymatic anti-oxidants to remove excess free radicals 

and other deleterious byproducts [26].   

Blue light is a short wavelength light that induces retinal damage by generating reactive 

oxygen species.  These reactive oxygen species have been shown to damage the photoreceptor 

outers segments, as well as stall cellular proliferation, and harm the mitochondria within the RPE 

[26].  Blue light absorption by the RPE is critical because blue light causes the greatest damage 

to the retina when compared against all other types of light within the visible spectrum.  Since 

light must pass through the entire retina to reach the photoreceptors (see figure 1.2), the RPE 

pigment prevents the return of excess light into the photoreceptive layer of the retina and 

ultimately helps to quench harmful light derived reactive oxygen species.  Specifically, the 

pigment within the RPE is able to reduce the amount of blue light that interacts with the retina by 

40% due to the presence of carotenoids in the RPE pigment [26].  These carotenoids interact 

with free radicals and prevent lipid peroxidation by taking the energy generated from the free 

radicals and transferring it into the carotenoid where it cannot be utilized in harmful cellular 

reactions [26].  Additionally, carotenoids are known to act synergistically with other 

antioxidants, such as vitamin C, and their activity is enhanced in the low oxygen environments 

that the retina is in under normal physiological conditions [26].   

Iron Metabolism 

Iron is a trace metal essential for many specific enzymatic processes as well as being 

utilized in other metabolic functions; some of which are oxygen transport, DNA synthesis (as a 

cofactor for ribonucleotide reductase), and electron transport [27].  In eukaryotic organisms, over 

1000 different iron-dependent proteins have been identified [28].  Iron primarily exists in two 
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oxidation states, ferrous (Fe2+) and ferric (Fe3+) [29].  Single electron exchanges convert one 

form to the other.  Iron has many key functions that are only recently being discovered, such as 

the control of glutamate secretion (an excitotoxic neurotransmitter in the brain and the retina) 

and glutathione levels (a strong antioxidant) in cells [8, 30].  The retina and the RPE contain all 

of the iron regulatory proteins thus far discovered.  Importantly, as discussed earlier, a key 

enzyme in the visual cycle, RPE65, is an iron dependent enzyme [31].  When the iron binding 

sites on the RPE65 enzyme are mutated, RPE65 activity can be greatly reduced and, in some 

circumstances, even abolished, severely affecting normal visual function [22].   

Even though iron is essential for proper cellular functions, iron can also catalyze 

damaging free radical reactions by creating reactive oxygen species (ROS), and therefore its 

levels are highly regulated.  ROS play a fundamental role in the pathophysiology of dozens of 

diseases and the iron-catalyzed formation of ROS is a major player in these processes [32].  

Within the eye, ROS participate in tissue damage which contributes to many diseases including 

cataractogenesis, diseases of the cornea, retinal degeneration, diabetic retinopathy, glaucoma, 

photoreceptor damage, and age-related macular degeneration [17, 33-38].  The pathway to ROS 

formation can begin when the oxygen radical superoxide is produced from oxidized reactions in 

the mitochondria and other redox reactions in cells.  Superoxide is detoxified by superoxide 

dismutase which results in the formation of hydrogen peroxide.  In the presence of ferrous iron 

(Fe2+) hydrogen peroxide can form the highly reactive and damaging hydroxyl radical (·OH), a 

ROS.  It is crucial to understand how the RPE regulates its iron content, and how iron 

metabolism is dysregulated under pathological circumstances, unleashing its potent ability to 

cause oxidative damage and other deleterious effects. 
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In the blood, ferric iron (Fe3+) is primarily bound to the glycoprotein transferrin (Tf), 

which has two iron binding sites.  Under normal physiological conditions, these two iron binding 

sites are normally not both occupied by iron but have a high affinity for it [39].  This high iron 

affinity gives Tf a very potent antioxidant ability, as unbound Tf will readily bind any free iron.  

In mice with retinal degeneration (rd10 mice), Tf has been shown to prevent photoreceptor 

degeneration and Tf levels are increased in AMD retinas [40, 41].  Within the intraocular fluids 

(IOFs) of the eye, Tf is found in high concentrations, because it is made and secreted by many 

ocular tissues, including the RPE [42].  Once iron is bound to Tf, it is unable to catalyze free 

radical formation [42, 43].  However, during ocular inflammation, Tf becomes saturated with 

iron and non-transferrin bound iron accumulates in the IOFs making it available to catalyze free 

radical reactions or for uptake by the retina and other ocular tissues [44].  Uptake from non-Tf 

bound iron sources is not tightly regulated compared to Tf-bound iron, therefore increasing the 

potential for cellular iron overload [45]. 

Transferrin receptors (TfR) are found on the cell surface and in clathrin coated membrane 

pits where they have a high affinity for diferric Tf (Figure 1.5).  After a TfR binds Tf, it is 

internalized by endocytosis into an endosome.  RPE cells have TfRs on both the basolateral and 

apical surfaces and can take up iron from either side [46].  Once Tf is internalized, the resulting 

endosomes become acidified through the actions of a proton dependent ATPase, which actively 

moves H+ into the endosome to lower the pH.  Iron is released from Tf due to this acidic 

environment, converted from ferric to ferrous iron, and removed from the endosome by the 

proton-metal symporter divalent metal transporter (DMT1) to the cytoplasm for transport to sites 

of storage or utilization.  The TfR is then recycled back to the cell surface [29]. 
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Iron can also be taken up in the form of heme, a breakdown product of hemoglobin, 

which is present in tissues after hemorrhage.  Heme is then further metabolized intracellularly, 

with iron released for use by the cell or storage in the iron storage protein ferritin.  However, iron 

storage capacity can be overwhelmed and the excess iron can cause damage. 

Once inside the cytoplasm either through TfR endocytosis or heme internalization, iron 

can be utilized for the assembly of iron-sulfur clusters, maturation of various non-heme iron 

enzymes, stored in ferritin, or exported out of the cell [47].  The ubiquitous iron storage protein 

ferritin is a multimeric protein containing 24 subunits of two types, heavy (H) and light (L), 

which are present in tissue specific ratios.  Each ferritin molecule is capable of storing 4,500 

atoms of iron, making ferritin extremely effective at binding excess free iron within the cell.  

The only protein responsible for iron efflux from cells so far identified is ferroportin 

(FPN).  This essential protein needs the presence of a ferroxidase to convert the ferrous iron 

found intracellularly to the ferric form that is needed for binding to the extracellular Tf.  

Ceruloplasmin and hephaestin are ferroxidases that convert iron to its ferric form and with FPN 

remove iron from cells and allow it to bind Tf for transport away from the cell.  RPE cells 

primarily express FPN on the basolateral membrane. FPN levels are regulated by the hormone 

hepcidin.  Hepcidin is a negative regulator of FPN.  It removes FPN from the cellular membrane 

via endocytosis and targets it for degradation.  This negative regulation is triggered when 

intracellular iron levels are low.  By removing FPN from the membrane, hepcidin decreases 

secretion of iron from the cell, enabling maintenance of proper intracellular iron levels.  

Dysregulation of hepcidin, FPN, or FPN’s associated ferroxidases leads to retinal degeneration 

[48-50]. 
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Once iron is taken up into cells, or is released from storage in ferritin or from proteins of 

which it is an essential component, it transits through a pool called labile cell iron (LCI) [51].  

Very little is known about this process, since there are currently no acceptable tools available for 

its study.  Iron chaperones, fluorescent iron probes and chelators have been utilized, but there has 

been little progress made to directly measure how LCI or the actual movement of iron around the 

cell between compartments is regulated.  Additionally, there are intracellular source-dependent 

pools of iron, further complicating the understanding of intracellular iron metabolism [52].  

Importantly, iron acutely controls the synthesis of its own regulatory and storage proteins at the 

translational level through the iron controlled binding of an iron regulatory protein (IRP) to an 

iron responsive element (IRE) in the untranslated region of ferritin or the transferrin receptor 

(Figure 1.6) [53].  In addition to the regulation of ferritin synthesis at the translational level, the 

ratio of the H:L chains of ferritin is regulated by differences in half-life and secretion for each 

chain [54, 55].  Due to this control of iron regulatory and storage proteins, the measurements of 

these proteins are used as surrogates to estimate whether the LCI increases or decreases in size.  

As an example, excess iron in cells is associated with an increase in ferritin concentration.  This 

is a result of the cell synthesizing more ferritin to bind the excess iron and prevent ROS damage. 

Cells can inappropriately sequester iron in intracellular compartments or in the iron 

storage protein ferritin.  This can appear to be iron overload when total iron is measured or tissue 

sections stained with Perl’s stain [37].  Because the cells sense that LCI is lowered in these iron 

overload situations, responses that are similar to iron depletion are upregulated.  For example, 

cells can respond by increasing iron uptake and decreasing efflux.  Unfortunately, this can result 

in a vicious cycle of increased iron uptake and inappropriate storage in organelles; this excess 
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iron can catalyze oxidative damage.  However, it can also cause cellular responses that are 

similar to iron depletion, such as those caused by iron chelators. 

Use of chelators is an accepted means of treating systemic iron overload and is promising 

for treatment of localized iron overload (regional siderosis; as occurs in the heart, brain and 

retina) [37, 56-58].  The major concern in these cases is loss of iron from unaffected tissues and 

the resulting side effects.  The iron chelator Dp44mT is cell permeant and extremely effective at 

binding iron and removing it from cells.  Deferiprone (DFP) is used clinically for systemic 

siderosis and has been used successfully for treatment of experimental retinal iron overload in 

mice [59].  Specifically, a hepcidin knockout mouse model was used to test whether treatment 

with DFP could help mitigate the effects of sustained retinal iron overload.  In the hepcidin 

knockout model, DFP was able to protect against retinal and RPE degeneration [59].  The 

protective effects of DFP may be due to the fact that, unlike Dp44mT, DFP, in addition to its 

iron chelating ability, can donate chelated iron to Tf.  This recycled iron can then be redistributed 

to other cells or tissues, decreasing damage due to chelator induced iron deficiency.  

Additionally, DFP has been shown to have no retinal toxicity and it has a low affinity for iron.  

This low affinity for iron allows DFP to avoid binding iron that is tightly bound in 

physiologically necessary locations and lets DFP remove free or loosely bound iron that has the 

potential to cause oxidative damage [59]. 

Hypoxia and Oxidative Stress in the Eye 

Oxygen is crucial for energy production by oxidative phosphorylation, but it is also a 

necessary requirement for other cellular functions, such as intracellular signaling, gene 

expression and cell survival [60-62].  Because of this, even minuscule changes in the cellular 

oxygen environment throughout the body can have drastic effects on cell metabolism, function, 
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and viability [63].  The retina is one of the most metabolically active tissues of the body [7].  The 

retina uses oxygen more rapidly than other tissues due to the high-energy demanding task of 

providing and sustaining a highly sensitive and efficient system for the conversion of light 

energy into a neuronal signal that can be interpreted by the brain [64, 65].  In the retina, the 

highest levels of oxygen (at an average of 50 mmHg) are found at the choroid, at the back of the 

eye (Figure 1.7) [7].  Oxygen levels fall dramatically moving from the back of the eye at the 

choroid towards the vitreous, with a noticeable decrease in oxygen levels of an average of 5 

mmHg at the photoreceptors.  This rapid change in the oxygen level near the photoreceptors 

demonstrates the high metabolic activity of the photoreceptors, especially since the area of the 

highest oxygen levels at the choroid are so close to the photoreceptors [66].  Moving past the 

photoreceptors, oxygen levels rise slightly to 15 mmHg due to the retinal vasculature that is 

behind the photoreceptors, until falling again to almost 2mmHg.  This decrease in oxygen levels 

is due to the avascular nature of the middle of the retina.  Once at the edge of the retina beside 

the vitreous body, oxygen levels rise to 25 mmHg because of the proximity of the superficial 

retinal capillary bed that can deliver oxygen to this final layer of the retina [66].  Overall, the 

oxygen sources for the metabolism of the retina comes from the two main vascular supplies of 

the eyes, the choroidal circulation under the RPE and the main retinal artery [67].  The choroidal 

circulation nourishes the RPE and the photoreceptors, while the retinal circulation provides 

oxygen and nutrients to the inner retina.  If either of these sources of oxygen are disrupted, 

ocular damage due to oxidative stress can occur, resulting in numerous ocular diseases, such as 

proliferative diabetic retinopathy, glaucoma, and AMD [68]. 

Hypoxia is defined as an oxygen level below the level normally found in a specific cell, 

tissue, or organism, and it is a cause of oxidative stress to cells [28, 68].  Hypoxia occurs when 
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the normal vascular circulation is disrupted and it results in the transcriptional control of dozens 

of proteins, including most of the known iron-regulatory proteins (Figure 1.8) [69].  Oxidative 

stress due to hypoxia occurs in cells when they are exposed to ischemic conditions that are 

present in a variety of disease states, including ocular diseases [70].  Importantly, hypoxia can 

dramatically affect iron metabolism as iron regulates the hypoxic response and hypoxia alters 

levels of iron regulatory and storage proteins [28].  The activity of the transcription factor, 

hypoxia inducible factor-1 (HIF1) is regulated by both oxygen and iron.  HIF1 is a dimer 

consisting of the constitutively produced nuclear HIF1β and the highly regulated cytoplasmic 

HIF1α.  Under normoxic conditions and in the presence of iron, HIF1α is targeted for 

degradation by the proteasome [71, 72].  Under hypoxic or low iron conditions, HIF1α moves to 

the nucleus where it forms a dimer with HIF1β producing active HIF1.  HIF1 controls the 

transcription of dozens of genes, including most of the iron regulatory and storage proteins.  

Importantly, even under normoxic conditions iron chelators can prevent HIF1α degradation 

which underscores the dominant role played by iron in the regulation of HIF activity.  Overall, 

hypoxia causes oxidative damage to cells due to disruption of normal mitochondrial function, 

ultimately leading to increased mitochondrial ROS production [28]. 

As discussed above, the retina has varied oxygen levels throughout its multiple layers, 

and those levels of oxygenation can all be considered hypoxic when compared to ambient 

oxygen levels.  Therefore, when designing studies for this dissertation, we evaluated the oxygen 

levels at which the RPE specifically show signs of oxidative stress by monitoring the levels of 

HIF-1α.  HIF-1α is upregulated under hypoxic conditions in the RPE [42].  These studies 

allowed us to determine the experimental levels of oxygen necessary for the RPE to truly be 

considered to be under hypoxic conditions.  This work was done by exposing retinal pigmented 
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epithelial cells to hypoxic oxygen concentrations ranging from 0.5% to 21% oxygen.  ELISA 

assays were used to determine HIF-1α levels.  It was found that hypoxic conditions at 0.5% O2 

upregulated the levels of HIF-1α, and this upregulation was sustained over 24 hours, while 

normoxic conditions at 21% O2 did not cause an increase in HIF-1α levels (Figure 1.9).  These 

studies provided the rational for carrying out the hypoxic studies within this dissertation at 0.5% 

O2, and the normoxic studies at 21% O2. 

Hypoxia also downregulates hepcidin levels (see iron metabolism section), which in turn 

raises ferroportin levels in cells.  Additionally, hypoxia up-regulates transferrin receptor and 

transferrin levels, which can lead to increased intracellular iron levels in cells.  [28, 73-75].  

These changes in cellular iron metabolism due to hypoxia can also directly affect glutamate 

production and secretion, as explained in the RPE physiology section [8, 30].  Since glutamate is 

an essential neurotransmitter for both the brain and the retina, its levels are highly regulated.  

High levels of apical glutamate secretion from the RPE can cause excitotoxic damage to the 

retina, leading to visual defects [76].  This damage can occur during an ischemic event, such as a 

stroke or instances of retinal hypoxia, where large amounts of glutamate are secreted from cells.  

Importantly, this secretion of glutamate in hypoxic conditions is iron dependent.  When iron 

chelators are applied to cells in hypoxic conditions, glutamate secretion from these cells 

decreases.  Conversely, in iron-deficient anemic rats, significantly lower glutamate is secreted 

into the serum, and impaired behavioral function is observed [77].  These examples illustrate the 

importance of proper regulation of glutamate levels in maintaining normal physiological 

function. 

For a specific example of the effects of hypoxia on iron metabolism in the eye, consider 

iron efflux from RPE cells.  Under normoxic conditions, iron efflux from polarized RPE cells is 
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greater in the basolateral direction.  However, under hypoxic conditions efflux in the basolateral 

direction is markedly increased when compared to normoxic conditions [78].  This shows that 

while hypoxia can have deleterious effects on the cellular metabolism in the eye, the RPE are 

able to divert potentially damaging excess iron away from the retina and back to the choroidal 

circulation under conditions of hypoxia.  This can provide protection against iron-induced free 

radical damage.   

While polarized secretion is normal in the presence of an intact barrier system, it is 

important to understand that the blood ocular barrier is often disrupted in ocular disease, thereby 

adding another layer of dysfunction which may contribute to disease pathogenesis [78].  One 

example of the negative effects that can occur when the polarity of the blood ocular barrier is 

disrupted can be seen by examining the polarization of pigment epithelium derived factor 

(PEDF).  PEDF is highly expressed in the retina, where it serves as a neurotrophic factor and 

angiogenesis inhibitor [79, 80].  Multiple studies have shown that PEDF is secreted from the 

apical surface of the RPE, where it provides neurotrophic support to the photoreceptors and 

maintains a non-angiogenic retinal environment [81-83].  Disrupting the polarity of PEDF by 

causing it to be secreted basolaterally can promote vascularization of the retina, while 

simultaneously decreasing the ability of photoreceptors to functions properly [81].  Additionally, 

dysregulated expression of PEDF plays a role in the pathogenesis of late-stage AMD. 

Amyloid Precursor Protein 

Roughly ten years ago, the amyloid precursor protein (APP), was proposed to have 

ferroxidase activity.  Due to the likely involvement of APP in ocular pathologies, such as AMD, 

and because iron and APP reciprocally regulate one another, we pursued the connection between 

iron and APP.  APP is ubiquitously expressed and produces amyloid beta (Aβ), which is a key 
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component of the plaques present in Alzheimer’s disease.  Aβ is also found in drusen (an 

extracellular conglomerate of proteins, lipids, carbohydrates, iron, and other cellular components 

that lies beneath the RPE) and is associated with age-related macular degeneration (AMD) [84, 

85].  APP has three main isoforms.  APP695 is found only in the brain, whereas APP751 and 

APP770 are found throughout the body [86].  The various isoforms may be identified using 

antibodies to their specific domains; APP751 has a Kunitz-type protease inhibitor (KPI) domain 

and APP770 has both a KPI and an OX-2 homology (OX-2) domain [87].   

Regardless of the isoform, APP is cleaved in either one of two pathways: the 

amyloidogenic pathway, which produces Aβ, or the non-amyloidogenic pathway (Figure 1.10).  

