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Cancer and neurodegeneration are disorders with profound impact on human health. Cancer 

results from uncontrolled cell growth, whereas neurodegeneration is caused by premature 

neuronal cell death. Although these disease mechanisms seem to be at opposite ends of a 

spectrum, an increasing number of cellular and molecular studies have linked the two disorders. 

Activation and deregulation of the cell cycle appear to be core features of both diseases; thus, 

many genes associated with cell cycle control, DNA repair, and kinase signaling have been 

studied extensively. Despite continuing efforts to understand the underlying pathophysiology of 

both diseases, key regulatory factors that modulate balance between cell growth and cell death 

remain unknown.  

In addition to cell cycle regulation, another cellular process implicated in both cancer and 

neurodegeneration is angiogenesis—the process of establishing new blood vessels from pre-

existing vasculature. Angiogenesis is a vital physiological event that supplies cells with oxygen 

and nutrients. Up-regulation of angiogenesis in cancer promotes progression of the disease while 

insufficient angiogenic signals contribute to neurodegeneration. There are two angiogenic 

factors–vascular endothelial growth factor (VEGF) and angiogenin (ANG)–that play roles in 
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both diseases. While the roles of VEGF have been well-documented, ANG functions and 

signaling pathway are understood less completely.    

ANG is a prevalent protein that acts directly on the proliferation of endothelial cells to 

promote neovascularization. ANG is up-regulated in cancer cells, but also functions to protect 

neurons against oxidative stress. Hence, drugs that target this pro-tumorigenic protein could also 

promote neurological damage, as loss-of-function mutations of the ANG gene are associated with 

amyotrophic lateral sclerosis. My efforts have been focused on understanding the molecular 

mechanisms of ANG underlying these diseases. The findings could offer novel therapeutic 

strategies that target one disorder without advancing the other.  

ANG belongs to the pancreatic-type ribonuclease superfamily. ANG relies on its 

ribonucleolytic activity to affect protein translation during cell growth and cell death. To meet 

the high demand for protein synthesis during cell proliferation, cells increase ribosome 

biogenesis. ANG promotes rRNA production to satisfy this demand. In contrast, cells that suffer 

toxic insults will undergo cell death without activation of anti-apoptotic signals. Those cells urge 

energy conservation to repress global protein translation and focus on production of 

cytoprotective factors. ANG stalls protein translation by cleaving a subset of tRNAs to generate 

RNA products that specifically inhibit translation initiation.  

Indeed, ANG acts as a double-edged sword; overproduction of this protein is correlated with 

cancer progression, but deprivation is associated with neurological disorders. Although the 

molecular roles of ANG are not understood completely in either diseases, a central theme 

emerging from ANG actions is its re-programming of protein synthesis. The purposes of this 

thesis are to explore the effect of ANG on protein synthesis in the context of cancer and 

neurodegeneration, to determine how ANG promotes cell proliferation, to pinpoint the role of 
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ANG neuroprotection, and ultimately, to lay a foundation for the development of new ANG-

based therapeutics for treating these diseases.  

In CHAPTER 1, I summarize the large body of evidence indicating the important role of 

ANG in cancer and neurodegenerative diseases. I discuss the role of ribosome biogenesis in 

cancer development. I also highlight the importance of stress granule formation in repressing 

protein translation and its pathological connection to neurodegeneration. Depending on the state 

of the cell, ANG navigates itself into two distant and distinctive cellular foci: nucleoli during 

proliferation or stress granules during oxidative stress. My studies report molecular details of 

ANG actions in these foci. In CHAPTER 2, I report on the unprecedented mechanism of signal 

transduction by ANG that promotes cell proliferation. This mechanism allows the protein to 

execute its angiogenic activity. In CHAPTER 3, I discuss another pathway that ANG manifests 

in astrocytes–brain cells that regulate neuronal function–to employ its neuroprotection.  