The amyloidogenic pathway begins with β-secretase cleavage.  This cleavage occurs primarily 

within the trans-Golgi network, though some does occur at the cell membrane and within 

endosomes.  In either case, the soluble APPβ (sAPPβ) ectodomain is produced.  γ-secretase then 

cleaves off functional Aβ [88]. 

  The non-amyloidogenic pathway, which is found primarily at the cell membrane, is 

initiated when APP is first cleaved by α-secretase.  This cleaves off part of the Aβ domain of 

APP, preventing formation of functional Aβ, and produces the large ectodomain soluble APP 

alpha (sAPPα), which can be secreted.  In both pathways, the small C-terminal fragment, APP 

intracellular domain (AICD) is produced when γ–secretase cleavage occurs [87]. 

RPE cells constitutively express APP and the secretases responsible for its processing 

[89].  The amyloidogenic byproduct Aβ likely causes toxicity both within the RPE and when 

secreted, and contributes to AMD progression.  In RPE cells, Aβ has been shown to reduce 

mitochondrial redox potential as well as increase production of ROS [90].  Additionally, Aβ 

causes an increase in the neovascularization within the choroid by upregulating vascular 
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endothelial growth factor, ultimately contributing to late stage AMD [89].  The RPE’s proximity 

to drusen buildup within the underlying Bruch’s membrane implicates the RPE as the likely 

source for the increased Aβ deposits seen in AMD.  This is bolstered by the finding that Aβ 

immunoreactivity is seen within the cytoplasm of RPE cells [91].  The deposition of Aβ may 

cause local inflammation, leading to the buildup of drusen, RPE atrophy, and ultimately 

photoreceptor cell death.  As a therapeutic target for the buildup of Aβ, it has been shown that 

anti-Aβ antibodies do offer some protection against the retinal degeneration seen in a mouse 

model of AMD [92].  Non-amyloidogenic byproducts of APP are implicated in cell 

development, growth, survival and repair, as well in iron metabolism [93-95]. 

As mentioned above, APP was identified as a ferroxidase over ten years ago, with the 

ability to convert ferrous iron to its ferric form for cellular export.  APP was proposed to have 

ferroxidase activity similar to that of ceruloplasmin.  Specifically, APP was said to have an iron 

binding site within its E2 domain, and this site was proposed to have homology with the 

ferroxidase site found on ferritin [96].  This ferroxidase activity was believed to be present for 

both the full length and soluble forms of APP.  Knockdown of APP with siRNA caused iron 

retention, while adding exogenous APP caused an increase in iron export [96].  It is important to 

note that these early findings also revealed that APP had major interactions with ferroportin, and 

as such facilitated iron export from cells [96].  However, the original studies claiming that APP 

had ferroxidase activity were contested.  Specifically, it was shown that the kinetic 

measurements of the ferroxidase activity of the peptide of APP that was said to have ferroxidase 

activity were incorrectly obtained and calculated [97].  When the proposed ferroxidase sites were 

compared against the correct kinetic parameters, it was found that APP did not possess 

ferroxidase activity above baseline kinetic measurements [97].  Furthermore, when studies were 
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done against the E2 domain on native APP and not an isolated peptide, it was also found that no 

ferroxidase activity was present [98]. 

Studies were later done that discovered that, while APP does not have ferroxidase 

activity, the soluble form of APP, sAPPα, does have the ability to stabilize the iron exporter 

ferroportin [94, 95].  In the presence of iron sAPPα was shown to stabilize ferroportin in 

HEK293T cells, primary neuronal cultures, and brain endothelial cells [47, 94, 95].  This ability 

to stabilize ferroportin was localized to the E2 domain on the soluble form of APP, but it was 

now shown that the E2 domain had the ability to target ferroportin specifically, and not the 

ability to exhibit ferroxidase activity that was originally claimed.  By stabilizing ferroportin, 

sAPPα may regulate iron levels within the RPE and prevent the harmful effects of iron overload.  

Additionally APP mRNA also has an iron-regulatory element (IRE) [99].  IREs are RNA stem 

loops that control the translation of iron regulatory proteins, including APP, and thus balance 

cellular iron storage and transport.  Addition of exogenous iron increases APP translation in RPE 

cells [100].  Thus, more sAPPα can be produced which can stabilize ferroportin and increase 

removal of excess iron from the cell.  Additionally, another complex within the iron pathway, 

DMT1, has been implicated in APP processing.  Knockdown of DMT1 by siRNA resulted in a 

significant decrease in APP and its cleavage product Aβ; this further supports the hypothesis that 

iron influences synthesis and/or processing of APP [101].  Overall, the potential ability to aid in 

iron export may be why APP and its byproducts have been shown to have an iron regulatory 

component.   

Aside from these activities involved in iron metabolism, APP also has a role in 

maintaining inner retinal circuitry and rod and cone pathways [102].  Therefore, its apical 
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secretion from polarized RPE cells could be of paramount importance due to their close 

relationship with the photoreceptors.   

It is important to note that in patients with AMD, increased iron is found in the RPE 

[103].  In this situation, the ability of iron to upregulate the production of APP, and then utilize 

that extra APP to stabilize ferroportin in an attempt to clear the excess iron from the RPE may 

not be sufficient to decrease the intracellular levels of iron.  Overall, APP, as an iron regulatory 

protein, may be upregulated by elevated iron levels, but chronic iron overload may increase the 

byproducts of APP processing, leading to generation of Aβ.  Therefore, an iron induced increase 

in APP levels may be a cellular response to try and offset the elevated iron levels, but in the 

process may contribute to the pathology of AMD through generation of excess harmful APP 

byproducts, such as Aβ. 

Intracellular localization of APP and iron regulatory proteins by retromer 

Polarized localization and secretion of proteins is a complex, multistep process.  Such 

localization is mediated by multiple helper proteins and signaling motifs on individual proteins 

that are moved to specific locations.  Once such regulator of polarized protein movement is 

retromer.  Retromer is a multimeric protein complex found in the cytosol that is involved in the 

polarized transport of proteins [104-106].  Retromer transports proteins from endosomes to the 

trans-Golgi network or to the cell surface [107].  With respect to iron regulation, retromer 

transports DMT1, Tf, TfR, and APP [108-110].  Loss of retromer impairs transferrin-mediated 

iron uptake with accumulation of transferrin in early endosomes causing anemia in vertebrates 

[109].  Cells that have retromer knocked down with siRNA and are then treated with iron 

chelators have decreased transferrin function, as retromer cannot retrieve transferrin from the 

early endosomes to recycle it back to the cell surface.  Retromer also recycles DMT1 from 
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endosomes to the trans-Golgi network and DMT1 co-localizes with TfR-positive endosomes.  

Loss of retromer function therefore impairs the ability of DMT1 to be localized to endosomes 

where iron needs to be released into the cytoplasm from within the endosome.  In addition to 

protein transport, retromer is needed for rhodopsin recycling within photoreceptors, and loss of 

retromer function leads to photoreceptor degradation due to the improper localization of 

rhodopsin within photoreceptors such that it cannot be recycled and used within the visual 

transduction cascade properly [111]  This improper localization of rhodopsin ultimately leads to 

toxic buildup of rhodopsin within photoreceptors, which causes stress and degradation of the 

photoreceptors. 

Retromer’s ability to recognize cargo is still poorly understood [112].  Specific subunits 

(Vps35 and Vps26) of retromer interact with cargo, and these subunits bind to the cytoplasmic 

domain of their specific cargos [108, 113, 114].  Mutations in the specific sorting motif of the 

cytoplasmic domain of DMT1 greatly impair its recruitment into retromer.  Importantly, retromer 

can transport APP throughout the cell and shuttle APP away from key cleavage enzymes, 

limiting production of Aβ [115, 116].   

Additionally, retromer properly localizes the SorLA protein, which is a protein found in 

the trans-Golgi network that slows the release of APP, thereby controlling the amount of APP 

that can be processed into Aβ by keeping APP within the TGN [113].  When retromer levels are 

decreased within the cell, SorLA does not localize correctly, and more Aβ is generated [113].  

SorLA and retromer are both decreased in Alzheimer’s patients, implying that loss of retromer 

plays a role in the pathogenesis of Alzheimer’s and perhaps AMD [117, 118].   

Retromer also regulates the polarized movement of APP from the trans-Golgi network to 

apical or basolateral surfaces for secretion.  When retromer levels are decreased, Aβ levels are 
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shown to increase [119].  This increase in Aβ is seen both intracellularly and in the amount of Aβ 

that are secreted.  Therefore, retromer may be responsible for facilitating the interaction between 

APP and β-secretase, which is responsible for the production of the Aβ byproduct of APP.  This 

is important because Aβ is found in drusen present in AMD, suggesting a link between retromer 

deregulation and Aβ accumulation in AMD.  APP and Tf have been shown to co-localize during 

endocytic transport within the cell however the significance of this is not known [116].  As 

previously mentioned, when APP trafficking to the cell surface is impaired or altered, iron 

accumulation within the cell occurs. 

Glycosylation of iron regulatory proteins and APP 

While it is recognized that glycans play a major role in human disease, glycoprotein 

synthesis and structure is understudied.  The glycosylation of proteins begins with a 

cotranslational process in the endoplasmic reticulum (ER) with the addition of sugars and 

movement of proteins through the Golgi apparatus where a complex and finely orchestrated 

removal and addition of glycans occurs.  Thus, post-translationally modified proteins can be 

recognized and moved to their proper intracellular, plasma membrane or secretory vesicle 

location.  Glycosylation plays a pivotal role in this critical function. 

The functional properties of glycans in glycoproteins can be divided into two main 

categories: structural and modulatory functions; and the recognition of glycans by other 

molecules and proteins.  Glycans help to control cell to cell, cell to matrix and cell to molecule 

interactions, and are involved in many important processes in complex organisms, including the 

assembly and development of multicellular organs.  They act as signals that determine how the 

glycoproteins are processed within the cell and which compartments they are targeted to.  
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Additionally, intracellular glycans can function as molecular switches, toggling cellular functions 

on and off [120].   

Two main forms of glycosylation exist, N- and O- glycosylation.  N-glycosylation 

generally beings as a covalent bond on an asparagine, and O-glycosylation beings as a covalent 

bond on a proteins serine or threonine [120].  An important distinction between these two main 

types of glycosylation is that O-glycosylation occurs only after protein translation, whereas N-

glycosylation can occur before a protein is fully translated [120].  Both N- and O-glycosylation 

are important for APP function, and glycosylation is implicated in the correct functionality of the 

iron transport protein transferrin [121]. 

Protein glycosylation is essential to proper protein folding and movement to the cell 

membrane for insertion or secretion.  It is also essential for the polarized placement of many 

proteins in epithelial cells [122].  It has recently been recognized that glycosylation plays an 

important role in angiogenesis which, when dysregulated, can have devastating effects on 

virtually all ocular tissues due to the ability of the newly formed blood vessels to break through 

the retina, causing widespread oxidative damage and cellular death [123].  Oxidative stress is 

also known to alter protein glycosylation.  Specifically, protein glycosylation can be altered 

when the sugar metabolism within cells is disrupted as cells adapt to the anaerobic state caused 

by hypoxia [124].  Under hypoxic conditions, the activity of glucosaminyltransferases is vastly 

reduced [125].  This means that glucosaminyltransferases, the enzymes that are necessary for the 

addition of sugars during glycosylation, are not able to function at their normal capacity, thus 

lowering the ability of the cell to properly glycosylate its proteins.  Within the eye, improper 

protein glycosylation has been shown to be causative factor of diabetic retinopathy.   
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An example of how glycosylation effects a proteins function is seen with the iron 

regulator proteins transferrin (Tf), which transports iron extracellularly, and its receptor, 

transferrin receptor (TfR).  Glycosylation of TfR increases its affinity for Tf by ten-fold and is 

required for targeting of TfR to the membrane [126, 127].  The affinity of iron for Tf is 

decreased when Tf is desialylated.  Over 50% of proteins are glycosylated, so it is not surprising 

that APP itself is a heavily glycosylated protein [128].  However, little is known about how 

glycosylation effects APP’s intracellular movement. 

The glycosylation pathway of APP is well documented [120].  APP glycosylation begins 

in the ER with the first addition of simple sugars.  After this initial addition of sugars, APP 

moves on to be processed through the various compartments of the Golgi apparatus.  There is 

significant posttranslational modification of APP as it transits through the Golgi to the 

endosomes. These modifications result in a heavily glycosylated mature APP which is the form 

that is secreted. The mature form of APP has an outer coat of glycans covered with sialic acid.  

Addition of sialic acid to the outer most sugars is believed to protect them from removal.  The 

majority of APP undergoes O-glycosylation with a terminal glycan addition of sialic acid.  APP 

that is not O-glycosylated undergoes N-glycosylation, and no sialic acid is added.  Post-

translationally modified proteins can then be recognized and moved to their proper intracellular, 

plasma membrane, or secretory vesicle locations.   

Once properly glycosylated, APP is cleaved by either α- or β-secretase to release soluble 

APP (sAPPα or β, respectively).  γ-secretase then acts on the remaining protein to release Aβ.  

The processing pathway taken by APP through the maturation process determines which route it 

takes.  The importance of glycosylation for APP’s functional localization is illustrated by the 

finding that the membrane protein TMEM59 causes a decrease in APP glycosylation, or 
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maturation of APP [129].  This results in sequestration of APP in the Golgi and its inability to 

move to the membrane for processing to soluble APP (sAPP) and Aβ.  O-glycosylation has been 

shown to promote the plasma membrane localization of APP, which enhances the non-

amyloidogenic processing of APP [130].  Increased sialylation of APP in Neuro-2a cells caused 

a 2-3 fold increase in the secretion of Aβ and sAPP [131].  Overall, changes in the glycosylation 

of APP alters its subcellular distribution, and may cause APP to be processed incorrectly, leading 

to multiple disease states [132]. 

APP’s Potential Role in Photoreceptor Phagocytosis 

As explained in the RPE physiology section, the apical villi of the RPE heavily 

interdigitate with the photoreceptors that are directly above the RPE.  Diurnal synchronized 

phagocytosis of photoreceptor outer segments (POS) shed daily by photoreceptor cells is an 

essential task of the RPE.  Deficiencies in this phagocytosis of POS cause retinal degeneration in 

animal models [20].  For POS to be phagocytosed, they must be recognized and internalized by 

the RPE.  This internalization pathway has been well studied.  Two of the key components 

involved in the phagocytosis of POS are the α5βv integrin complex and the Mer tyrosine kinsase 

(MerTK).  In brief, during POS phagocytosis, the α5 and βv integrins dimerize to form the α5βv 

complex [20].  This complex anchors itself within the apical membrane of the RPE and 

recognizes POS that are ready to be phagocytosed.  This recognition activates MerTk, and once 

activated, MerTK aids in the engulfment of the POS.  Additionally, another receptor within the 

apical membrane of the RPE, CD36, is able to recognize oxidized phospholipids on POS and can 

aid in the recognition of POS [20]. 

All of these functions for POS recognition have features that are shared with APP.  APP 

can dimerize with itself through the formation of high affinity disulfide bridges, as well as lower 
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affinity binding through heparin binding domains found within its E1 and E2 domains [133].  

This dimerization is similar to that seen with the formation of the α5βv integrin complex.  The 

cytosolic domain of APP possesses several conserved sequences that are responsible for 

numerous protein to protein interactions.  Notable within these sequences are two sequences that 

are responsible for the endocytosis and internal trafficking of proteins [133].  Such endocytic 

signals are also found on MerTk [20].  Due to these similarities, it may be possible that APP can 

act as an enhancer, or a receptor, for POS during their phagocytosis. 

Concluding Remarks 

Age related macular degeneration in the retina is an increasingly common ocular disease 

which causes significant morbidity and has an enormous health care cost.  Pathologic 

mechanisms underlying this disease are incompletely understood.  However, in this disease it is 

known that there is dysregulation of the metabolism of both iron and APP.  Importantly, as 

explained above, APP and iron metabolism work in tandem.  Changes in iron metabolism affect 

APP production and secretion, and changes in APP can also alter the ability of the cell to process 

and secrete iron.  Because of this intricate relationship between iron and APP, it is proposed that 

iron and APP are critical interconnected components of the pathogenesis of ocular disease 

conditions.  However, studies up to this point have only began to understand the mechanistic 

components of the interrelated control of APP and iron metabolism.  When the RPE cellular 

pathology is altered, specifically by changing the levels of oxygen, iron, and APP availability, 

the ability for the RPE to properly function is severely impaired, leading to ocular disease such 

as APP.  Therefore, the hypothesis of this proposal is that common pathogenic stimuli in the 

forms of hypoxia and iron chelation are able to alter the interrelationship between iron and APP 

metabolism in the RPE.  These detrimental stimuli will lead to disruptive effects on cell 
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metabolism.  To investigate this hypothesis, the RPE will be studied under states of hypoxia and 

iron chelation, while investigating the changes in the metabolism of APP and its polarized 

localization and secretion from the RPE. 

In hypoxia, iron and APP levels are both depleted.  Additionally, APP is not processed 

fully when iron levels are lowered.  Therefore, hypoxia will first be utilized to look at the 

changes in APP levels within the RPE.  The polarized localization of APP will also be measured.  

APP secretion will also be measured from polarized RPE to understand how RPE cells alter APP 

processing in a diseased state such as hypoxia.  These studies will allow for a better 

understanding of the temporal and spatial control of APP processing and the ultimate disposition 

of APP from the RPE.  Changes in APP levels due to altered oxygen or iron levels will be 

evaluated at the mechanistic level.  Specifically, hypoxia is able to alter the synthesis of proteins.  

Therefore, hypoxia will be investigated as a means of changing the ability of APP to be correctly 

synthesized within the RPE.  Since hypoxia is known to alter iron levels, APP will be examined 

in the presence of iron chelation to better understand how iron affects APP metabolism.  The 

main focus of this investigation will be whether iron chelation is able to alter the glycosylation of 

APP.  Lastly, preliminary studies will be undertaken to gain a better understanding of the 

physiological role of APP within the retina.  Since APP is expressed on the apical surface of RPE 

cells and may function in cell adhesion or as a receptor, APP will be examined for its ability to 

aid in the phagocytosis of photoreceptors to further understand the functionality of APP.  