By elucidating the elegant network of ANG actions, features of ANG required for a 

particular pathway might be used to design ANG-based therapeutics. CHAPTER 4 outlines 

several future directions for developing ANG therapeutics that can selectively target one disease 

without exacerbating the other. Taken together, the results of this thesis offer a deeper 

understanding of the molecular basis of the divergence of cancer and neurodegeneration and 

inspire innovative treatment approaches.   
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CHAPTER 1 

Angiogenin in Cancer and Neurodegeneration 

  



  

 

2 

 1.1 Overview 

As two of the leading causes of death, cancer and neurodegenerative diseases (NDs) are certainly 

topics of interest for researchers worldwide. At first glance, cancer and neurodegeneration seem 

to have little in common. Whereas cancer cells are characterized by an enhanced resistance to 

cell death, neurodegeneration results in the death of post-mitotic neurons. Multiple mechanistic 

studies have begun to uncover a connection between these two disorders. In pathological 

situations, several important biological processes are dysregulated, including cell division, 

epigenetic modifications, and RNA/protein metabolisms.
1-4

 For instance, cell cycle regulators are 

either abnormally expressed or aberrantly regulated such that malignant cells are capable of 

bypassing cell cycle checkpoints and growing uncontrollably, whereas degenerating neurons are 

unable to exit the cell cycle and subsequently undergo programmed cell death.
5-7

 Complex and 

interconnected epigenetic modifications can occur in conjunction with genetic alterations in 

disease pathogenesis.
8-10

 Altered RNA or protein metabolisms can disturb cellular compositions 

and networks, ultimately leading to devastating outcomes, such as cancer and NDs.
11-13

 These 

cellular processes highlight the link between cancer and NDs and suggest that discovering the 

underlying cause of one disease could be beneficial for understanding, treating and ultimately 

curing the other.  

Genetic analyses have indicated that the risks of cancer and ND development are correlated 

inversely. Several case-control and cohort studies have reported a reduced risk of cancer among 

individuals with Alzheimer’s disease (AD), Parkinson's disease (PD), or amyotrophic lateral 

sclerosis (ALS).
14-16

 Conversely, cancer survivors have a lower incidence of developing 

neurological disorders.
17,18

 The vast majority of cancer or ND incidences are non-hereditary and 
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sporadic in nature; less than 10% of incidences are inherited in a Mendelian fashion.

19,20
 Thus, 

valuable diagnostic genetic biomarkers have not been identified for these conditions.   

Proteins that are implicated in both diseases are particularly interesting. These molecules 

often serve different purposes in actively dividing cells or post-mitotic neurons. Although the 

cell responses and signaling pathways might differ, aberrant regulation of protein expression and 

function in either case would lead to disease.  

Angiogenin (ANG) is one of the few proteins that serve specific functions in both diseases. 

ANG is involved in variety of cellular processes, including promoting cell proliferation, altering 

cellular RNAs through its ribonucleolytic activity, and modifying histone epigenetic marks to 

modulate gene expression.
21-23

 An excess of ANG is associated with cancer, while a lack of 

ANG contributes to ALS and PD (Figure 1.1).
24-26

 As diseases result from imbalanced ANG 

function, studying ANG is not only particularly valuable and interesting but also a potential 

source of insight into the pathogenesis of cancer and NDs. Herein, I review the current 

knowledge of ANG functions in the context of cancer and NDs. I provide the historical 

perspectives of the protein, discuss ANG molecular properties in detail, and illustrate how these 

properties coordinate its roles in both cancer and NDs.  

 

1.2 The basis of angiogenin 

1.2.1 Discovery of ANG 

ANG was first identified by Vallee and his colleagues at Harvard in 1985.
27

 The protein was 

isolated from conditioned media of the human adenocarcinoma cell line HT-29. Indeed, ANG 

was the first human tumor-derived protein characterized as a potent inducer of 

neovascularization. Applying ANG onto the chick chorioallantoic membrane, the rabbit cornea 

or the rabbit meniscus at femtomolar doses stimulated the growth of new blood vessels.
28

 The 
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discovery of ANG provided the first evidence directly supporting Folkman’s hypothesis that 

angiogenesis contributes to tumor growth.
29,30

 The importance of angiogenesis generated hope 

that manipulating this process could lead to effective cancer therapeutics. All currently approved 

anti-angiogenic therapies have been developed to starve tumors by destroying their vascular 

supply.
31

 Therefore, ANG has quickly become an attractive target for cancer treatment. 

Tremendous efforts have been focused on studying the biophysical properties of ANG as well as 

its molecular action in angiogenesis for the development of ANG inhibitors.  

Shortly after ANG was discovered, the same group determined the amino acid and cDNA 

sequences of ANG.
32,33

 The ANG transcript does not contain any intronic sequences, and it is 

translated as a precursor protein with a signal peptide for secretion. The mature form of the ANG 

polypeptide is composed of 123 amino acids, yielding a 14.4-kDa protein. The ANG gene is 

highly conserved in nearly all vertebrates, including fish, reptiles, birds, and mammals, but it is 

not conserved in invertebrates.
34

 Interestingly, there is only 1 functional ANG gene in the human 

genome, whereas the mouse genome possesses the largest Ang family, consisting of 6 different 

paralogs.
35

 Mouse Ang 1 (mAng 1) has the highest sequence identity (73%) with respect to 

human ANG and is the only member that displays robust angiogenic activity.
36

 The gene 

variability among the 6 mouse paralogs is mainly in the signal localization and nucleotide 

binding of mAng, which supports the possibility of functional divergence among mAng copies.
37

  

The human and mouse ANG loci have a unique gene arrangement.
38

 Two distinct exons 

encoding ANG and RNase 4 are located immediately following two non-coding exons       

(Figure 1.2). These 2 functional genes are under 2 shared promoters; promoter 1 is active 

universally, while promoter 2 is active only in hepatic cells. This gene arrangement allows the 

transcript levels of ANG and RNase 4 to be comparable. Indeed, the tissue distribution and 
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cellular localization of ANG and RNase 4 are very similar in humans and mice.

39,40
 In addition, 

the organization of these 2 genes is highly conserved in other mammalian species, reflecting 

selection constraints that maintain the co-regulation of ANG and RNase 4.
41

  

 

1.2.2 Molecular properties of ANG 

ANG is a member of the vertebrate secretory ribonucleases (RNases) superfamily.
32

 These 

RNases are composed of a conserved catalytic triad (i.e., H13, K40, and H114) that catalyzes the 

cleavage of phosphodiester bonds on the 3′ side of cytidine or uridine residues in single-stranded 

RNA.
42,43

 Despite the highly similar protein sequences of ANG and other members of the 

superfamily, ANG has markedly different enzymatic activity and specificity. For instance, ANG 

shares 33% sequence identity and 65% sequence similarity with its bovine homolog, RNase A; 

yet, its ribonucleolytic activity toward conventional substrates is 10
4
- to 10

6
-fold lower than that 

of RNase A.
44

  

The crystal structure of human ANG was determined to resolve the discrepancy between the 

catalytic activity of ANG and other RNases.
45

 Indeed, ANG crystallization has been instrumental 

in many molecular and biomedical studies. The structure illustrates the limited accessibility of 

the pyrimidine binding site of ANG (Figure 1.3). This active site is largely obstructed by residue 

Q117, the side chain of which forms two hydrogen bonds with T44 and receives support from 

intramolecular hydrophobic interactions with I119 and F120. Removing the side chain via 

glycine substitution (Q117G) is not sufficient to endow ANG with catalytic activity comparable 

to that of RNase A, suggesting that ANG might have evolved to cleave a particular cellular 

RNA.
46

 

The ANG structure resembles a kidney bean and contains 3 disulfide bridges, unlike other 

RNases, which contain 4 disulfide bonds.
45

 The lack of the fourth disulfide bond results in a loop 



  

 

6 

 
region, which has been identified as a putative receptor binding site. This receptor loop is a 

unique feature that distinguishes ANG from other RNases. Whereas the loop serves as a site for 

ANG to bind its receptor, the region is important for other RNases to bind RNA purines. Another 

distinctive feature of ANG suggesting that it functions in the nucleus is a nuclear localization 

signal (NLS) 
30

MRRRG
35

.
47,48

 Taken together, the Q117 side chain, the receptor-binding site, 

and the NLS of ANG not only provide a rationale for its low ribonucleolytic activity, but also 

enable diverse biological functions. Perhaps, ANG evolved away from catalytic efficiency 

toward intracellular roles. If ANG hydrolyzes RNAs as effectively as do other RNases, 

intracellular RNAs would be destroyed, leading to cellular toxicity.  