Overall, results of this work will provide information critical to the development of new 

treatments for diseases in which iron and APP play key roles. 
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Figure 1.1 Cross section of the vertebrate eye Schematic cross section of the vertebrate eye 

with relevant anatomical structures labeled.
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Figure 1.2 Cross section of the vertebrate retina This drawing of the retina depicts the major 

cell types in the retina.  The ganglion cells (the output neurons of the retina) are located on the 

inner surface of the retina, and the photoreceptors (the rods and cones) are interdigitating with 

the retinal pigmented epithelium, which lies above the choroid.  Light must travel through the 

thickness of the retina before striking and activating the rods and cones.  (Birmingham, 2016).
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Figure 1.3 Functions of the Retinal Pigmented Epithelium Schematic diagram of the retinal 

pigmented epithelium, with key functions highlighted.  The photoreceptors are directly above the 

retinal pigmented epithelium and interdigitate with their apical processes.  Bruch’s membrane 

and the choroid are below the retinal pigmented epithelium’s basolateral surface.  (Lehmann et 

al., 2014).
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Figure 1.4 RPE participation in the visual cycle Enzymes (red) and binding proteins (blue) 

involved in 11-cis-retinal regeneration are found in both photoreceptor and RPE cells. Metabolic 

transformations occurring in the RPE take place in the smooth ER, where key enzymes of the 

visual cycle are located. (Kiser, 2014).
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Figure 1.5 Regulation of Intracellular Iron Content Transferrin has two iron-binding sites 

which have high affinity for Fe3+. Diferric transferrin binds to transferrin receptor (TfR) which is 

then endocytosed. The endocytic vesicle is acidified by the actions of a vesicular ATPase (V-

ATPase) which is a proton pump, actively moving H+ into the vesicle. At low pH, transferrin 

releases its cargo of iron which can leave the endocytic vesicle either through ferroportin or by 

co-transport with H+ through the divalent metal transporter-1 (DMT1). Iron may then transit 

through what is called the labile iron pool (LIP) to sites of storage or utilization, or may leave the 

cell through ferroportin present in the plasma membrane. Iron can also enter the LIP from heme 

which is broken down by heme oxygenase. Iron brought into the cells can regulate the activities 

of the iron regulatory proteins-1 and 2, which in turn regulate proteins involved in iron 

metabolism. It can also be stored in ferritin. The protein hepcidin regulates ferroportin levels by 

triggering its degradation. In turn, hepcidin is regulated by HFE which triggers an increase in 

hepcidin synthesis. HFE is normally bound to transferrin receptor, but the binding site is also 

recognized by diferric transferrin which competes with HFE for binding. The HFE is released 

and binds to transferrin receptor-2 (TfR-2) which triggers a signaling pathway up-regulating 

hepcidin. The movement of iron out of the cell by ferroportin is enhanced by the ferroxidase 

activities of ceruloplasmin (Cp) and/or hephaestin. In this figure, dotted lines indicate movement 

and solid lines indicate descriptors. The labile iron pool (LIP) is surrounded by a dotted line 

indicating that the LIP is not a discrete entity located within an organelle, but likely exists 

throughout the cytoplasm. (Goralska et al., 2009).
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Figure 1.6 Functions and regulation of iron regulatory protein-1 and 2 Iron regulatory 

protein 1 (IRP-1) exists in two conformations depending upon the availability of iron. When high 

iron levels are present IRP-1 attains aconitase activity and does not bind the iron response 

element (IRE) in either the 3’- or 5’-untranslated regions (UTRs) of the mRNAs of numerous 

proteins including ferritin, ferroportin, or the amyloid precursor protein.  In low iron conditions, 

IRP-1 is responsible for blocking translation of iron storage and export proteins, allowing the cell 

to utilize its intracellular iron.  The presence of iron causes the degradation of iron regulatory 

protein 2 (IRP-2), decreasing IRP binding to IREs.  In low iron conditions, IRP-2 is responsible 

for IRE binding and regulation of the translation of multiple iron import proteins, allowing the 

cell to increase its intracellular iron levels.
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Figure 1.7 Oxygen Levels in the Vertebrate Retina A: Schematic representation of the 

vertebrate retina.  Red circles represent vessels; blue arrows show the directions of oxygen 

diffusion from the corresponding vessels.  B: Oxygen distribution profile of the vertebrate retina. 

The oxygen distribution profiles of a light adapted (red line) and a dark-adapted (black line) 

retina are shown. The y-axis follows the section through the retina shown in A. Oxygen tension 

is highest near the choroidal vasculature and falls dramatically towards the inner segments of the 

photoreceptors. In the inner retina, oxygen tension is lower in the avascular plexiform layers, 

whereas higher oxygen tension is measured in the region where the retinal vasculature is found.  

(Caprara et al., 2012).
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Figure 1.8 Hypoxia Inducible Factor Metabolism In the presence of normoxia, iron, and 2-

oxoglutarate, HIF-1α is targeted for degradation by the proteasome. However, in hypoxic 

conditions and when iron is limited in availability, HIF-1α moves into the nucleus where it 

dimerizes with HIF-1β to form the transcription factor HIF-1 which controls genes regulating 

iron metabolism. Iron also regulates aconitase activity resulting in control of glutamate, cystine 

uptake, and production of glutathione levels in the RPE. 
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Figure 1.9 Hypoxia Alters HIF-1α Levels in RPE Lysates RPE cells were placed in 0.5% or 

21% oxygen for 24 hours and HIF-1α expression was measured. HIF-1α levels in hypoxia rose at 

a faster rate than those in normoxic conditions. 
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Figure 1.10 Amyloid Precursor Protein Cleavage Pathway Diagram showing the two main 

cleavage pathways for the amyloid precursor protein.  The amyloidogenic pathway creates a 

functional Aβ fragment, while the non-amyloidogenic pathway renders Aβ non-functional.  

(Pająk et al., 2015).



   

52 

 

CHAPTER 2 

Regulation of Polarized Amyloid Precursor Protein Expression and Secretion in Retinal 

Pigmented Epithelial cells by Hypoxia and Retromer  



   

53 

 

Abstract 

Purpose 

Amyloid precursor protein is ubiquitously expressed and produces amyloid-beta (Aβ) and 

soluble APP (sAPP).  Aβ is a key component of plaques found in Alzheimer’s disease and in 

drusen present in age-related macular degeneration (AMD).  sAPP plays important roles in cell 

differentiation and iron metabolism.  Retromer is an intracellular retrograde protein transport 

complex, which regulates the polarized movement of APP from endosomes to the trans Golgi 

network and then to apical or basolateral surfaces for secretion.  The retinal pigmented 

epithelium (RPE) underlies the retina and is an integral component of the blood ocular barrier.  

Because RPE can be exposed to hypoxic conditions in pathologic situations, such as AMD, we 

studied the effects of hypoxia on APP levels in RPE and its polarized secretion.   

Methods 

RPE were isolated from canine eyes and grown to confluence. Cells were then dispersed 

on 6 well tissue culture plates or on cell culture inserts and grown to confluent polarized 

monolayers. Cells were placed under hypoxic (0.5% O2) or normoxic (21% O2) conditions for 24 

or 48 hours and siRNA was used to knockdown APP.  Lysates and cell-conditioned media 

(CCM) were collected and analyzed by immunoblotting and immunofluorescence for APP. 

Results 

Oxygen levels significantly altered polarized secretion of APP in RPE cells. After 48 

hours of hypoxia, APP secretion was significantly decreased in the apical direction by 92%.  

Hypoxia decreased retromer levels in lysates of polarized RPE cells by 84% at 48 hours.  

Furthermore, when retromer was knocked down with siRNA in RPE cells, APP secretion was 

reduced by an average of 38% in both normoxic and hypoxic conditions.   
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Conclusions 

Hypoxia alters intracellular APP levels in RPE, and therefore the amount available for 

secretion.  Importantly, while the hypoxia-induced reduction in APP matches the amount 

secreted in the basolateral direction, the amount secreted in the apical direction is reduced more 

significantly. This indicates the possibility that there are dynamic changes in polarized 

movement of APP in RPE caused by hypoxia. Other data indicate that this could be due to 

changes in the level or function of the intracellular protein transporter, retromer. Significantly, a 

reduction in APP levels in cells could cause a deleterious increase in iron levels because of 

APP’s role in regulation of iron efflux from cells. As hypoxia is a common pathology of the 

retina, understanding how it affects the processing, polarized localization, and secretion of 

proteins is vital to understanding the pathophysiology of RPE.  This is the first study 

demonstrating that hypoxia affects both polarized APP secretion and retromer levels in any cell 

type. 

Introduction 

The retinal pigmented epithelial (RPE) cells underlie photoreceptor cells and sit atop the 

choroid, ultimately supporting retinal function.  They comprise the outer blood-retinal barrier 

(oBRB), which is analogous to the blood-brain barrier in that the oBRB restricts the movement 

of large molecules into the eye [1].  These large molecules are restricted because tight junctions 

between RPE cells provide a barrier to movement of molecules and ions and separate the RPE 

apical and basolateral surfaces, allowing for appropriate directional movement of nutrients and 

wastes into and out of the retina.  These functions are dependent upon tightly controlled 

polarized protein localization in the RPE.  Furthermore, the apical surface of the RPE is in direct 

contact with and regulates the turnover of the photoreceptor outer segments and the 
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interphotoreceptor matrix, which are essential for vision.  If RPE function is compromised, 

ocular health is severely impaired [2, 3]. 

Amyloid precursor protein (APP) is ubiquitously expressed and produces amyloid beta 

(Aβ), which is a key component of the plaques present in Alzheimer’s disease; it is also found in 

the drusen (an extracellular conglomerate of proteins, lipids, carbohydrates, and other cellular 

components that lies beneath the RPE [4]) and is associated with age-related macular 

degeneration (AMD) [5].  APP has various isoforms, three of which are shown in Figure 

2.1.  APP695 is found only in the brain, whereas APP751 and APP770 are found throughout the 

body [6].  The various isoforms may be identified using antibodies to their specific domains; 

APP751 has a Kunitz-type protease inhibitor (KPI) domain and APP770 has both a KPI and an 

OX-2 homology (OX-2) domain [7].  Regardless of the isoform, APP is cleaved in either one of 

two pathways: the amyloidogenic pathway, which produces Aβ, or the non-amyloidogenic 

pathway.  The amyloidogenic pathway begins with β-secretase cleavage.  This cleavage occurs 

primarily within the trans-Golgi network, though some does occur at the cell membrane and 

within endosomes.  In either case, the soluble APPβ (sAPPβ) ectodomain is produced.  γ-

secretase then cleaves off functional Aβ [8].  The non-amyloidogenic pathway, which is found 

primarily at the cell membrane, is initiated when APP is first cleaved by α-secretase.  This 

cleaves off part of the Aβ domain of APP, preventing formation of functional Aβ, and produces 

the large ectodomain soluble APP alpha (sAPPα), which can be secreted.  In both pathways, the 

small C-terminal fragment, APP Intracellular Domain (AICD) is produced when γ–secretase 

cleavage occurs [7].   

Recent studies have elucidated the metabolism of APP and accumulation of its 

byproducts in the eye as it relates to the pathology of AMD. Our current understanding of APP 
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regulation in the eye is reviewed by Ratnayaka, et al [9].  Importantly, there is an iron regulatory 

component to APP metabolism and function.  In the presence of iron, one of the byproducts of 

APP cleavage, sAPPα, stabilizes ferroportin (FPN), the only known mammalian iron exporter, in 

HEK293T cells [10], primary neuronal cultures [10], and brain endothelial cells [11, 12].  By 

stabilizing FPN, sAPPα may regulate iron levels within the RPE and prevent the harmful effects 

of iron overload.  Additionally APP mRNA also has an iron-regulatory element (IRE) [13].  

IREs are RNA stem loops that control the translation of iron regulatory proteins, including APP, 

and thus balance cellular iron storage and transport. Addition of exogenous iron increases APP 

translation in RPE cells [14].  Thus, more sAPPα can be produced which can stabilize FPN and 

increase removal of excess iron from the cell. It is important to note that increased iron is found 

in the RPE of eyes with AMD [15] and that an iron-induced increase in APP alone may not be 

sufficient to clear the excess iron from retinal cells in this pathological situation.  

Hypoxia is a causative factor in AMD [16], although how this occurs is incompletely 

understood.  Hypoxia alters polarized protein localization, specifically the localization of the 

vascular endothelial growth factor (VEGF) [17].  During hypoxia, RPE cells were shown to 

secrete higher amounts of VEGF in the basolateral direction.  Disruption of this polarized 

localization of proteins may play a role in AMD [18].  One regulator of polarized protein 

movement is the cytosolic protein complex, retromer [19].  Importantly, retromer transports APP 

from endosomes to the trans-Golgi network for recycling and shuttles APP to the apical 

membrane [20-23]. 

Exposure of RPE to hypoxic conditions, which may disrupt protein polarization and thus 

polarized function, is not uncommon.  Yet, polarized secretion of APP from RPE and the role of 

retromer in this process have not been previously studied.  The objective of this study was to 
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determine if there is polarized secretion of APP from RPE, if retromer has a role in this process, 

and if hypoxia alters this secretion. 

Materials and Methods 

Tissue culture 

Dogs were obtained from the Johnston County, NC animal shelter immediately after 

being euthanized.  Eyes were removed within 3 hours of death and RPE were isolated by 

trypsinization and transferred to 60 mm tissue culture dishes where they were grown to 

confluence in Ham’s F-12/DMEM (1:1) medium (cat# 31765-035 and #10566-016, Invitrogen, 

Rockville, MD) with 10% fetal bovine serum (FBS) (Hyclone, Logan, Utah) and 1% 

antibiotic/antimycotic solution (Mediatech,Manassas, VA).  Cultures were incubated at 37 °C, 

5% CO2, 95% humidity until confluence was reached in 7 to 10 days. For subsequent 

experiments, the cells were then dispersed by trypsinization either onto 6 well tissue culture 

plates for non-polarized cultures, or onto 6-well Millicell hanging cell culture inserts to establish 

polarized RPE cultures (polyethylene terephthalate membrane; 1.0 μm pore size) (EMD 

Millipore, Ballerica, MA) with the apical and basolateral sides bathed separately.  Apical 

medium was comprised of Ham’s F-12/DMEM (1:1) medium with 20% 10X B27 Supplement 

(cat# 17504-044 Invitrogen, Rockville, MD) and 1% antibiotic/antimycotic solution (Mediatech, 

Manassas, VA).  Basal medium was the same as the 10% FBS culture medium described above.  

For all experiments, primary RPE were plated at 200,000 cells per well or insert.  RPE cells 

plated onto Millicell inserts were determined to be tight junctional by measuring transepithelial 

electrical resistance (TEER) once a week after plating.  Cultures were used for experiments once 

they exhibited TEER readings over 300 Ω x cm2 and directional secretion of glutamate to the 

basal compartment (at least 5 times more to basal than apical compartments indicating a 
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polarized epithelium).  Cultures typically achieved these parameters in 4–8 weeks.  For further 

description of this polarized RPE model see [24].  At the end of the experiments RPE cell lysates 

and conditioned cell media (CCM) from non-polarized and from apical and basolateral 

compartments of polarized RPE cells were collected. 

Hypoxic treatment 

For all experiments involving hypoxia, cells were placed under hypoxic (0.5% O2) 

conditions for 24 or 48 hours in a hypoxia chamber (Ruskinn INVIVO2 300 workstation), with 

corresponding cells placed under normoxic conditions (21% O2) in a standard cell culture 

incubator as a control.  It is known that hypoxic conditions activate both hypoxia inducible factor 

1 and VEGF production (both known hypoxia indicators) within the RPE [25].  Studies were 

carried out to 48 hours to determine the effects of sustained hypoxic insult to RPE cells.  Prior to 

treatment, cells were washed two times with serum-free, glutamine-free Minimal Essential 

Medium (MEM) (cat# 51200-038, Invitrogen, Rockville, MD) and then placed in MEM under 

conditions described above.  Additionally, cell metabolic activity was tested using the MTT 

assay (Trevigen Inc., Gaithersburg, MD) to ensure that hypoxic conditions were not altering RPE 

cell viability over the course of the experiments. 

siRNA Transfection 

siRNA for retromer subunit VPS35 (ON-TARGETplus Human VPS35 (55737) siRNA-

SMARTpool #L-010894-00-0005) was obtained from GE Dharmacon (Lafayette, CO) as well as 

a control nontargeting siRNA pool (ON-TARGETplus Non-targeting Pool #D-001810-10-05, 

Dharmacon).  Cells were plated at a density of 125,000 cells/well on six-well plates in 1.5 

ml/well of DMEM/F12+10% FBS without antibiotics and incubated overnight at 37°C, typically 

reaching 30% to 40% confluence.  Media were replaced with 900 µl of DMEM/F12+10% FBS 
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without antibiotics.  Lipophilic transfection reagent (0.9 µL/mL, Lipofectamine® RNAiMAX; 

Invitrogen, Grand Island, NY) siRNA complexes were formed, according to the manufacturer’s 

protocol, in serum-free, glutamine-free MEM without antibiotics and added to each well at a 

final concentration of 20 nM siRNA/well. Retromer siRNA was added to one set of cells and the 

control nontargeting siRNA pool was added to cells in a parallel well on each plate as a control 

for non–sequence-specific cell responses, with each well having a final media volume of 1 ml.  

After overnight incubation, transfection medium was replaced with 2 ml/well of 

DMEM/F12+10% FBS with antibiotics.  After 72h medium was switched to 2 ml/well serum-

free, glutamine-free MEM and cells were exposed to either normoxic (21% O2) or hypoxic (5% 

O2) conditions for 24 or 48 hours and then CCM and lysates were collected for analysis. 

Immunoblotting for identification of APP and retromer 

After treatment, CCM were collected and cells were lysed using sodium dodecyl sulfate 

(SDS) lysis buffer.  The resulting homogenate was centrifuged for 15 min at 14,000 x g at 11°C, 

after which the lysate supernatant was collected.  CCM were concentrated using an Amicon 

Ultra 4mL 30kDa filter (EMD Millipore, Ballerica, MA; cat. # UFC803024).  Protein 

concentrations were measured by the BCA assay. Canine cerebral cortex tissue lysate (Zyagen, 

San Diego, CA) was used as a positive control for APP and retromer. 100 μg total protein from 

dog cerebral cortex and 15 - 40 μg total protein from primary cultured canine RPE were 

subjected to 8% SDS-PAGE and the proteins were transferred to a nitrocellulose membrane. The 

membrane was then blocked in a 10% milk solution in tris-buffered saline (50mM Tris, 150mM 

NaCl, 1% tween 20).  The transferred proteins were probed with primary antibodies to APP 

clone 3E9 (1 µg/ml; GeneTex, Irvine, CA; cat. # GTX12338) for CCM samples and APP KPI 

domain (2 µg/ml; EMD Millipore; cat. # AB5302), APP OX2 domain (1 µg/ml; EMD Millipore; 
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cat. # AB5988P), retromer VPS35 (1:10,000; Abcam, Cambridge, MA; cat. # 157220), or actin 

(0.7 µg/ml; Santa Cruz, Dallas, TX; cat. # sc-1615) for lysate samples. Different APP antibodies 

were used for CCM and lysate immunoblots to obtain the lowest background.  Specifically, both 

the KPI and 3E9 antibodies are located on the N terminal of APP.  The 3E9 antibody is able to 

detect all isoforms of APP as it is a synthetic peptide with the sequence 

LEVPTDGNAGLLAEPQIAMFC, corresponding to amino acids 18-38 of APP.  Within the 

CCM, it was found that 3E9 gave lower background levels than KPI, resulting in better 

quantitation of the mature and immature bands on the immunoblot.  After washing with TBST, 

the membrane was incubated with horseradish-peroxidase (HRP) conjugated anti-rabbit IgG 

antibody (4 µg/ml; eBioscience, Inc., San Diego, CA; cat. # 18-8816-33) or HRP conjugated 

anti-mouse IgG (0.5 µg/ml; EMD Millipore; cat. # 12-349). Proteins were visualized using an 

enhanced chemiluminescence detection system (GE Healthcare Life Sciences, Pittsburgh, PA) 

according to manufacturer’s protocol and the blot was imaged using a ChemiDocTM MP System 

(BioRad, Hercules, CA).  Immunoblots were normalized using the total protein normalization 

method, which removes the need to use housekeeping proteins for loading controls.  Total 

protein normalization allows for greater quantitative accuracy in measuring target proteins [26-

28].  Additionally, total protein normalization has recently become the preferred method for the 

Journal of Biological Chemistry for immunoblot normalization. 

Immunofluorescence 

Polarized RPE cells grown on Millicell inserts were fixed in 2.0% formaldehyde in PBS, 

permeabilized with PBS+0.1% Triton X-100, blocked in PBS+5.0% normal donkey serum, and 

then incubated overnight at 4°C with mouse anti-APP antibodies (clone 3E9) (GeneTex 

GTX12338, 5.0 µg/ml) and rabbit anti-ZO-1 antibodies (Invitrogen 40-2200, 2.5 µg/ml) in 



   

61 

 

PBS+0.1% bovine serum albumin (PBS/BSA).  After PBS washes, APP was detected with 

donkey anti-mouse AlexaFluor® 568 IgG (Invitrogen) and ZO-1 was detected with donkey anti-

rabbit Alexa Fluor® 488 IgG (Invitrogen), both at 2.0 µg/ml in PBS/BSA for 2 hours at room 

temperature. After PBS washes, filters with labeled RPE cells were cut from the inserts with a 

scalpel blade and mounted on slides in Prolong®Gold anti-fade mounting medium containing 

DAPI (Invitrogen). Cells were viewed on a Leica AF7000 widefield fluorescence microscope. 

Image stacks were captured with an Andor Clara interline CCD using the same exposures for all 

samples, deconvolved using the Leica LAS AF software 3D deconvolution tool, rendered as 3D 

volume projections, and then arranged using Adobe® Photoshop® CS4. 

Statistics 

The data were analyzed by ANOVA with Tukey’s HSD test for multiple comparisons in 

SYSTAT 13 (San Jose, California).  Results were considered significant when p < 0.05.  

Results 

Canine RPE cells express amyloid precursor protein (APP770) 

Non-polarized RPE cell lysates were collected and immunoblotted using the APP 

primary antibody, OX2.  The OX2 domain is only present in the APP770 isoform, therefore this 

isoform is present in RPE cells (Figure 2.2). APP is found in both an immature, non-glycosylated 

form and a mature, highly glycosylated form in RPE lysates.  Both forms of APP770 were visible 

on the immunoblot for APP.  The lower band is the immature form, and the upper band is the 

mature glycosylated form. 

Effects of hypoxia on APP expression and secretion from non-polarized RPE cells 

Preliminary studies were first conducted in non-polarized RPE.  Non-polarized RPE were 

exposed to normoxic (21% O2) or hypoxic (0.5% O2) conditions for 24 or 48 hours.  MTT 
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viability testing showed no significant differences between RPE cells placed in normoxic or 

hypoxic conditions (data not shown).  Lysates from these cells had a significant reduction 

(p<0.05) in APP levels after both 24 and 48 hours in hypoxia (Figure 2.3A).  CCM from the 

same cells also showed a significant reduction (p<0.05) in APP at 48 hours in hypoxia (Figure 

2.3B).   

Effects of hypoxia on APP expression, accumulation, and secretion in polarized RPE cells  

Building upon the intriguing results seen in the non-polarized model, RPE cells were 

plated on Millicell tissue culture inserts and grown to confluence as tight junctional, polarized 

monolayers.  This culture system allows separate analysis of metabolites secreted from the apical 

and basolateral membrane domains as well as analysis of cell culture lysates within a more in-

vivo like model.  These polarized RPE were then exposed to normoxic (21% O2) or hypoxic 

(0.5% O2) conditions for 24 or 48 hours and both the cell lysates and CCM from the apical and 

basolateral compartments were analyzed by immunoblotting.  APP expression was significantly 

reduced (p<0.05) in the lysates after 48 hours in hypoxia (Figure 2.4A).   

Apical APP secretion was unchanged in normoxic samples between 24 and 48 hours 

(Figure 2.4B).  Hypoxia caused a 47% decrease (p<0.05) in apical APP secretion at 24 hours and 

an even further decrease of 92% (p<0.05) at 48 hours when compared to normoxic samples.  

Basolateral media samples had a 30% increase in APP accumulation under normoxic conditions 

from 24 to 48 hours (p<0.05).  APP accumulation in basolateral media was decreased by 31% 

(p<0.05) at 24 hours in hypoxia but was not significantly different at 48 hours in hypoxia 

compared to normoxia (Figure 2.4B).  Additionally, apical and basolateral secretions of APP 

were significantly different (p<0.05) from one another at 48 hours in hypoxia, the only time 
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point at which this occurred, indicating a more pronounced effect of hypoxia on apical APP 

secretion. This suggested that hypoxia may affect polarized secretion of APP after 48 hours. 

Fluorescent immunolocalization of APP showed polarized accumulation of APP in RPE 

cells at 48 hours (Figure 2.5).  We observed abundant APP-specific fluorescence on the apical 

side of polarized RPE cells grown in normoxic conditions (Figure 2.5A). RPE exposed to 

hypoxic conditions for 48 hours showed a dramatic decrease in apical APP-specific fluorescence 

(Figure 2.5B). 

Retromer is expressed in RPE cells and hypoxia decreased its expression 

Retromer sorts proteins, including APP [20, 22], from the endosome to the trans-Golgi 

network.  Defective retromer pathways incorrectly sort the divalent metal transporter to 

lysosomal domains instead of properly recycling it to the plasma membrane [29].  When the 

retromer pathway is disrupted, APP processing favors amyloidogenic processing over the non-

amyloidogenic pathway [30].  Therefore, we investigated a possible role for retromer in hypoxia-

induced reduction of APP secretion.  First, the effect of hypoxia on retromer expression was 

determined.  One major subunit of retromer (VPS35) was detected in RPE lysates by 

immunoblotting.  In non-polarized RPE, hypoxia did not change retromer levels at any time 

point (Figure 2.6A).  In polarized RPE, there were no significant changes in retromer levels after 

24 hours of hypoxia, but after 48 hours of hypoxia, retromer levels significantly (p<0.05) 

decreased by  83% (Figure 2.6A).  This retromer decrease was similar to the hypoxia-induced 

decrease in apical APP secretion seen at 48 hours in hypoxia (Figure 2.4B). Figure 2.6B is a 

representative immunoblot of retromer expression in non-polarized and polarized RPE lysates 

obtained under normoxic and hypoxic conditions at 24 and 48 hours. 
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Retromer knockdown with siRNA decreased APP secretion from RPE cells 

To determine if retromer expression is linked with APP secretion, retromer expression 

was knocked down with siRNA and APP secretion was measured in the CCM after 24 and 48 

hours under normoxic and hypoxic conditions.  Non-polarized cells were used as it was not 

possible to transfect polarized RPE cells.  All time points were paired with a negative control 

siRNA treatment.  Retromer knock-down significantly (p<0.05) reduced APP secretion under 

both normoxic and hypoxic conditions at all time points except the 48 hour normoxic time point 

(Figure 2.7A). 

Discussion 

Amyloid precursor protein (APP) is a ubiquitous protein with important roles in the 

pathology of Alzheimer’s disease and AMD.  APP also functions as a proliferative factor for 

epithelial cells [31, 32] and is involved in iron metabolism [14].  First, we determined which 

variant of APP was present within RPE cells.  Immunoblotting for the OX2 domain, which is 

only present in APP770, showed that RPE cells predominantly express this variant.  This was not 

surprising since this splice variant is found in most cells, while APP695 is the predominant form 

in neurons.  We detected both the mature (glycosylated) and the immature (non-glycosylated) 

form of APP770 when RPE lysates were probed for APP by immunoblotting.  Most of the 

secreted APP770 found in the CCM was in the mature form.   

Hypoxia is a key pathological factor in disease states leading to cellular degradation, 

death, and loss of retinal function.  Thus, it may play a role in AMD [16].   In the current study 

we determined the effects of hypoxia on APP expression and secretion by RPE.  Under 24 and 

48 hours of hypoxia, APP within the lysates of non-polarized RPE was significantly reduced 

(80% and 60% respectively).  In the CCM of non-polarized RPE, APP was significantly reduced 
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by almost 60% at 48 hours, which very closely mirrors the decrease seen in the lysates.  That 

there was a reduction in APP in cell lysates at 24 hours but not an accumulation in the CCM may 

be due to a slow decrease in APP secretion that reflects a gradually decreasing cellular pool of 

APP.  

Using our polarized, tight junctional RPE cell model, we determined that hypoxia affects 

directional secretion of APP.  APP accumulation in the basolateral compartment was reduced 

under hypoxia at 24 hours when compared to normoxia.  However, there was no further decrease 

in basolateral APP accumulation from 24 and 48 hours.  Apical APP accumulation was reduced 

at 24 hours and continued to decline with time becoming almost undetectable at 48 hours.  These 

findings demonstrate that hypoxia alters APP polarized secretion more significantly in the apical 

direction than in the basolateral.  Under normoxia, apical and basolateral APP secretion 

remained relatively constant in the CCM.  It should be noted that APP could be degraded by 

proteolytic enzymes within the CCM.  However, this is likely not the case as the fluorescent 

immunolocalization in figure 2.5 shows that APP within the cell is also significantly decreased 

after 48 hours in hypoxia.  APP levels in lysates from polarized RPE decreased after 48 hours in 

hypoxia, likely contributing to the decreased amounts of APP seen in the CCM.  These results 

were again supported by those using fluorescent immunolocalization, i.e., polarized RPE cells 

exposed to hypoxia for 48 hours showed dramatically reduced accumulation of APP at the apical 

membrane compared to cells grown under normoxic conditions. 

This demonstration of a hypoxic effect leading to alterations in directional APP secretion 

led to studies to identify which intracellular transporter of APP was affected by hypoxia.  

Retromer is a multimeric protein which regulates the polarized movement of proteins including 

APP from endosomes to the trans-Golgi network for recycling, and then to apical or basolateral 
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surfaces [22, 33, 34].  Because hypoxia affected polarized secretion of APP in RPE, its effects on 

retromer expression were determined.  Hypoxia decreased retromer levels in polarized RPE cell 

lysates an average of 83% after 48 hours, which is similar to the 92% decrease in apical APP 

secretion at the same time point.  Significantly, when retromer in RPE cells was knocked down 

with siRNA, APP secretion was reduced under both normoxic and hypoxic conditions.  The 

consistent reduction of APP accumulation in the CCM implies that retromer may control its 

secretion.  Our results suggest that in polarized RPE cells, retromer may be responsible for the 

movement of APP to the apical surface and this activity is disrupted by hypoxia. 

Reducing retromer levels within the cell disrupts the APP pathway and production of its 

byproducts [30, 35].  Specifically when retromer activity is disrupted, it cannot recycle APP 

from endosomes back to the trans-Golgi network, leading to increased amyloidogenic processing 

of APP in the enzymatically favorable endosomal environment [35].  Therefore, hypoxia, by 

decreasing retromer levels could contribute to Aβ production and accumulation in age-related 

macular degeneration and Alzheimer’s disease.  

In non-polarized cells, the retromer pathway may be utilized less since polarized 

localization of proteins may not be a priority for non-polarized cells.  Non-polarized cells may 

preferentially use the recycling pathway of retromer and not its ability to facilitate polarized 

protein transport.  The finding that hypoxia decreases APP in lysates and accumulation in CCM 

of non-polarized cells at 48 hours, while retromer levels are unaffected, suggests that hypoxia 

affects more than one pathway controlling APP movement and secretion, and that hypoxia has 

differential effects on non-polarized and polarized RPE cells.  The following examples illustrate 

how experimental conditions can affect non-polarized and polarized RPE cells differently.  TNF-

α has been shown to upregulate vascular endothelial growth factor (VEGF) secretion in non-
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polarized RPE cells.  However, in polarized RPE cells it downregulates VEGF secretion [36].  

Additionally, thrombin disrupts ZO-1 and F-actin in non-polarized RPE cells, but does not affect 

them in polarized RPE cells [37]. 

APP has recently been reported to regulate iron efflux [12].  Specifically, one of APP’s 

byproducts, sAPPα, can stabilize FPN in the cell membrane [10], allowing excess iron to exit the 

cell.  In mice fed an iron rich diet, the retina was spared from iron overload [38]; an interaction 

between APP and FPN may be an important factor in this effect [10].  Therefore, a decrease in 

intracellular APP, and/or APP secretion caused by hypoxia, could decrease iron efflux, which 

could contribute to the increased iron seen within the RPE of those with AMD [15].  Our lab has 

shown that hypoxia caused polarized RPE cells to preferentially secrete iron in the basolateral 

direction [24].  A decrease in availability of APP for stabilizing FPN within the RPE apical 

membrane, as indicated by the results of the current study, could be a contributing factor. 

This is the first demonstration that hypoxia decreased APP secretion and retromer levels 

in any cell type.  The hypoxia-induced decrease in retromer levels may be responsible for the 

dramatic changes seen in apical APP secretion in polarized RPE.  Understanding how hypoxia 

affects protein processing, polarized localization, and secretion is vital to a comprehensive 

understanding of RPE pathophysiology and in all cells with retromer-regulated polarized protein 

movement that are exposed to hypoxic conditions 
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Figure 2.1 APP Isoforms Schematic representation of the proteins from the APP family and 

their major domains. They are all type I transmembrane glycoproteins. APP695 lacks the KPI and 

OX2 domains, contained in APP770, while APP751 has only the KPI domain.  All three isoforms 

contain the Aβ domain.  β, α, and γ secretase cleavage sites are marked by their Greek letters on 

each APP isoform.  The soluble APP α and β fragments (sAPPα and sAPPβ respectively) and the 

APP Intracellular Domain (AICD) fragment are denoted by black lines on the APP770 isoform.  

Antibody recognition sites are marked on each isoform.  M = membrane.



   

72 

 

 

Figure 2.2 Canine RPE Cells Contain APP 770 RPE cells were exposed to normoxic 

conditions for 24 hrs. Canine cerebral cortex lysate (100µg total protein), labeled as dog cortex, 

and RPE lysates (40 µg total protein) were run on an 8% gel and probed with an antibody against 

the OX2 APP extracellular domain, which is only present on the 770 isoform of APP.  The two 

bands in the RPE lysates represent immature APP (bottom band) and its mature glycosylated 

form (top band).
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Figure 2.3 APP Expression and Secretion Decrease in Hypoxia in Non-Polarized RPE Cells Lysates (20 µg total protein) and 

CCM (15 µg total protein) from non-polarized RPE cells exposed to normoxia and hypoxia for 24 or 48 hours were probed for APP 

with the 3E9 antibody for CCM and the KPI antibody for lysates.  A: Percent control of APP expression in non-polarized RPE lysates, 

with representative immunoblot below the graph.  B: Percent control of APP secreted into the non-polarized RPE CCM, with 

representative immunoblot below the graph.  * = Significantly different (p < 0.05) from the paired normoxic condition as determined 

from percent control data previously normalized to total protein loaded from 4 experiments (A) and 3 experiments (B) and analyzed 

statistically in Systat 13 by ANOVA, with post-hoc Tukey’s HSD and SEM
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Figure 2.4 Hypoxia Decreases Expression of APP in Polarized RPE Lysates and Changes 

Polarized APP Secretion RPE cells were grown on Millicell™ inserts until polarized, tight 

junctional monolayers were formed.  Cells were then incubated in either normoxic or hypoxic 

conditions for 24 or 48 hours.  CCM was collected and concentrated from both the apical and 

basolateral compartments of the Millicell™ inserts.  Lysates were also collected.  The CCM (15 

µg total protein) was probed with the APP antibody for 3E9 and lysates (20 µg total protein) 

were probed with the APP antibody for KPI.  A: Percent control data of APP expression in 

polarized RPE lysates, with representative immunoblot below the graph.  * = Significantly 

different (p < 0.05) from paired normoxic condition as determined from percent control data 

previously normalized to total protein loaded from 4 experiments and analyzed statistically in 

Systat 13 by ANOVA, with post-hoc Tukey’s HSD and SEM.  Δ = Basal secretion significantly 

different (p < 0.05) as determined from percent control data previously normalized to total 

protein loaded from 4 experiments and analyzed statistically in Systat 13 by ANOVA, with post-

hoc Tukey’s HSD and SEM.   B: Secreted APP content of CCM from polarized RPE cells.  The 

RPE monolayer is represented on the graph at value 0 on the Y axis, with apical secretion above 

and basolateral secretion below. * = Significantly different (p < 0.05) from indicated condition as 

determined from percent control data from 4 experiments and analyzed statistically in Systat 13 

by ANOVA, with post-hoc Tukey’s HSD and SEM. C: Representative immunoblot showing 

secreted APP in concentrated CCM from polarized RPE cells.
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Figure 2.5 Apical Localization of APP Decreases Under Hypoxic Conditions Polarized RPE cells grown on cell culture inserts 

were exposed to (A) normoxic (20% O2) or (B) hypoxic (0.5% O2) conditions for 48 hours, fixed and labeled for APP (red), ZO-1 

(green), and DAPI for nuclei (blue). A and B show 3D deconvolved reconstructions of z-stacks through the monolayers projected as 

3D volumes. Upper images are tilted XY views. Lower images are XZ projections showing representative cross-sectional views at the 

edges of the fields of cells. ZO-1 labels tight junctions and demarks the boundary between the apical and basolateral cell 

compartments of these polarized cells. Red APP-specific fluorescence is much lower in the apical regions (above the green ZO-1 tight 

junctions) of RPE cells grown under hypoxia for 48 hours.
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Figure 2.6 Hypoxia Decreases Retromer Expression in Polarized RPE Cells A: Non-polarized and polarized RPE cells were 

incubated in either normoxic or hypoxic conditions for 24 or 48 hours, after which lysates were collected.  Lysates (20 µg total 

protein) were probed with VPS35 (retromer) antibody.  * = Significantly different (p < 0.05) from paired normoxic condition as 

determined from percent control data previously normalized to total protein loaded from 4 experiments and analyzed statistically in 

Systat 13 by ANOVA, with post-hoc Tukey’s HSD and SEM.  B: Representative immunoblot of retromer expression in non-polarized 

and polarized RPE cells after 24 and 48 hours in normoxic and hypoxic conditions.  Dog cortex was used as a positive control for 

retromer expression.
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Figure 2.7 Retromer Knockdown Decreases APP Secretion into the CCM in Non-Polarized 

RPE Cells in Normoxic and Hypoxic conditions CCM was collected and concentrated from 

RPE cells that had been treated with VPS35 (retromer) siRNA overnight, grown to confluence 

for 72 hours, and then placed in normoxic or hypoxic conditions for 24 or 48 hours.  Lysates 

were also collected.  Lysates (20 µg total protein) were probed with VPS35 (retromer) antibody 

to confirm knockdown of retromer in the RPE cells.  CCM (20 µg total protein), secreted from 

the same RPE lysates that were probed for retromer, was probed with the 3E9 APP antibody.  A: 

Percent control data of APP secretion into the CCM of siRNA treated RPE cells.  * = 

Significantly different (p < 0.05) from paired negative siRNA control as determined from percent 

control data previously normalized to total protein loaded from 5 experiments and analyzed 

statistically in Systat 13 by ANOVA, with post-hoc Tukey’s HSD and SEM.  B: Representative 

immunoblot of CCM probed for APP after cells had been treated with retromer siRNA for 24 

hours and subsequently placed in normoxic or hypoxic conditions for 24 or 48 hours.  C:  

Representative immunoblot of RPE lysates from same cells as in (B) probed for retromer, 

confirming effective knockdown of retromer.
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CHAPTER 3 

Nascent Synthesis of the Amyloid Precursor Protein in Retinal 

Pigmented Epithelial Cells is Reduced in Hypoxia 
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Abstract 

Purpose 

Amyloid precursor protein (APP) is a ubiquitously expressed protein that is metabolized 

to amyloid beta (present in drusen in AMD and in plaques in Alzheimer disease brains) and 

soluble APP alpha and beta (sAPPα and β). We previously found that hypoxia dramatically 

decreased APP levels in and secretion from retinal pigmented epithelial (RPE) cells.  In the 

current study we examined the mechanisms by which hypoxia affects APP levels and secretion 

by inhibiting the degradation pathways within the RPE, inducing endoplasmic reticulum (ER) 

stress, and by studying the nascent synthesis of APP.  Additionally, since APP is expressed on 

the apical surface of RPE cells and may function in cell adhesion or as a receptor, we examined 

the ability of APP to aid in the phagocytosis of photoreceptors to further understand the 

functionality of APP. 