 

1.2.3 Molecular actions of ANG 

Receptor 

Secreted ANG enters the cell via receptor-mediated endocytosis and ultimately accumulates in 

the nucleolus. This journey allows ANG to direct its angiogenic activity toward endothelial cells 

and to exert mitogenic effects on different cell types.
21,49,50

 Thus far, two ANG receptors have 

been identified: a putative 170-kDa protein and syndecan-4.
51,52

 The putative receptor was 

isolated using ANG affinity chromatography, but its identity remains unclear. A more recent 

study reported that syndecan-4 anchored on the surface of astrocytes is an ANG receptor. 

Syndecan-4 is a cell surface heparan sulfate proteoglycan that is also expressed by both cancer 

cells and endothelial cells.
53-55

 ANG interacts with the receptor by binding to heparan sulfate. A 

heparinase treatment to remove heparan sulfate from the receptor prevented ANG from entering 

the cell.
52

 ANG endocytosis was also compromised by the addition of heparin, a carbohydrate 

very similar to heparan sulfate, to compete for the heparan sulfate binding sites of the receptor.
56

 

These findings indicate that syndecan-4 is the preferred receptor of ANG.  
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Ribonuclease inhibitor modulates ANG function 

After entering the cell, ANG encounters an endogenous ribonuclease inhibitor (RI) in the 

cytosol. RI and ANG form one of the tightest biomolecular complexes, having a Kd value in the 

femtomolar range.
57

 RI is a 50-kDa protein composed of 15 leucine-rich repeats and is 

approximately 3 times larger than ANG.
58-60

 The RI•ANG binding interface consists of a large 

contact surface on both proteins.
61

 The most important contacts reside at the C-terminal segment 

of RI, ranging from the 434
th

 to 460
th

 residues, and at the notable active site of ANG, K40. Thus, 

binding to RI blocks the active site of ANG and abolishes ribonucleolytic activity.
62,63

 The high 

degree of complementarity observed among the 4 tryptophan residues of RI, i.e., 261, 263, 318, 

and 375, and the 84–89 loop of ANG is another significant contributor toward the strong 

interaction. In addition, the 3 arginine residues within the NLS of ANG interact with RI residues 

to some extent, suggesting that RI binding might apprehend ANG in the cytoplasm.  

RI is ubiquitously expressed in the cytosol at concentrations in the high micromolar range.
62

 

Although direct interactions between RI and ANG in the cytosol have not been demonstrated, 

several gain- and loss-of-function experiments have elucidated the roles of RI in modulating 

ANG function in cellulo. For example, up-regulating RI suppressed tumor growth and tumor 

microvessel density through suppression of ANG function.
64

 Conversely, RI knockdown 

promoted tumor growth because the lack of RI increased the number of free ANG molecules 

available to facilitate cell proliferation and angiogenesis.
65

 Furthermore, a rabbit cornea assay 

demonstrated that an RI-evasive variant of ANG disrupted RI•ANG interaction and enhanced the 

angiogenic potency of ANG.
63

 

 

ANG drives rDNA transcription in the nucleolus 
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The NLS brings ANG into the nucleolus, its final destination.

47
 This particular NLS peptide has 

been characterized as a specialized signal peptide for the nucleolar compartment. Appending this 

peptide onto non-nuclear carrier proteins allows these proteins to migrate into the nucleolus.
48

 

Within the nucleolus, ANG stimulates ribosomal DNA (rDNA) transcription via binding to the 

ANG-binding element on the rDNA promoter.
66

 ANG further induces promoter activation by 

modulating epigenetic marks on the promoter.
22

 Up-regulated rRNA production is a common 

cellular response during proliferation. In fact, ANG-activated rDNA transcriptional activity is 

essential for manifesting its proliferative and angiogenic activities.
47,21

   

 

1.3 Contribution of angiogenin to cancer development and progression 

1.3.1 ANG in angiogenesis 

ANG was named after its primary function, which is promoting angiogenesis—the development 

of blood vessels.
67,27

 As the vascular network nourishes all tissues, it is not surprising that 

structural and functional vessel abnormalities contribute to many diseases.
68,69

 Excessive vessel 

growth and function are hallmarks of cancer and expedite progression of the disease. Conversely, 

inadequate vessel maintenance or growth is associated with NDs. 