Methods 

RPE were isolated from canine eyes. Cells were placed under hypoxic (0.5% O2) or 

normoxic (21% O2) conditions for 16 or 48 hours. For degradation studies, cells were treated 

with either the lysosomal inhibitor chloroquine or the proteasomal inhibitor MG-132.  For ER 

stress studies, cells were treated with either the ER stress inducer tunicamycin or the ER stress 

inhibitor 4-PBA.  Lysates were collected and immunoblotted for APP.  For photoreceptor 

phagocytosis studies, APP was knocked down with siRNA and RPE cells were then fed FITC 

labeled photoreceptor outer segments.  Outer segment binding and internalization was quantified. 

Results 

Lysosomal inhibition did not rescue APP levels in hypoxic conditions.  Surprisingly, 

proteasomal inhibition vastly lowed APP levels in RPE lysates.  Inducing ER stress with 
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tunicamycin caused a decrease in APP in RPE lysates.  However, the ER stress inhibitor 4-PBA 

did not reverse the hypoxia induced decrease in APP levels.  Hypoxia reduced APP’s nascent 

synthesis by 32% in RPE cells.  Significantly, siRNA knockdown of APP caused a decrease in 

the binding and internalization of photoreceptor outer segments. 

Conclusions 

As hypoxia is a common pathology of the retina, understanding how it affects the 

processing and secretion of proteins is vital to understanding the pathophysiology of the RPE.  

Hypoxia’s effects on APP are not likely due to increased degradation or ER stress.  This is the 

first study demonstrating that hypoxia affects the nascent synthesis of APP in RPE cells and that 

APP has a role in photoreceptor phagocytosis. 

Introduction 

 

The retinal pigmented epithelium (RPE) is a monolayer of tight junctional, polarized, and 

pigmented cells that underlies and support the photoreceptors and comprise part of the outer 

blood retina barrier [1].  A key function of the RPE is the regulation of the polarized movement 

of multiple molecules both towards and away from the sub retinal space.  If RPE function is 

compromised, ocular health is severely impaired [2, 3]. 

Oxidative damage and immunological insult to the RPE monolayer are thought to be 

early events in AMD; with advanced dry AMD leading to geographic atrophy and photoreceptor 

cell death.  One cause of oxidative stress is from hypoxia, and hypoxia is a causative factor in 

AMD and alters polarized protein localization and may play a role in AMD [4-6].  Disruption of 

polarized localization of proteins may play a role in AMD. 

The amyloid precursor protein (APP) is ubiquitously expressed and produces amyloid 

beta (Aβ), which is a component of the plaques present in Alzheimer’s disease and is associated 
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with age-related macular degeneration (AMD) [7].  Recent studies have examined the 

metabolism of APP and accumulation of its byproducts in the eye as it relates to the pathology of 

AMD [8].  

After synthesis, APP transits from the Golgi, where it undergoes significant 

glycosylation, to the cell surface.  At the cell surface, APP is inserted into the membrane, where 

it can be secreted, or it may bind to extracellular proteins.  From the membrane, APP can also be 

recycled back to the Golgi or degraded.  APP has been shown to be primarily degraded within 

the lysosome [9].  Under diseased states, this normal degradative process can be accelerated or 

altered, causing a large increase in the degradation of APP and the production of harmful 

amyloidogenic fragments [10].  Since hypoxia induces stress in RPE cells, both the lysosomal 

and proteasomal pathways (the main pathways for protein degradation) were investigated as 

possibly being altered under hypoxic conditions [11].    During the course of this investigation, it 

was found that inhibiting the proteasomal degradation pathway caused a vast reduction in APP 

levels within the RPE.  This was an unexpected finding, but it has also been shown that 

proteasomal inhibition can lead to ER stress, and ultimately initiate the unfolded protein response 

within cells, causing autophagy [12].  Importantly, this induction of the ER stress/unfolded 

protein response has been shown to reduce the amount of mature APP within cells [12]. 

APP may be a cell adhesion molecule or a membrane receptor that can interact with 

various binding protein partners, activating signaling pathways and eliciting physiological 

responses. [13, 14].  Photoreceptors lie in close contact with the apical surface of the neighboring 

RPE cells.  The RPE regularly eliminates and recycles spent photoreceptor outer segments (POS) 

[15].  If this process is interrupted due to disease or other factors, POS build up within the RPE 

and photoreceptor degeneration occurs, ultimately leading to vision loss [15].  Since our previous 
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work had shown that APP does not properly localize to the apical surface under hypoxia, we 

examined whether APP may have a function in the proper phagocytosis of photoreceptors.  If 

APP does function in the photoreceptor phagocytosis pathway, its disruption could contribute to 

the progression of AMD. 

Our previous work showed that hypoxia decreased APP levels in RPE lysates and 

substantially reduced apical localization and secretion of APP in the basolateral direction 

towards the choroid.  This suggested that there are dynamic changes in polarized movement of 

APP in the RPE caused by hypoxia.  The current study was designed to determine hypoxia alters 

APP expression and secretion within the RPE.  To do so, we examined the primary degradation 

pathways within the RPE, the possible involvement of stress and the nascent synthesis of APP.  

Lastly, we examined if the loss of APP on the apical surface of the RPE would affect 

photoreceptor phagocytosis. 

Materials and Methods 

 

Tissue culture 

Dogs were obtained from the Johnston County, NC animal shelter immediately after 

being euthanized.  Eyes were removed within 2 hours of death and RPE were isolated by 

trypsinization and transferred to 60 mm tissue culture dishes where they were grown to 

confluence in Ham’s F-12/DMEM (1:1) medium (cat# 31765-035 and #10566-016, Invitrogen, 

Rockville, MD) with 10% fetal bovine serum (FBS) (Hyclone, Logan, Utah) and 1% 

antibiotic/antimycotic solution (Mediatech, Manassas, VA).  Cultures were incubated at 37°C, 

5% CO2, 95% humidity until confluence was reached in 7 to 10 days. For subsequent 

experiments, the cells were dispersed by trypsinization either onto 6 well tissue culture plates for 

non-polarized cultures, or onto 6-well Greiner hanging cell culture inserts to establish polarized 
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RPE cultures (polyethylene terephthalate membrane; 1.0 μm pore size; cat # 657610) (Greiner 

Bio-One North America Inc., Monroe, NC) with the apical and basolateral sides bathed 

separately.  Apical medium was comprised of Ham’s F-12/DMEM (1:1) medium with 20% 10X 

B27 Supplement (cat# 17504-044 Invitrogen, Rockville, MD) and 1% antibiotic/antimycotic 

solution (Mediatech, Manassas, VA).  Basal medium was the same as the 10% FBS culture 

medium described above.  For all experiments, primary RPE were plated at 200,000 cells per 

well for non-polarized cultures or 300,000 cells per insert for polarized cultures.  RPE cells 

plated onto Greiner inserts were determined to be tight junctional by measuring transepithelial 

electrical resistance (TEER) once a week after plating.  Cultures were used for experiments once 

they exhibited TEER readings over 300 Ω x cm2 and directional secretion of glutamate to the 

basal compartment (at least 5 times more to basal than apical compartments indicating a 

polarized epithelium).  Cultures typically achieved these parameters in 4–8 weeks.  For further 

description of this polarized RPE model see [11] 

Hypoxic treatment 

For all experiments involving hypoxia, cells were placed under hypoxic (0.5% O2) 

conditions for 24 or 48 hours in a hypoxia chamber (Ruskinn INVIVO2 300 workstation), with 

corresponding cells placed under normoxic conditions (21% O2) in a standard cell culture 

incubator as a control.  It is known that hypoxic conditions activate both hypoxia inducible factor 

1 and VEGF production (both known hypoxia indicators) within the RPE [16].  All studies 

except the nascent protein synthesis studies were carried out to 48 hours to determine the effects 

of sustained hypoxic insult to RPE cells.  Nascent protein synthesis studies were carried out for 

16 hours in hypoxia to account for the short half-life of APP [17-19]. 

Lysosomal and proteasomal inhibition 
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RPE cells were grown on Greiner ThinCert™ inserts until polarized, tight junctional 

monolayers were formed as described above.  Prior to treatment cells were washed two times 

with serum-free, glutamine-free Minimal Essential Medium (MEM) (cat# 51200-038, Invitrogen, 

Rockville, MD) and then placed in MEM in the presence of the lysosomal inhibitor chloroquine 

(75µM) (Tocris, Minneapolis, MN; cat. # 4109), the proteasomal inhibitor MG-132 (10µM) 

(EMD Millipore, Ballerica, MA; cat. # 474790-5mg), or left untreated as a control.  Cells were 

then incubated in normoxic (21% O2) or hypoxic (0.5% O2) conditions for 48 hours.  Lysates 

were collected and immunoblotted for APP as described below. 

Endoplasmic reticulum stress inhibition and induction 

Non-polarized RPE cells were grown to confluence as described above.  Prior to 

treatment cells were washed two times with MEM and then placed in MEM in the presence of 

the ER stress inhibitor 4-PBA (2.5mM) (EMD Millipore; cat. # 567616-100mg), the ER stress 

inducer tunicamycin (1µM) (Tocris; cat. # 3516), or left untreated as a control.  Cells were then 

incubated in normoxic (21% O2) or hypoxic (0.5% O2) conditions for 48 hours. Lysates were 

collected and immunoblotted for APP as described below. 

Nascent APP synthesis 

Non-polarized RPE cells were grown to 90% confluence.  Prior to treatment cells were 

washed two times with MEM.  Cells were then starved of methionine for 30 minutes in 

methionine free media with 5% dialyzed FBS, after which 35µM L-azidohomoalaine (AHA) 

(Thermo Fisher, Waltham, MA; cat. # C10102) was added.  Cells were incubated in normoxic 

(21% O2) or hypoxic (0.5% O2) conditions for 16 hours.  Cells were then washed twice in ice-

cold PBS (Corning, Tewksbury, MA) and incubated on ice for 10 minutes in 200ul RIPA buffer 

(Thermo Fisher, Waltham, MA) with protease inhibitors added, with periodic mixing.  The 
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resulting homogenate was centrifuged for 10 min at 13,000 x g at 4°C, after which the lysate 

supernatant was collected.  Protein concentrations were measured by BCA assay.  250µg of cell 

lysate was combined with the Y188 antibody for APP (Abcam, Cambridge, MA; cat. # ab32136) 

at a 1:30 dilution of antibody to cell lysate, after which the antibody/lysate solution was diluted 

to 500µl with RIPA buffer.  The solutions were incubated at 4°C overnight with mixing to form 

the immune complex.  The next day, 25µl of protein A/G magnetic beads (Thermo Fisher, 

Waltham, MA) were placed into low protein binding microcentrifuge tubes, to which 175µl of 

RIPA buffer was added and the beads were vortexed to mix.  The tubes were placed into a 

magnetic stand to collect the beads and the supernatant was removed.  This was repeated twice.  

The antibody/lysate solutions from the day before were added to the pre-washed beads and 

incubated at room temperature for one hour with mixing.  After one hour, the beads were 

collected with a magnetic stand and the unbound sample was removed.  The beads were then 

washed five times in 500µl RIPA buffer.  The washed beads were then used in the Click-IT™ 

biotin protein analysis detection kit (Thermo Fisher, Waltham, MA; cat. # C33372) to label the 

azide modified proteins with the alkyne-biotin complex according to the manufactures 

instructions (steps 1.1 through 2.7 only).  After labeling, the beads were collected on a magnetic 

stand and the excess labeling solution was removed.  The beads were then washed twice in 500µl 

RIPA buffer.  50µl of 2x SDS-PAGE loading buffer (1M Tris/HCl pH 6.5, 10% glycerol, 

200mM SDS, 150µM bromophenol blue, 70mM DTT) was added to the beads, after which they 

were heated at 75°C for 15 minutes to elute and denature the labeled APP from the beads.  The 

eluate was placed on a magnetic stand to capture the beads after which equal volume (25 µl) of 

eluate was subjected to 8% SDS-PAGE and the proteins were transferred to a nitrocellulose 

membrane.  APP immunoblotting was carried out as described below using the KPI antibody for 
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APP.  For detection of the biotin tag, membranes were blocked with 1X Carbo-Free blocking 

solution (Vector Labs, Burlingame, CA; cat. # SP-5040).  The transferred proteins were probed 

with horseradish peroxidase (HRP) conjugated streptavidin (2µg/ml; Pierce, Rockford, IL; cat. # 

21126), washed three times with tris-buffered saline with tween (TBST) (50mM Tris, 150mM 

NaCl, 1% tween 20, pH 7.4) and once with tris-buffered saline (TBS) (50mM Tris, 150mM 

NaCl, pH 7.4).  Proteins were visualized using an enhanced chemiluminescence detection system 

(GE Healthcare Life Sciences, Pittsburgh, PA) according to manufacturer’s protocol and the blot 

was imaged using a ChemiDocTM MP System (BioRad, Hercules, CA) and normalized using the 

total protein detection method described below.   

Immunoblotting for identification of APP 

After treatment, cells were lysed using sodium dodecyl sulfate (SDS) lysis buffer with 

protease inhibitors added.  The resulting homogenate was centrifuged for 15 min at 14,000 x g at 

11°C, after which the lysate supernatant was collected.  Protein concentrations were measured by 

the BCA assay. Canine cerebral cortex tissue lysate (Zyagen, San Diego, CA) was used as a 

positive control for APP. 100 μg total protein from canine cerebral cortex and 20 μg total protein 

from primary cultured canine RPE were subjected to 8% SDS-PAGE and the proteins were 

transferred to a nitrocellulose membrane. The membrane was then blocked in a 10% milk 

solution in tris-buffered saline (TBST) (50mM Tris, 150mM NaCl, 1% tween 20, pH 7.4).  The 

transferred proteins were probed with the primary antibody to APP KPI domain (2 µg/ml; EMD 

Millipore; cat. # AB5302). After washing with TBST, the membrane was incubated with 

horseradish-peroxidase (HRP) conjugated anti-rabbit IgG antibody (4 µg/ml; eBioscience, Inc., 

San Diego, CA; cat. # 18-8816-33).  Proteins were visualized using an enhanced 

chemiluminescence detection system (GE Healthcare Life Sciences, Pittsburgh, PA) according to 
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manufacturer’s protocol and the blot was imaged using a ChemiDocTM MP System (BioRad, 

Hercules, CA).  Immunoblots were normalized using the total protein normalization method, 

which removes the need to use housekeeping proteins for loading controls.  Total protein 

normalization allows for greater quantitative accuracy in measuring target proteins [20-22].  

Additionally, total protein normalization has recently become the preferred method for the 

Journal of Biological Chemistry for immunoblot normalization. 

Photoreceptor binding and internalization assay 

 To test if APP may be involved in photoreceptor phagocytosis, APP was knocked down 

in RPE cells using APP siRNA, after which RPE cells were fed fluorescently labeled 

photoreceptor outer segments for 30 minutes, 1 hour, 2 hours, 3 hours, 4 hours, and 5 hours.   

 Photoreceptor rod outer segments (POS) were purchased from InVision BioResources 

(Seattle, WA).  POS were labeled with fluorescein-5-isothiocyanate (FITC) (Thermo Fisher, 

Waltham, MA) as described by Parinot, et al. [23].  siRNA for APP (ON-TARGETplus Human 

APP (351) siRNA-SMARTpool #L-003731-00-0005) was obtained from GE Dharmacon 

(Lafayette, CO) as well as a control nontargeting siRNA pool (ON-TARGETplus Non-targeting 

Pool #D-001810-10-05, Dharmacon).  Cells were plated at a density of 7,500 cells/well on 96-

well black walled plates in 0.2 ml/well of DMEM/F12+10% FBS without antibiotics and 

incubated overnight at 37°C, typically reaching 50% to 60% confluence.  Media was replaced 

with 100 µl of DMEM/F12+10% FBS without antibiotics.  Lipophilic transfection reagent (0.9 

µL/mL, Lipofectamine® RNAiMAX; Invitrogen, Grand Island, NY) siRNA complexes were 

formed, according to the manufacturer’s protocol, in serum-free, glutamine-free MEM without 

antibiotics and added to each well at a final concentration of 45 nM siRNA/well. APP siRNA 

was added to one set of cells and the control nontargeting siRNA pool was added to cells in a 
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parallel well on each plate as a control for non–sequence-specific cell responses, with each well 

having a final media volume of 0.2 ml.  In addition, a third set of cells had 100 µl of serum-free, 

glutamine-free MEM without antibiotics added to ensure that the siRNA and transfection reagent 

were not adversely affecting the RPE cells.  After overnight incubation, transfection medium was 

replaced with 0.2 ml/well of DMEM/F12+10% FBS with antibiotics.  After 72h medium was 

switched to 180 µl/well serum-free, phenol red DMD and the photoreceptor phagocytosis assay 

was carried out as described in sections 3.2 through 3.4 of the protocol by Mao, et al., with 40 

FITC labeled POS applied per plated RPE cell (20 µl total) [24].  Plates were read on a 

fluorescent plate reader (Fluoroskan Ascent FL; Thermo Fisher, Waltham, MA) to determine the 

total, bound, and internalized photoreceptor amounts after APP knockdown. 

Statistics 

The data were analyzed by ANOVA with Tukey’s HSD test for multiple comparisons 

and SEM for all experiments except the nascent protein synthesis studies and photoreceptor 

phagocytosis studies.  Nascent protein synthesis and photoreceptor phagocytosis data were 

analyzed by paired t-test and SEM.    All data were analyzed in SYSTAT 13 (San Jose, 

California).  Results were considered significant when p < 0.05. 

Results 

 

Effects of lysosomal and proteasomal inhibition on APP levels in RPE cells 

 

 In order to determine if hypoxia altered the degradation pathway of APP, polarized RPE 

were treated with either the lysosomal inhibitor chloroquine, the proteasomal inhibitor MG-132, 

or left untreated as a control.  We determined the concentration of inhibitors to use by reviewing 

the literature for the lowest effective concentration used within RPE cells to block degradation.  

Cells were then incubated in normoxic (21% O2) or hypoxic (0.5% O2) conditions for 48 hours 
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and lysates were analyzed by immunoblot for APP.  APP was found in both an immature, non-

glycosylated form (lower band) and the mature, highly glycosylated form (upper band) in RPE 

lysates.  APP expression was significantly reduced (p<0.05) in the control lysates after 48 hours 

in hypoxia (Figure 3.1).  Lysosomal inhibition caused the levels of APP in the lysates to increase 

in normoxic conditions.  The decrease in APP levels induced by hypoxia was not rescued by 

lysosomal inhibition.  Surprisingly, proteasomal inhibition caused a substantial reduction (80%) 

in APP levels in both normoxic and hypoxic conditions (Figure 3.1). 

Effects of endoplasmic reticulum stress induction and inhibition on APP levels in RPE cells 

ER stress is known to initiate the unfolded protein response within cells, ultimately 

leading to autophagy [12].  This induction of the ER stress/unfolded protein response has been 

shown to reduce the amount of mature APP within cells [12].  Importantly, hypoxia induces the 

ER stress pathway [25, 26].  Because lysosomal and proteasomal inhibition did not rescue APP 

in hypoxic conditions, we next investigated if ER stress was causing APP expression to decrease 

in hypoxia.  RPE were treated with either the ER stress inhibitor 4-PBA, the ER stress inducer 

tunicamycin, or left untreated as a control.  Effective concentrations of 4-PBA and tunicamycin 

were determined by reviewing the literature for their use within RPE cells.  Cells were then 

incubated in normoxic (21% O2) or hypoxic (0.5% O2) conditions for 48 hours.  APP levels were 

significantly reduced (p<0.05) in the lysates after 48 hours in hypoxia.  Inhibition of ER stress 

with 4-PBA had no effect on APP expression in normoxic or hypoxic conditions (Figure 3.2).  

Inducing ER stress caused a significant reduction in APP expression in normoxic and hypoxic 

conditions when compared to the normoxic control (Figure 3.2).  

Effect of hypoxia on the nascent synthesis of APP in RPE cells 
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 Since inhibition of the lysosomal, proteasomal, and ER stress pathway were not found to 

rescue APP expression in hypoxia, we next investigated if hypoxia altered the nascent synthesis 

of APP.  Hypoxia caused a significant 32% reduction (p<0.05) in the nascent synthesis of APP 

after 16 hours, as measured by AHA incorporation, when compared to normoxic APP nascent 

synthesis (Figure 3.3). 

Effect of APP knockdown on photoreceptor phagocytosis 

 Transmembrane APP may have a role in cellular adhesion and may have a function as a 

cellular receptor.  We have previously shown that hypoxia substantially reduces the amount of 

APP on the apical surface of the RPE.  RPE are crucial to the processing of photoreceptors 

because of their ability to bind and phagocytose photoreceptor outer segments.  We tested 

whether APP may play a role in photoreceptor phagocytosis by the RPE.  APP was knocked 

down with siRNA in RPE cells for 72 hours, and cells were then fed FITC labeled photoreceptor 

outer segments for 30 minutes, 1 hour, 2 hours, 3 hours, 4 hours or 5 hours.  These time points 

were chosen based off of previous work by Finnemann, et al. which states that this time frame 

simulates all phases of photoreceptor activity from active POS binding (early phase of uptake), 

ongoing binding and internalization, and active internalization of bound photoreceptors (late 

phase of uptake) [24].  Additionally, Finnemann has shown that primary RPE, which are the only 

types of RPE used in this current study, phagocytose RPE faster than cells lines (30 minutes to 2 

hours for primary RPE, versus 2 to 5 hours for RPE cell lines) [15].  However, since APP has 

never been studied in the context of photoreceptor phagocytosis, the current study used time 

points past those suggested by Finnemann for primary cells to ensure no other observable effects 

were occurring after the 2 hour time point.  Fluorescent readings for each time point indicated 

that APP knockdown did lower the total amount of photoreceptors detected, as well as the 
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amount bound and internalized by the RPE cells (Figure 3.4).  This was significantly pronounced 

at the 1 hour time point, though photoreceptor levels were still down for all conditions after 1 

hour. 

Discussion 

 

The amyloid precursor protein is ubiquitous, and has important roles in the pathology of 

age related macular degeneration (AMD) as well as Alzheimer’s disease.  APP is known to have 

functions involving cell growth and cell maintenance and may have roles as a cellular receptor.  

Hypoxia is a key pathological factor in disease states leading to cellular degradation, death, and 

loss of retinal function.  In Chapter 2, we showed that hypoxia decreases intracellular and apical 

levels of APP in the RPE.  In the current study, we examined the mechanism by which hypoxia 

decreases APP levels by examining lysosomal degradation, endoplasmic reticulum stress, and 

the nascent synthesis of APP.  We also examined how such a loss of APP may alter the ability of 

the RPE to properly phagocytose photoreceptors. 

 APP is known to be primarily degraded within the lysosome [17].  For RPE cells placed 

in hypoxic conditions, APP was significantly decreased when compared to the normoxic control 

(Figure 3.1).  Inhibiting lysosomal degradation with chloroquine did not rescue APP levels in 

hypoxia, though it did raise APP levels in normoxia as expected.  We next investigated whether 

hypoxia was causing APP to be degraded by the proteasomal pathway instead of the primary 

lysosomal pathway.  Inhibiting the proteasome with MG-132 significantly lowered APP levels in 

both normoxic and hypoxic conditions when compared to the normoxic control.  This was an 

unexpected result since the proteasomal degradation pathway is not the main pathway of APP 

degradation. 
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 Due to the unexpected finding that proteasomal inhibition lowered APP levels 

intracellularly, we investigated the mechanism by which this may be occurring.  It has been 

shown that proteasome inhibitors can activate the endoplasmic reticulum (ER) stress pathway, 

ultimately leading to autophagy and a reduction of APP levels [12].  Therefore, ER stress was 

investigated as a potential method by which proteasomal inhibition and hypoxia were lowering 

APP levels.  While chemically inducing ER stress with tunicamycin did lower APP levels in the 

RPE similarly to those seen in hypoxia, the ER stress inhibitor 4-PBA did not rescue APP levels 

(Figure 3.2).  Because of the inability of 4-PBA to rescue APP in hypoxia, it is unlikely that ER 

stress lowers APP levels in hypoxia. 

Hypoxia has been shown to decrease the nascent synthesis of proteins [27-29].  The 

retina is part of the brain, and it has been shown in the brain that hypoxia affects the synthesis of 

proteins by causing a 32% to 34% decrease in overall protein synthesis [29].  Therefore, the 

effect of hypoxia on nascent synthesis was next investigated as a cause of the decrease in APP 

levels.  We found that the nascent synthesis of APP is decreased by 32% in hypoxia after 16 

hours in hypoxia (Figure 3.3).  This short hypoxic incubation was chosen because APP is known 

to have a short half-life [17-19].  We believe that hypoxia’s ability to decrease the synthesis of 

APP is a likely pathway by which hypoxia decreases the levels of APP in the RPE and, as we 

previously reported in Chapter 2, the amounts that are localized to the apical surface. 

The apical membrane of the RPE abuts the photoreceptors, where photoreceptor outer 

segments (POS) are engulfed and recycled.  Two ligand-receptor pairs, MFG-E8-αvβ5 integrin 

and Gas6/Protein S-MerTK, are located on the apical membrane of the RPE and are essential for 

POS phagocytosis [15].  MFG-E8 and Gas6/Protein S both recognize the POS, with MFG-E8-

αvβ5 integrin acting upstream of Gas6/Protein S-MerTK.  Activation of MerTK initiates a 
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negative feedback mechanism to limit αvβ5 activity.  As Chapter 2 showed, under hypoxic 

conditions APP localization to the apical membrane is drastically reduced.  Therefore, because 

the apical surface shows a decrease in APP localization under hypoxia and it is the site of 

photoreceptor phagocytosis, we wanted to examine if APP may play a role in photoreceptor 

phagocytosis.  Instead of exposing the RPE cells to hypoxia, which would cause additional 

effects beyond affecting just APP apical localization, we utilized siRNA to knockdown APP 

within RPE cells.  When APP is knocked down, we have now shown that photoreceptor 

phagocytosis is inhibited within the RPE (Figure 3.4).  As improper photoreceptor phagocytosis 

is one hallmark of AMD, the finding that APP plays a role in photoreceptor binding and 

internalization could be crucial to determining if APP’s restoration may be a therapeutic target to 

restore proper photoreceptor function in AMD. 

This study furthers our understanding of hypoxia’s regulation of the amyloid precursor 

protein.  Understanding how hypoxia affects protein synthesis is vital to a comprehensive 

understanding of RPE pathophysiology and in all cells that are exposed to hypoxic conditions.  

Additionally, this study shows for the first time that APP may have a role in photoreceptor 

phagocytosis.  This novel functional role for APP helps to further elucidate its role beyond the 

amyloidogenic properties that its byproduct Aβ is often associated with and may help lead to 

potential therapeutic targets to combat AMD. 
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Figure 3.1 APP levels decrease with proteasomal inhibition RPE cells were grown on Greiner 

ThinCert™ inserts until polarized, tight junctional monolayers were formed.  Cells were then 

incubated in normoxic (21% O2) or hypoxic (0.5% O2) conditions for 48 hours in the presence of 

the lysosomal inhibitor chloroquine (75µM) or the proteasomal inhibitor MG-132 (10µM).  

Lysates (20 µg total protein) were probed with the KPI antibody for APP.  A: APP levels in 

polarized RPE cells after lysosomal and proteasomal inhibition in normoxic or hypoxic 

conditions, with representative immunoblot below the graph. Three experiments analyzed 

statistically in Systat 13 by ANOVA, with post-hoc Tukey’s HSD and SEM.* = significantly 

different from normoxic control. § = significantly different from hypoxic control. Δ = 

significantly different from normoxic chloroquine. + = significantly different from hypoxic 

chloroquine.
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Figure 3.2 ER stress decreases APP levels Non-polarized RPE cells were grown to confluence.  

Cells were treated with either the ER stress inhibitor 4-PBA (2.5mM) , the ER stress inducer 

tunicamycin (1µM), or left untreated as a control.  Cells were then incubated in normoxic (21% 

O2) or hypoxic (0.5% O2) conditions for 48 hours. Lysates were collected. Lysates (20 µg total 

protein) were probed with the KPI antibody for APP.  A: APP levels in RPE lysates after ER 

stress inhibition or induction in normoxic and hypoxic conditions, with representative 

immunoblot below the graph. Three experiments analyzed statistically in Systat 13 by ANOVA, 

with post-hoc Tukey’s HSD and SEM.  * = significantly different than normoxic control # = 

significantly different than normoxic 4-PBA.
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Figure 3.3 Hypoxia decreases nascent APP synthesis Non-polarized RPE cells were grown to 

90% confluence.  Cells were then starved of methionine for 30 minutes in methionine free media 

with 5% FBS, after which L-azidohomoalaine (AHA) was added.  Cells were then incubated in 

normoxic (21% O2) or hypoxic (0.5% O2) conditions for 16 hours. Lysates were then collected 

and immunoprecipitated for APP.  After immunoprecipitation, cells underwent chemoselective 

ligation with the alkene labeled biotin and were then eluted into loading buffer.  Equal volume 

(25 µl) of eluate was probed with the KPI antibody for APP for the immunoblot and streptavidin-

HRP for the biotin blot.  A: Nascent APP synthesis, with representative biotin blot below the 

graph. Three experiments analyzed statistically in Systat 13 by paired t-test and SEM.  * = 

significantly different from normoxic control.
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Figure 3.4 Photoreceptor binding and internalization decrease with APP knockdown RPE 

cells were treated with APP siRNA overnight, grown to confluence for 72 hours, and then fed 

FITC labeled photoreceptor outer segments for 30 minutes, 1 hour, 2 hours, 3 hours, 4 hours, or 

5 hours.  At each time point, the individual 96 well plate was processed for total, surface bound 

and engulfed photoreceptor outer segments, after which the plate was analyzed on a fluorescent 

plate reader.  A:  Percent change in photoreceptor levels after APP knockdown when compared 

to negative control siRNA  * = Significantly different (p < 0.05) from paired negative siRNA 

control as determined from percent control data previously normalized to background 

fluorescence from 6 experiments and analyzed statistically in Systat 13 by paired t-test, with 

SEM.



   

103 

 



   

104 

 

CHAPTER 4 

Glycosylation and Levels of the Amyloid Precursor Protein in Retinal 

Pigmented Epithelial Cells are Altered by Loss of Iron 
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Abstract 

Amyloid precursor protein (APP) gives rise to amyloid beta which is implicated as 

pathogenic in both Alzheimer’s disease and age-related macular degeneration (AMD). Our 

studies demonstrate that retinal pigmented epithelial cells (RPE) contain an immature as well as 

a mature, glycosylated form of APP, while they secrete only the mature form.  In the RPE, both 

forms of APP are lowered intracellularly as a consequence of oxidative stress due to hypoxia. 

The secreted form of APP is also less due to hypoxia.  The mature form of APP is formed by 

glycosylation, with serial addition of mannose, n-acetylglucosamine (GlcNAc) and sialic acid 

residues.  Since APP can alter iron levels and can interact, stabilize, and be co-

immunoprecipitated with the iron export protein ferroportin at the cell surface, we investigated 

the effect of iron chelation on APP levels in and secretion by RPE, as well as continuing our 

investigations into hypoxia’s effect on APP levels.   APP levels were determined by immunoblot 

analysis.  Hypoxia reduced the levels of APP, both intracellular and secreted.  Iron chelation 

reduced the size of the mature intracellular form of APP, while having no effect on the size of 

the immature form.  Iron chelation also blocked secretion of the mature form of APP and 

resulted in secretion of APP of a size similar to the immature form. We determined by 

combinatorial enzymatic digestion that mature APP treated with sialidase was reduced in size 

and matched the size of the new smaller APP found after iron chelation.  Additionally, the total 

levels of APP after iron chelation are also reduced, and this is also the case after sialidase 

treatment.  Probing for sialic acid levels on APP showed that the reduction in size of the mature 

band of APP after iron chelation was due to the absence of sialic acid.  This indicates an iron 

dependent mechanism for the addition or removal of sialic acid.  Probing for sialic acid in 

hypoxia showed that hypoxia did not alter the amount of sialic acid on APP.  The involvement of 
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iron in protein glycosylation is a novel and significant finding with important ramifications for 

this essential cellular process. 

Introduction 

 

The retinal pigmented epithelium (RPE) lies between the neural retina and the choroidal 

vasculature and makes up the outer part of the blood retinal barrier. Tight junctions between RPE 

cells provide a barrier to movement of molecules and ions and separate the RPE apical and 

basolateral surfaces, allowing for appropriate directional movement of nutrients and wastes into 

and out of the retina. Photoreceptor cells of the retina lie directly above and interdigitate with the 

microvilli on the apical surface of the RPE. The RPE participates in the visual cycle and is 

responsible not only for the nutrition of these cells but for phagocytosis and resultant turnover of 

photoreceptor outer segments [1]. The interplay of RPE and photoreceptor cells creates a rich 

environment for oxidative damage as it has high lipid, oxygen and iron content [2]. 

The amyloid precursor protein (APP) and iron metabolism are tightly intertwined as APP 

regulates iron efflux, iron regulates APP synthesis, and excess iron increases Aβ in the retina 

under experimental conditions [3-5].  In the presence of iron, one of the byproducts of APP 

cleavage, sAPPα, stabilizes ferroportin, the only known mammalian iron exporter [3, 4, 6].  This 

may regulate iron levels within the RPE and prevent the harmful effects of iron overload.  APP 

mRNA also has an iron-regulatory element (IRE) [7].  IREs are RNA stem loops that control the 

translation of iron regulatory proteins, including APP, and thus balances cellular iron storage and 

transport.  Increased iron within the eye has been associated with patients who have age-related 

macular denervation [8].  Excess iron also causes photoreceptor degeneration, further showing 

why iron levels must be tightly regulated [9].  Even though elaborate control mechanisms for 
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both iron and APP have been defined, there have been no studies done to better understand how 

iron depletion affects APP levels in and APP’s secretion from cells. 

Protein glycosylation is essential for proper protein folding and movement to the cell 

membrane for insertion or secretion. It is also essential for the polarized placement of many 

proteins in epithelial cells [10].  APP is present in both an immature and a glycosylated mature 

form and the glycosylation pathway for APP is well documented [11].  Like all proteins, APP 

glycosylation begins as a cotranslational process in the endoplasmic reticulum (ER), before 

transiting to the Golgi for final post translational modifications.  Addition of sialic acid is an 

important final modification of APP. Post-translationally modified proteins are recognized and 

moved to their proper intracellular, plasma membrane, or secretory vesicle locations.  