Angiogenesis is a complex, highly coordinated, well-regulated process that can be 

summarized by 6 major steps: activation of endothelial cells by angiogenic factors; degradation 

of the capillary wall by extracellular proteinases; formation of a branch point in the vessel wall; 

migration of activated endothelial cells toward the angiogenic stimulus; formation of endothelial 

cells into tubules; and interconnecting the new tubules to form a branched network.
70,71

  

ANG participates in multiple steps of angiogenesis. ANG can stimulate endothelial cells to 

proliferate, migrate, and form tubules.
72,73

 ANG supports endothelial cell adhesion and stimulates 

plasminogen activators to generate plasmin, which activates collagenases to initiate cell 
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invasion.

74,75
 Furthermore, ANG stimulates metalloproteinases to disrupt the basement 

membrane and extracellular matrix, thereby allowing endothelial cell penetration and 

migration.
76,77,73

 Importantly, the angiogenic stimulation resulting from ANG depends primarily 

on ANG promoting rRNA production.
47,49

 Knockdown of ANG expression or inhibition of ANG 

activity in endothelial cells resulted in decreased rRNA production and an insensitivity to stimuli 

from such growth factors as vascular endothelial growth factor (VEGF).
21

 

 

1.3.2 VEGF in angiogenesis 

VEGF is renowned as a crucial factor in controlling the growth and permeability of blood 

vessels, and has become the prime anti-angiogenic drug target.
78

 There are several VEGF 

receptor-based inhibitors that have been approved by the FDA for clinical use.
79,80

 In 

combination with chemotherapy or cytokine therapy, the anti-VEGF antibody (bevacizumab) is 

approved for treating several types of advanced metastatic cancers.
81

 Additionally, four multi-

targeted pan-VEGF receptor inhibitors have been approved: sunitinib, pazopanib, sorafenib, and 

vandetanib.
82

 The clinical benefits of VEGF inhibitor treatments are attributed to their abilities to 

inhibit tumor vessel expansion and induce the regression of pre-existing tumor vessels. 

Nonetheless, only a fraction of cancer patients benefit from these treatments because tumors 

evolve resistance mechanisms or are refractory toward VEGF inhibitors.
83

 Certain tumors 

produce pro-angiogenic factors other than VEGF even prior to being treated and are thus 

relatively insensitive to VEGF inhibition.
84

 ANG is potentially one of those pro-angiogenic 

factors that prime tumor resistance to VEGF inhibitor treatment because ANG induces 

angiogenesis via a pathway that is mechanistically distinct from that of VEGF.
85,25
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1.3.3 ANG in tumorigenesis 

Tumorigenesis is a multistep process involving both genetic and epigenetic changes in tumor 

cells that support the conditions of the tumor microenvironment.
86

 ANG fuels tumorigenesis by 

promoting malignant cell proliferation, enhancing cell migration and invasion, and inducing 

angiogenesis.
72,75,76,21

 In the tumor microenvironment, ANG is secreted by transformed cells and 

directly promotes tumor growth. This protein constantly translocates into the nucleoli to produce 

rRNAs, thereby satisfying the high demand of these highly proliferative cells for ribosome 

biogenesis. ANG is released from glioblastoma cells and stimulates endothelial cell tubule 

formation.
87

 Hepatocellular carcinoma cells also secrete ANG to induce hepatic stellate cells and 

remodel the composition of the extracellular matrix.
88

 In prostate cancer, ANG stimulates the 

invasion of normal prostate fibroblasts.
50,89,90

 ANG can also induce vasculogenic mimicry in a 

fibrosarcoma cell line.
91

 Overall, the central theme emerging from ANG actions in many 

different types of cancer is the generation of vascular network to encourage tumor growth.  