Once properly glycosylated, APP is moved to the membrane and cleaved by either α- or 

β-secretase to release soluble APP (sAPPα or β, respectively). γ-secretase then acts on the 

remaining protein to release Aβ from sAPPβ. The processing pathway taken by APP through the 

maturation process determines which route it takes.  The importance of glycosylation for APP’s 

functional localization is illustrated by the finding that the membrane protein TMEM59 causes a 

decrease in APP glycosylation, or maturation of APP [12]. This results in sequestration of APP 

in the Golgi and its inability to move to the membrane for processing to soluble sAPPβ and Aβ. 

On the other hand, increased sialylation of APP in Neuro-2a cells caused a 2-3 fold increase in 

the secretion of Aβ and sAPPβ [13]. sAPPs have several important cellular activities including 

maintaining inner retinal circuitry and rod and cone pathways and have been implicated in iron 

metabolism [4, 14].  

Oxidative stress in the form of hypoxia has dramatic effects on iron levels in the RPE. 

We have previously shown that hypoxia induces a large increase in basolateral iron efflux from 
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RPE, i.e. away from the retina [15].  As hypoxia is known to cause iron catalyzed oxidative 

damage, this efflux is likely a protective response to this pathological condition.  Since iron 

regulates APP levels as described earlier, the level of iron and its availability in cells may 

profoundly alter the fate of APP and its cleavage products.  Therefore, changes in the iron state 

of the cell due to hypoxia may also alter the state of APP within the cell. 

Previous studies showed that iron chelation altered the glycosylation of proteins in 

APRE-19 cells [16].  The purpose of this study was to determine if iron depletion plays a role in 

the processing, glycosylation or secretion of APP from RPE cells.  The iron chelator Dp44mT 

was used in this study for that purpose.  Dp44mT is highly membrane permeable, and once 

internalized by a cell, chelates iron with high affinity and prevents the uptake of iron from 

transferrin [17, 18].  Indeed, by utilizing Dp44mT, we found that iron plays a significant role in 

the post translational modification of APP. 

Materials and Methods 

 

Tissue culture 

 RPE were isolated and grown as previously described in Chapter 2.   

Hypoxic treatment 

For all experiments involving hypoxia, cells were placed under hypoxic (0.5% O2) or 

normoxic conditions (21% O2) conditions for 24 or 48 hours as previously described in Chapter 

2. 

Iron chelation of RPE cells 

 Non-polarized RPE cells were grown to confluence on 60mm tissue culture plates.  Cells 

were rinsed three times with serum free, glutamine free minimum essential media, after which 

30µl DMSO (vehicle) was added to control plates and 30µM Di-2-pyridylketone-4,4,-dimethyl-
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3-thiosemicarbazone (Dp44MT) was added to plates that were to undergo iron chelation.  Plates 

were incubated for 24 or 48 hours in normoxic or hypoxic conditions.  After 24 or 48 hours, cell 

conditioned media was collected.  Cells were then rinsed twice with PBS and then lysed with 

RIPA buffer with protease inhibitors added for 5 minutes on ice.  Cells were collected and 

vortexed for 20 seconds, after which they were spun at 14,000 x g for 15 minutes at 4°C.  The 

resulting supernatant was stored, with aliquots reserved for protein quantification. 

Sialic acid detection 

Non-polarized RPE cells were grown to confluence.  Prior to treatment cells were washed 

two times with MEM and then placed in MEM.  For all experiments examining sialic acid levels, 

the sialic acid label was added 6 hours before further treatments to allow sialic acid to be labeled 

without being affected by further experimental conditions.  35µM of the azide-modified 

mannosamine (tetraacetylated N-Azidoacetyl-D-Mannosamine, ManNAz) (Thermo Fisher, 

Waltham, MA; cat. # C33366) was added to label sialic acid.  To examine the effects of iron 

chelation on sialic acid levels, 30µM of the iron chelator Dp44MT was also added, with control 

cells only receiving 35µM of the ManNAz.  The azido-sugar (sialic acid label) is metabolically 

incorporated into sialic acid-containing glycoproteins through the permissive nature of the 

oligosaccharide biosynthesis pathway.  Cells were then incubated in normoxic (21% O2) for 24 

hours.  To examine the effects of hypoxia on sialic acid levels confluent RPE cells were washed 

twice with MEM and then placed in MEM, after which 35M of ManNAz was added.  Cells were 

then incubated in normoxic (21% O2) or hypoxic (0.5% O2) conditions for 48 hours.  For both 

the iron chelation and hypoxia experiments, cells were washed twice in ice-cold PBS (Corning, 

Tewksbury, MA) and incubated on ice for 10 minutes in 200ul RIPA buffer (Thermo Fisher, 

Waltham, MA) with protease inhibitors added, with periodic mixing.  The resulting homogenate 



   

110 

 

was centrifuged for 10 min at 13,000 x g at 4°C, after which the lysate supernatant was collected.  

Protein concentrations were then measured by the BCA assay.  250µg of cell lysate was 

combined with the Y188 antibody for APP (Abcam, Cambridge, MA; cat. # ab32136) at a 1:30 

dilution of antibody to cell lysate, after which the antibody/lysate solution was diluted to 500µl 

with RIPA buffer.  The solutions were incubated at 4°C overnight with mixing to form the 

immune complex.  The next day, 25µl of protein A/G magnetic beads (Thermo Fisher, Waltham, 

MA) were placed into low protein binding microcentrifuge tubes, to which 175µl of RIPA buffer 

was added and the beads were vortexed to mix.  The tubes were placed into a magnetic stand to 

collect the beads and the supernatant was removed.  This was repeated twice.  The 

antibody/lysate solutions from the day before were added to the pre-washed beads and incubated 

at room temperature for one hour with mixing.  After one hour, the beads were collected with a 

magnetic stand and the unbound sample was removed.  The beads were then washed five times 

in 500µl RIPA buffer.  The washed beads were then used in the Click-IT™ biotin protein 

analysis detection kit (Thermo Fisher, Waltham, MA; cat. # C33372) to label the azide modified 

proteins with the alkyne-biotin complex according to the manufactures instructions (steps 1.1 

through 2.7 only).  After labeling, the beads were collected on a magnetic stand and the excess 

labeling solution was removed.  The beads were then washed twice in 500µl RIPA buffer.  50µl 

of 2x SDS-PAGE loading buffer (1M Tris/HCl pH 6.5, 10% glycerol, 200mM SDS, 150µM 

bromophenol blue, 70mM DTT) was added to the beads, after which they were heated at 75°C 

for 15 minutes to elute and denature the labeled APP from the beads.  The eluate was placed on a 

magnetic stand to capture the beads after which equal volume (25 µl) of eluate was subjected to 

8% SDS-PAGE and the proteins were transferred to a nitrocellulose membrane.  APP 

immunoblotting was carried out as described below using the KPI antibody for APP.  For 
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detection of the biotin tag, membranes were blocked with 1X Carbo-Free blocking solution 

(Vector Labs, Burlingame, CA; cat. # SP-5040).  The transferred proteins were probed with 

horseradish peroxidase (HRP) conjugated streptavidin (2µg/ml; Pierce, Rockford, IL; cat. # 

21126), washed three times with tris-buffered saline with tween (TBST) (50mM Tris, 150mM 

NaCl, 1% tween 20, pH 7.4) and once with tris-buffered saline (TBS) (50mM Tris, 150mM 

NaCl, pH 7.4).  Proteins were visualized using an enhanced chemiluminescence detection system 

(GE Healthcare Life Sciences, Pittsburgh, PA) according to manufacturer’s protocol and the blot 

was imaged using a ChemiDocTM MP System (BioRad, Hercules, CA) and normalized using the 

total protein detection method. 

Enzymatic Protein Deglycosylation 

Prior to enzymatic deglycosylation, RPE cells were treated with the iron chelator 

Dp44MT for 24 hours in normoxic conditions and the CCM and lysates were collected as 

described above.  33µg of total protein from the RPE lysate was transferred into microcentrifuge 

tubes and treated with a enzymatic protein deglycosylation kit (Sigma, St. Louis, MO; cat. 

#EDEGLY) according to the manufactures directions for deglycosylation under denaturing 

conditions utilizing 5 U PNGase F, 5mU sialidase, and 1.25 mU O-glycosidase, and following 

the layout shown in Figure 4.2, with the only alteration being that before analysis by 

immunoblotting, tubes were incubated for 18 hours at 37°C. 

Immunoblotting for identification of APP 

 RPE lysates and cell conditioned media were immunoblotted for APP as previously 

described in Chapter 2. 
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Statistics 

The data were analyzed by ANOVA with Tukey’s HSD test for multiple comparisons 

and SEM for all experiments except the sialic acid experiments examining iron chelation and 

hypoxia.  This data were analyzed by paired t-test and SEM.  All data were analyzed in SYSTAT 

13 (San Jose, California).  Results were considered significant when p < 0.05. 

Results 

 

Effects of iron chelation on APP expression and secretion in RPE cells in normoxic or hypoxic 

conditions 

 

 RPE cells were exposed to normoxic (21% O2) or hypoxic (0.5% O2) conditions in the 

presence or absence of the iron chelator Dp44MT for 24 or 48 hours.  Immunoblots done on RPE 

lysates for APP have two bands.  The lower band is the immature, non-glycosylated form, and 

the upper band is the mature, highly glycosylated form.  Rat brain was used as a positive control 

for APP detection.  Rat brain is predominantly APP695, so its two bands are slightly lower than 

the APP770 found in the RPE.  Interestingly, the secreted form of APP is almost completely the 

mature form under both normoxic and hypoxic conditions.  Treatment with the iron chelator 

Dp44mT caused a reduction in the size of the mature band of APP at 24 and 48 hours (Figure 4.1 

A and B).  Additionally, after 24 hours of iron chelation in normoxia, the amount of APP in the 

lysates was significantly reduced (p<0.05, 48%) when compared to normoxia alone (Figure 4.1 

C).  Hypoxic conditions also caused APP expression and secretion to be lower, but only after 48 

hours, similar to the previously reported results in Chapter 2.  Hypoxic conditions with iron 

chelation caused both intracellular and secreted APP to be almost undetectable. 

Effects of enzymatic deglycosylation on APP expression in RPE cells 

 

 APP is a heavily glycosylated protein, and its glycosylation sites are known.  A minority 

of APP is N-glycosylated, while the majority of APP is O-glycosylated, with sialic acid serving 
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as the terminal glycan for O-glycosylated APP (Figure 4.2A).  To study the effects of iron 

chelation on sialic acid levels, RPE cells were exposed to normoxic conditions in the presence or 

absence of Dp44mT for 24 hours, after which lysates were subjected to glycosidase digestion 

and subsequently immunoblotted for APP.  Both the immature and mature forms of APP were 

visible on the immunoblots for APP.  While glycosidase digestion decreased the amount of APP 

in the lysates, it had no effect on the size of the bands (Figure 4.2B).  However, in the presence 

of sialidase, the mature band decreased in size.  When O-glycosidase is added with sialidase, 

only the immature band remains.  PNGase F, which cleaves N-linked glycans, slightly lowered 

the size of both the mature and immature forms of APP. 

Effects of iron chelation and hypoxia on sialic acid levels on APP in RPE cells 

 Because sialidase caused the size of the mature band of APP to decrease similar to that 

seen with iron chelation, we next examined whether sialic acid levels were affected by iron 

chelation, and/or hypoxia.  RPE cells were pretreated for six hours with the sialic acid labeling 

compound, after which cells were placed in normoxic or hypoxic conditions with or without the 

iron chelator Dp44mT.  After 24 or 48 hours, cells were lysed, APP was immunoprecipitated, 

and immunoblots were probed for APP and sialic acid.  After 24 hours of iron chelation in 

normoxic conditions, sialic acid levels on APP were significantly reduced (57%) (Figure 4.3).  

There was a concomitant decrease in the size of the mature band of APP.  After 48 hours in 

hypoxia with no iron chelation, sialic acid levels on APP were unaffected (Figure 4.4). 

Discussion 

Iron is an essential element involved in numerous metabolic processes throughout the 

cell. The retina and retinal pigmented epithelium (RPE) contain all of the iron regulatory proteins 

thus far known for other cell types in the body.  An important specific role for iron in the RPE is 
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as an essential component of the RPE65 enzyme, a key player in the rhodopsin cycle [19].  Iron 

has additional key metabolic functions that have recently being discovered, such as control of 

glutamate secretion and glutathione levels in cells [20, 21].  However, because iron can also 

catalyze damaging free radical reactions, its levels are tightly regulated. Despite elaborate control 

mechanisms, iron dysregulation still occurs from events like sub retinal hemorrhage and 

contributes to numerous pathologies including retinal degenerations such as age related macular 

degeneration (AMD) [22, 23]. 

Within the eye, RPE cells contain and secrete the amyloid precursor protein (APP).  APP 

and its cleavage products have been implicated in the pathology of AMD as well as Alzheimer’s 

disease [24].  The soluble form of APP, sAPPα, is able to stabilize the iron exporter ferroportin 

[4].  By stabilizing ferroportin, sAPPα helps to regulate iron levels within the RPE by aiding in 

the export of excess iron from the cell and preventing the harmful effects of iron overload.  

Additionally, iron regulatory elements on APP mRNA control APP synthesis in response to 

cellular iron levels, demonstrating the interplay of iron and protein metabolism [5, 7].    

Now we have evidence of an additional role for iron in cellular metabolism, namely post 

translation modification of APP.  Our results clearly show that iron chelation with Dp44mT 

caused a significant decrease in the size of the mature APP band in RPE lysates (Figure 4.1A, B).  

The total amount of APP within lysates from RPE that had been treated with Dp44mT was 

reduced by 48% (Figure 4.1C).  This reduction in the total amount of APP and the data showing 

that iron depletion by chelation interferes with the maturation of APP suggests that APP is being 

processed incorrectly.  In order to prove that Dp44mT’s effects were due to iron chelation and 

not some off target effect, iron (FeCl3) was added to Dp44mT treated RPE cells.  In 
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confirmation, the mature band of APP remained at its normal size on immunoblots (data not 

shown). 

Over 50% of proteins are glycosylated, and APP’s glycosylated state has been well 

studied [25].  There is significant posttranslational modification of APP as it transits from the ER 

through the Golgi to the endosomes. These modifications result in a heavily glycosylated mature 

APP, with an example of one branch shown in Figure 4.2A.  These mature forms are secreted 

from cells. The O-glycosylated predominant form of mature APP has an outer coat of glycans 

covered with sialic acid.  Addition of sialic acid to the outer most sugars is believed to protect 

the underlying sugars from removal, thereby maintaining the mature form.  APP also undergoes 

N-glycosylation, where no sialic acid is added.  In this study, only upon removal of sialic acid 

was O-glycosidase effective in removing all sugars from APP, causing only the single immature 

APP band to be visible on immunoblots (Figure 4.2B).  The reduced size of the band resulting 

from iron chelation is similar to that of APP in the samples treated with sialidase, indicating that 

iron has a role in the glycosylation of APP.  From these enzymatic digestion studies, it is 

apparent that the presence of sialic acid protects the glycosylated form of APP from enzymatic 

removal of GlcNAc and mannose residues. Therefore, since iron chelation reduces the amount of 

sialic acid present on APP, other sugars can also be altered.  If glycosylation is necessary for the 

movement of APP to sites of secretion then altering its glycosylation could result in a decrease in 

its total secretion or it could cause the secretion of only the immature form of APP. 

Iron chelation has been shown to alter the glycosylation of proteins.  Specifically, silybin 

(also known as silibinin) is an iron chelator which regulates both N-linked and O-linked 

glycosylation in ARPE-19 cells and reduced iron overload in patients with the chronic hereditary 

β-thalassemia disease [16, 26-28].  In the present study, we investigated to see if the iron chelator 
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Dp44mT was altering the levels of the sialic acid glycan on APP.  To do so, we utilized 

biorthogonal chemistry to monitor the levels of sialic on APP after iron chelation.  We found that 

sialic acid levels on APP were reduced by 57% when iron was chelated with Dp44mT (Figure 

4.3).  We have previously shown that hypoxic conditions increased iron efflux from RPE cells 

[15].  Additionally, hypoxia reduced the amount of total APP in RPE cells as seen in Chapter 2.  

However, hypoxia did not alter the levels of sialic acid on APP in RPE lysates (Figure 4.4).  This 

could suggest that hypoxia and iron chelators are able to affect different intracellular pools of 

iron, with hypoxia increasing iron efflux from a pool not susceptible to iron chelation and the 

chelatable pool of iron available to modify protein glycosylation [29].  It is known that iron 

regulates at least one enzyme in sialic acid metabolism. CMP-Neu5Ac hydroxylase is an iron 

dependent enzyme which converts the acetylated form of sialic acid to the hydroxylated form, 

Neu5Gc. These 2 forms of sialic acid are the most common sialic acids in mammalian cells [30].  

This could be the step that the iron chelator Dp44mT is altering.  Therefore, iron could play a 

role in the proper sialyation of APP in RPE cells by limiting sialic acid availability. 

Protein glycosylation controls the ability of proteins to be sorted correctly and their 

ability to be inserted into membranes and properly cleaved.  Little is known about the regulatory 

effects that glycosylation confers to APP as part of the RPE blood retinal barrier and its 

functional significance to iron homeostasis in the eye.  Within this study, we have shown that 

iron alters the ability of APP to be properly glycosylated.  A decrease in APP sialylation caused 

by iron chelation clearly demonstrates that the fate of APP is altered, with a decrease in its size 

and secretion.  The focus of future investigation will be to determine the mechanism by which 

iron chelation exerts its effects and how this may alter the production of APP’s enzymatic 

byproducts.  
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Figure 4.1 Effect of iron chelation on APP levels in RPE RPE cells were grown to confluence 

then exposed to normoxic or hypoxic conditions in the presence or absence of the iron chelator 

Dp44mT for 24 (A) or 48 (B) hours. Cell conditioned media (CCM), lysates, and 75 µg of whole 

rat brain tissue lysate were probed with the APP antibodies 3E9 (CCM), KPI (lysates) or actin. 

A:  Effects of iron chelation on RPE CCM and lysates after 24 hours in normoxia and hypoxia.  

B:  Effects of iron chelation on RPE CCM and lysates after 48 hours in normoxia and hypoxia.  

C:  APP levels in non-polarized RPE lysates after 24 hours in normoxia with iron chelation.  * = 

significantly different (p = 0.000) from control from four experiments analyzed statistically in 

Systat 13 by ANOVA and post-hoc Tukey’s HSD.
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Figure 4.2 Effect of enzymatic deglycosylation and iron chelation on APP levels RPE cells 

were grown to confluence then exposed to normoxic conditions in the presence or absence of the 

iron chelator Dp44mT for 24 hours. Lysates were subjected to glycosidase digestion. Digest 

products were then probed with the APP KPI domain antibody.  A: Simplified schematic 

drawing of hypothetical APP glycosylation and sites of enzymatic cleavage.  B: Enzymatic 

deglycosylation of APP in RPE lysates after 24 hours in normoxia and iron chelation.
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Figure 4.3 Iron chelation alters sialic acid levels on APP RPE cells were grown to confluence.  

Sialic acid was labeled 6 hours ahead of the application of the iron chelator Dp44mT for 24 

hours in normoxic conditions.  Lysates were collected and APP was immunoprecipitated, after 

which immunoblots were probed for APP and sialic acid levels.  A: Sialic acid levels on APP in 

RPE lysates after iron chelation in normoxic conditions, with representative APP and sialic acid 

immunoblots below the graph.  * = significantly different from control from four experiments 

analyzed statistically in Systat 13 using percent control data by paired t-test and SEM.
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Figure 4.4 Hypoxia does not alter sialic acid levels on APP RPE cells were grown to 

confluence.  Sialic acid was labeled 6 hours ahead of the cells being placed in normoxic or 

hypoxic conditions for 48 hours.  Lysates were collected and APP was immunoprecipitated, after 

which immunoblots were probed for APP and sialic acid levels. A: Sialic acid levels on APP in 

RPE lysates after 48 hours in normoxic or hypoxic conditions, with representative APP and sialic 

acid immunoblots below the graph. 
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CHAPTER 5 

Conclusions and Future Directions  
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The work described in this dissertation demonstrated that the metabolism of the amyloid 

precursor protein (APP) within retinal pigmented epithelial (RPE) cells is susceptible to changes 

in both the oxygen and iron environment within the eye.  Hypoxia was first shown to lower 

intracellular levels and secretion of APP.  We determined if the lowered amount of APP in RPE 

cells was due to a decrease in synthesis or an increase in degradation of APP.  Alterations in the 

lysosomal and proteasomal degradation pathways were not found to be the cause of the reduction 

in intracellular APP levels.  Specifically, inhibition of the lysosomal and proteasomal pathways 

did not reverse the hypoxia induced decrease in APP levels.  Overall, the finding that hypoxia 

decreases the synthesis of APP is what is believed to be altering the levels of APP within the 

RPE.  This finding was also in line with studies that have shown that hypoxia is able to decrease 

the synthesis of proteins within the brain [1].  Since the eye is an extension of the brain, 

conditions that affect the brain should have similar effects on the eye.  Also, since APP aids in 

iron export, a reduction in APP levels during hypoxia likely impairs the ability of the RPE to 

properly metabolize iron, thus contributing to deleterious effects on the RPE.  It would be 

advantageous to investigate the specific mechanism by which hypoxia is altering the synthesis of 

APP.  Is it at the transcriptional level, or is there a post translational mechanism that is causing 

APP levels to be altered? 

As mentioned above, the levels of APP in RPE lysates were lowered in hypoxia, and its 

apical secretion was severely diminished as well.  The mechanism by which hypoxia alters 

APP’s secretion is still to be elucidated.  Is APP being improperly sorted in hypoxia?  This may 

be possible, as APP secretion was also affected when the protein transporter complex retromer 

was knocked down with siRNA.  Since hypoxia also lowered retromer expression, it may be that 

APP is not able to be properly sorted within the cell to the correct domain when retromer is not 
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present, thus explaining its diminishment in apical secretion.  There is precedent for the idea that 

hypoxia can alter the directionality of protein secretion, since vascular endothelial growth factor 

has been shown to be secreted more in the basolateral direction in hypoxic conditions [2].  

Alternatively, hypoxia may alter the ability of APP to be properly modified as it transits through 

the ER and Golgi.  Improper modification could result in improper sorting signals being attached 

to APP, leading to an alteration in its secretion. 

Our lab has shown that hypoxic conditions cause a vast efflux of iron from the cell, 

specifically in the basolateral direction [3].  One might then expect that since iron chelation 

caused a significant change in the maturation of APP, specifically due to altering the sialyation 

of APP, that hypoxia might have a similar effect.  However, under hypoxia, APP maturation was 

not affected.  Iron is thought to exist within the cell in multiple discrete labile iron pools that can 

be differentially utilized by the cell when iron is needed [4].  However, it is not known how or 

where these pools of iron exist and how they are regulated within the cell.  This may be one way 

to explain how hypoxia did not alter APP glycosylation, but iron chelation did. 

One limitation on the above mentioned oxygen studies were the oxygen levels that the 

RPE were placed in to simulate normoxia.  While we did determine that the 0.5% oxygen level 

was inducing hypoxic stress on our RPE cells, we now know that the normoxic levels we utilized 

are not the true physiologic levels of oxygen that the RPE, and the eye as a whole, are normally 

exposed to [5, 6].  Future studies should be done with the RPE cells placed in a more 

physiologically relevant oxygen level when simulating normoxic conditions.  

Our studies imply that a lack of iron may be limiting the addition, or causing the removal, 

of sialic acid to APP.  Additionally, it should be investigated how a loss of iron affects the 

underlying sugars that form before the addition of sialic acid.  Is it possible for a loss of iron to 
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alter the levels of other sugars on APP, thereby limiting sialic acid addition?  If so, this could 

further alter the subcellular localization and secretion of proteins by altering the signaling 

pathways that are often define by glycans that are added to proteins.  Also, at what levels of iron 

depletion are these changes in glycan levels on proteins seen?  Is a total loss of iron necessary for 

alterations to occur in the glycosylation pathway, or does a certain threshold of iron loss need to 

occur before the cell will have its ability to properly glycosylate proteins altered? 

This change in the levels of sialic acid on APP also has implications for APP’s 

localization.  Sialic acid is involved in the localization of proteins within the cell by acting as a 

signal that can be read to determine where that protein should be localized within the cell and 

which domain of the cell that protein should be secreted from [7].  By causing a decrease in 

sialic acid on APP, APP could be improperly localized, thus impairing its processing and section 

from the RPE.  This improper localization could cause ocular pathologies. 

Further study is warranted to determine how specifically iron is affecting the 

glycosylation of APP.  One enzyme that regulates sialic acid metabolism, CMP-Neu5Ac 

hydroxylase, is an iron dependent enzyme which converts the acetylated form of sialic acid to the 

hydroxylated form, Neu5Gc. These two forms of sialic acid are the most common sialic acids in 

mammalian cells [8].  Additionally, the iron chelator silibinin regulates N- and O-linked 

glycosylation in the ARPE-19 cell line [9].  Our prevailing hypothesis for the changes that we 

saw in sialic acid levels on APP is that the enzyme responsible for the addition of sialic acid to 

proteins, sialyltransferase, may be iron dependent.  To test this theory, it would be necessary to 

carry out enzyme activity assays on sialyltransferase in the presence and absence of iron.  

Additionally, non-sialylated APP could be tagged and tracked within the RPE to determine how 

a lack of sialic acid affects the localization of APP.  Both of these experiments would help to 
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further elucidate the importance of sialic acid, not just for APP, but for other sialylated proteins 

throughout the body.  However, it may be that other parts of the glycosylation pathway are being 

altered by iron loss.  It would be beneficial to study the activity of numerous glycosylation 

enzymes to see if they are iron dependent. 

RPE cells are unique in that their apical surface is in direct contact with the photoreceptor 

outer segments of the retina [10].  To study this unique relationship between the RPE and the 

photoreceptors, we utilized a quantitative fluorescent assay coupled with siRNA knockdown of 

APP.  This assay showed that APP may have a role as either a membrane receptor or cell 

adhesion molecule in the phagocytosis of photoreceptor outer segments.  This is a remarkable 

novel finding that begins to shed light on the important roles that APP may have in degenerative 

diseases of the eye.  Improper photoreceptor phagocytosis could lead to a buildup of waste 

material at the apical domain of the RPE, impeding their ability to properly function, and 

ultimately causing vision loss.  Future studies will need to be done to confirm in what capacity 

APP is involved in the photoreceptor phagocytosis pathway.  Building upon the APP siRNA 

knockdown study, it would be beneficial to see within our RPE system how photoreceptor 

phagocytosis is impaired when the classical proteins involved in the pathway are knockdown 

down, specifically the αvβ5 integrins and MerTK.  A widespread proteomics study to compare 

the properties of APP to the classical phagocytosis proteins would also be helpful in elucidating 

how APP may factor into this pathway. 
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Appendix 1 

Nascent Synthesis Analysis of APP Utilizing 35S Methionine 

In Chapter 2, we found that hypoxia dramatically decreased APP levels and secretion in 

retinal pigmented epithelial (RPE) cells.  Chapter 3 explained the mechanisms used to investigate 

how hypoxia was affecting APP levels and secretion.  We investigated whether increased 

degradation, decreased synthesis, or both contributed to the decrease in APP due to hypoxia.  

Prior to the methods used in Chapter 3, we first investigated the effects of hypoxia on nascent 

APP synthesis by employing radioactive metabolic labeling of APP [1]. 

To carry out the radioactive labeling of APP, RPE cells were grown to confluence, and 

then starved of methionine for 30 minutes to deplete the cells methionine reserves.  After 30 

minutes, fresh methionine free media was added to the cells, along with 35S labeled methionine.  

This radioactive methionine is able to incorporate into all proteins being synthesized within the 

cell.  After 16 hours in normoxic or hypoxic conditions, cells were harvested.  Before the lysates 

were immunoprecipitated for APP, some lysate was reserved for the trichloroacetic acid (TCA) 

assay and for measuring total radioactive levels.  The TCA assay allows for the normalization of 

radiolabeled proteins [2].  In brief, radiolabeled proteins are precipitated with TCA and 

quantitated by scintillation spectroscopy.  This quantitation can be normalized to the total 

radioactivity measured in the reserved lysate that was not precipitated with TCA.  This 

normalization step shows how much protein was labeled by the radiative tag, with a higher 

percentage labeled ensuring that most proteins within the cell were effectively labeled.   

Immunoprecipitated samples not utilized for normalization were run on a gel and the 

radiolabel APP was imaged with a personal molecular imager from Bio-Rad.  A representative 

image of radiolabeled APP is shown in Figure App 1.1.  Though the efficiency of protein 
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radiolabeling was generally very high, visualizing the radioactive bands clearly was difficult.  

This made quantitation of the changes in APP synthesis difficult.  Because of this challenge, the 

decision to use biorthogonal chemistry to label methionine to study the synthesis of APP was 

employed as explained in Chapter 3. 
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Figure App 1.1  APP levels after incorporation of 35S methionine  RPE cells were grown to 

confluence, after which media was switched to methionine free media for 30 minutes to deplete 

methionine reserves.  After methionine depletion, 35S methionine was added and cells were 

incubated for 16 hours in normoxic or hypoxic conditions.  After 16 hours, cells were harvested, 

immunoprecipitated for APP, run on a gel, and imaged for the radioactivity of 35S to determine 

the synthesis of APP under the experimental conditions.
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Appendix 2 

Mass Spectrometry and Lectin Blotting for Analysis of APP Glycosylation 

Diverse structures of glycoproteins are involved in a variety of biological events 

including functional maintenance of tissues and the polarized movement of intracellular proteins 

[1].  Analysis of such glycan structures is, therefore, essential for understanding protein function. 

In order to obtain information about the structures of glycans on glycoproteins, common forms 

of analyses are high-performance liquid chromatography, nuclear magnetic resonance, mass 

spectrometry, as well as lectin blotting [1].  To study the glycosylation profile of APP, mass 

spectrometry and lectin blotting were employed in this work, in addition to the biorthogonal 

chemistry used in chapter 3. 

APP exists primarily as 3 different splice variants, APP695 is found mainly in the brain, 

whereas most tissues contain APP770 [2].  As described in Chapter 2, we found that the form of 

APP in retinal pigmented epithelial (RPE) cells is APP770 because it contains the KPI motif, not 

found in APP695, and the OX-2 motif, not found in either APP695 or APP751.  After synthesis, 

APP undergoes extensive glycosylation as discussed in Chapter 1.  The glycosylation of APP 

was investigated to determine how alterations in glycan structure caused by altered iron levels 

impacted APP function within the RPE. 

Previous work from this lab demonstrated that iron chelation with Dp44mT significantly 

lowered the size of the mature band of APP (Figure App 2.1).  The results presented in Chapter 4 

helped to explain how the maturation of APP in the RPE may be affected by iron.  Enzymatic 

digest studies indicated that sialic acid levels were likely being altered on APP because treatment 

with sialidase resulted in a decrease in size of the mature band to that found in chelator treated 

samples (Figure App 2.1).  It is possible that iron chelation either inhibited sialic acid addition or 
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caused its removal from APP.  Subsequent work shown in Chapter 4 utilizing biorthogonal 

chemistry to label sialic acid on APP then showed that sialyation of APP is altered when iron is 

chelated in RPE cells.  Mass spectroscopy and lectin blotting were first used to study the sialic 

acid content of APP in normal conditions and upon iron chelation treatment. 

Mass spectrometry was employed because of its ability to analyze protein structure in 

extreme detail, potentially at a resolution capable of uncovering individual glycan additions.  The 

ultimate aim was to understand which glycans were being affected by iron chelation in order to 

confirm our enzymatic analysis data.  As the cells used in this work come from the canine eye, it 

was extremely beneficial that that amino acid sequence of canine APP had been determined.  

Canine APP and human APP have been shown to have 97% amino acid identity, and an overall 

similarity of 98% [3].  Similarity refers to residues that although different among sequences, 

belong to the same chemical family of amino acids.  Because of this high similarity and amino 

acid identity, and because APP’s N- and O- linked glycosylation sites have been defined on 

human APP, the mass spectrometry analysis of canine APP can be guided by the human data, 

simplifying a determination of glycosylation state changes.  It was believed that utilizing mass 

spectrometry would allow for superb resolution and quantification of the glycosylation state 

changes in APP that occur in RPE cells due to iron chelation. 

Dr. Michael Bereman, an expert in liquid chromatography tandem mass spectrometry at 

North Carolina State University, analyzed APP protein samples that I provided to him to uncover 

the discrete glycosylation changes that occur after iron chelation.  RPE samples were 

immunoprecipitated for APP, utilizing the Thermo Scientific™ Pierce™ MS-Compatible 

Magnetic Immunoprecipitation Kit (Protein A/G) and a monoclonal antibody for APP (Y188 

clone). Dr. Bereman utilized a state of the art mass spectrometer for these proteomic studies, in 
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addition to using an assortment of exo- and endoglycosidases to analyze the changes in APP 

glycosylation caused by iron chelation.  The results of the mass spectrometry analysis of the APP 

samples were then blasted against the known and almost identical canine and human sequences 

of APP. 

The analysis of APP samples provided yielded 38.3% sequence coverage against the 

known APP sequence, and included twenty peptide fragments within that sequence coverage 

(Figure App 2.2).  There is a large number of possible glycosylation modification on APP, 

therefore specialized bioinformatics software was used to identify glycopeptides.  On the twenty 

peptides found, two were found to be O-linked glycopeptides.  However, it was not possible to 

obtain high enough resolution to observe the terminal glycans found on these glycopeptides.  The 

resolution needed to observe sialic acid using mass spectrometry was not possible.  Because of 

this we decided to try another type of specific analysis of sialic acid residues called lectin 

blotting. 

Lectin-probed western blot analysis is a useful method to yield basic information on the 

glycan structures of glycoproteins, based on the carbohydrate-binding specificities of lectins [4]. 

By lectin blot analysis, glycan structures on proteins can be analyzed without releasing the 

glycans from glycoproteins.  Lectin blot analysis is a simple and useful method based on western 

blot analysis, wherein lectins are utilized to bind to sugars and do so with a high affinity for 

glycopeptides in particular.  The combination of glycosidase digestion and lectin blotting 

provides information regarding the carbohydrate structures at the nonreducing termini, types of 

N-glycan subgroups, and presence or absence of O-glycans in individual glycoproteins [4]. The 

glycosylation patterns between the control and test group can then be compared by lectin blot 

analysis. 
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To study the sialyation of APP after iron chelation, biotinylated Sambucus nigra 

elderberry bark lectin (SNA) was used.  The SNA lectin was chosen because it has a strong 

affinity for glycoproteins with the terminal sequence Neu5Acα6GalNAc [4, 5].  N-

Acetylneuraminic acid (Neu5Ac) is also known as sialic acid, and it is the terminal glycopeptide 

on APP.  N-Acetylgalactosamine (GalNAc) is the glycopeptide sialic acid is bound to.  The link 

binding these two glycopeptides together on APP is known to be present in the α6 confirmation 

[6].  This means that on the nine carbon backbone found on sialic acid, the second carbon on 

sialic acid forms a bond with the six carbon on the backbone of GalNAc.  This α6 linkage that 

occurs between sialic acid and GalNAc is a common linkage found on APP.  However, an α3 

linkage can also form between sialic acid and GalNAc [6, 7].  This linkage can be detected by 

the Maackia amurensis (MMA) lectin.  Both SNA and MMA were tested, but SNA gave a 

stronger signal upon blotting. 

Lectin blotting of APP immunoprecipitated from lysates of Dp44mT treated RPE cells 

appeared to show a reduction in the intensity of the mature APP band, indicating that there is 

reduced sialic acid on APP after iron chelator treatment (Figure App 2.3).  However, the APP 

bands on these lectin blots were very hard to differentiate from the background on the blot, and 

were deemed not sufficient enough to provide evidence that sialic acid levels were being altered 

on APP due to iron chelation.  Therefore, since mass spectroscopy or lectin blotting did not give 

enough detail and resolution to understand sialic acids interactions with APP, biorthogonal 

chemistry was ultimately used to study changes in sialic acid levels on APP. That work, 

described in Chapter 4, showed that sialyation of APP is altered when iron is chelated in RPE 

cells.  
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Figure App 2.1  Effect of iron chelation on APP expression in RPE RPE cells were incubated 

for 24hrs in the presence or absence of Dp44mT and the resulting CCM (A) and lysates (B) were 

immunoblotted for APP. Additional control lysates were treated with 5mU sialidase prior to 

immunoblotting. CCM, cell conditioned media; Ctrl, control; Dp44mT, 2,2’-Dipyridyl-N,M-

dimethylsemicarbazone 
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Figure App 2.2 Peptide Analysis of APP Mass Spec Samples RPE cells were incubated for 24hrs and the resulting lysates were 

immunoprecipitated for APP and then analyzed by mass spectroscopy, resulting in 38.3% sequence coverage.  More green lines under 

the sequence shows that sequence was identified multiple times and had multiple mass spectrums produced.  Two O-linked 

glycopeptides sites are identified in the red boxes. 
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Figure App 2.3 Iron affects the sialyation of APP  RPE cells were treated with either DMSO 

(vehicle control) or 30µM of Dp44mT.  Lysates were collected and immunoprecipitated for APP.  

The immunoprecipitated lysates were run on a lectin blot utilizing the Sambucus nigra lectin 

which preferentially binds α-2,6 sialic acid.  The control lysate displays one band each for the 

mature and immature form of APP and the Dp44mT lysate displays only the immature form of 

APP. 