The contributions of ANG to tumor growth and progression are also reflected by elevated 

serum protein levels in patients with solid tumors. In some patients, the level of ANG 

progressively increases as prostatic epithelial cells transform from a benign to an invasive 

phenotype.
92

 Conversely, cancer therapy leads to a reduced ANG level, which increases during 

tumor recurrence.
89,93

 These results suggest that this protein could be a useful clinical biomarker 

for monitoring responses to tumor treatment and for detecting tumor recurrence. Serum ANG 

levels vary between cancer types and study cohorts. Thus, different ranges might need to be 

established for particular tumors, stages and treatments in order to use ANG as a cancer 

biomarker.   
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 1.4 Impact of ribosome biogenesis in cancer 

1.4.1 Basis of ribosome biogenesis 

ANG supports tumor growth by promoting the production of rRNA, which is a key component 

for ribosome assembly.
21,49,93

 To gain more insight into the mechanism of ANG-activated rDNA 

transcription, it is important to understand ribosome biogenesis and its regulation. Ribosomes are 

the cellular components that are responsible for building proteins. Ribosome biogenesis is a 

complex process that demands large amounts of energy and involves several hundred factors.
94

 

Ribosome assembly requires a series of well-coordinated steps to take place in the nucleolus. 

Within the nucleolus, ribosomal genes are transcribed by RNA polymerase I (Pol I) to produce 

the 47S rRNA precursor that is further processed to generate the mature 28S, 18S, and 5.8S 

rRNAs.
95,96

 The last rRNA, 5S rRNA, is transcribed by RNA polymerase III (Pol III).
97

 These 

rRNAs are then assembled with numerous ribosomal proteins (RPs), which are brought into the 

nucleolus from the cytoplasm, to form pre-60S and pre-40S subunits.
98,99

 These subunits then 

migrate back to the cytoplasm and form the final 80S ribosome, which is ready to translate 

proteins from mRNA transcripts.
100,101

 

To maintain their cancer phenotypes, tumor cells are highly dependent on the hyper-

activation of ribosome biogenesis.
102-104

 A proliferating HeLa cell produces approximately 7,500 

ribosomes per minute.
105

 This process requires the transcription of 150–200 rRNA genes and the 

synthesis of ~300,000 RPs, as well as numerous interactions with assembly factors and small 

nucleolar ribonucleoprotein particles. This assembly line certainly requires the cooperation of 

thousands of molecules and consumes tremendous amounts of cellular energy. This intensive 

energy consumption by ribosome production could partially explain why cancer cells consume 

so much more energy (e.g., glucose) than do normal cells.
106
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1.4.2 Epigenetic modifications regulate rDNA transcriptional activity 

Among the multiple process steps of ribosome assembly, rDNA transcription is a rate-limiting 

step; thus, it is tightly regulated.
107

 On average, there are 300–400 copies of rDNA genes in a 

cell. In a metabolically active cell, approximately 50% of rDNA genes are silenced by epigenetic 

control mechanisms (Figure 1.4).
108-110

 These silent genes exist in heterochromatic 

architectures—transcriptionally silent chromatin structures. The establishment of 

heterochromatin at an rDNA promoter is controlled by a nucleolar remodeling complex (NoRC), 

which contains Snf2h and TIP5.
111

 NoRC recruits DNA methyltransferase (DNMT) and histone 

deacetylase (HDAC) to decorate the histones with repressive marks, thereby condensing the 

structure of the promoter and inhibiting rDNA transcription.
112

  

For NoRC to bind to an rDNA promoter, a non-coding RNA that is complementary to the 

rDNA promoter is required; this RNA is called promoter-associated RNA (pRNA).
113

 pRNA is 

essential for NoRC nucleolar localization and repressive activity.
114-116

 This particular RNA folds 

into a conserved stem-loop; mutations in this loop attenuate the interaction between pRNA and 

NoRC. In this case, the complex fails to accumulate in the nucleoli to suppress rDNA 

transcription. In contrast, ectopically delivering pRNA can trigger de novo DNA methylation at 

the rDNA promoter, thereby inhibiting transcription. These findings revealed a compelling 

mechanism by which non-coding RNA can target DNMT and HDAC to a specific genomic site, 

thereby inducing DNA methylation and transcriptional silencing. These findings emphasize 

further the importance of non-coding RNAs as biological regulators rather than simply by-

products of background transcription.  
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1.4.3 Nucleolar size and number as markers of active, proliferating cells 

Nucleoli are nuclear foci that serve as a core facility for manufacturing rRNAs and processing 

pre-ribosomal subunits.
117

 Hence, nucleolar structure and size are parameters that can be used for 

evaluating the rate of ribosome biogenesis, as a measurement of the rapidity of cell 

proliferation.
102-104

 As expected, cancer cells with high rates of ribosome biogenesis commonly 

exhibit large nucleoli.
118,119

 In fact, this relationship between nucleolar size and cancer was 

recognized by pathologists over 100 years ago through the common detection of large and 

abnormal nucleoli in cancer cells. Consequently, nucleolar size has become a diagnostic marker 

of highly proliferative transformed cells.
120

 The rate of ribosome biogenesis is highly variable 

among different cancer types, resulting in different nucleolar sizes that make this diagnostic tool 

challenging to use for assessing cancer progression.
121,122

  

The upregulation of rRNA synthesis is mandatory for all tumors. Thus, potential strategies 

for downregulating rRNA synthesis and inducing an anti-proliferative response in cancer cells 

are of special interest.
123-125

 Current chemotherapeutics agents for treating neoplastic diseases 

target damaged DNA or hinder DNA synthesis, but these drugs have been shown to exert toxic 

action mainly by inhibiting rRNA production.
126,125

As a result, these treatments lead to the loss 

of nucleolar integrity, interfere with ribosome biogenesis, and ultimately induce cell-cycle arrest 

in a p53-dependent manner.
127-129

 Disrupted ribosome biogenesis leaves several unused 

ribosomal proteins remaining, and these become available to bind mouse double minute 2 

homolog (MDM2), which is a p53 inhibitor.
130,131

 When MDM2 is preoccupied, p53 is free to 

trigger cell apoptosis.  

Aside from MDM2, there are many endogenous p53 inhibitors that are targets for cancer 

therapy, including ANG. ANG inhibits p53 function by interacting with the protein and 
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preventing phosphorylation.

132
 Thus, p53 remains bound to the E3 ligase MDM2 and is targeted 

for proteasomal degradation via ubiquitination. Therefore, inhibiting ANG function could 

provide two prominent benefits: antagonizing the inhibitory effect of ANG on p53 and 

prohibiting ANG from promoting rRNA synthesis. 

Several ANG inhibitors have demonstrated anti-tumor activity. Small-molecule inhibitors, an 

anti-ANG monoclonal antibody, and ANG expression knockdown via siRNA have been shown 

to markedly reduce the establishment and growth of human tumor cell xenografts in athymic 

mice.
133-136,50

 These inhibitors offer limited utility in humans because of their large size, high 

cost, and lack of specificity. 

 

1.5 ANG in neurodegeneration 

Deficient angiogenesis can have devastating physiological consequences, such as those in the 

pathological conditions of NDs.
68,137,138

 The first line of evidence linking an angiogenic factor to 

an ND was that VEGF deprivation under hypoxic conditions resulted in cells developing classic 

features of ALS-like motor neurons.
139

 VEGF directly affects the health of motor neurons by 

acting as a neurotrophic or neuroprotective factor and by regulating the blood supply.
140,141

 In 

this particular study, the hypoxia-response element was removed from the VEGF gene, which 

resulted in mice with normal baseline VEGF expression but with a pronounced deficit in the 

ability to induce VEGF in response to hypoxia.
139

 As motor neurons require correctly patterned 

vascular networks for optimal oxygen delivery, the lack of VEGF-induced blood vessel 

formation under hypoxic conditions resulted in motor neuron degeneration. In contrast, the 

addition of VEGF protected motor neurons from degeneration in both in vitro and in vivo ALS 

models.
142,143

 VEGF mutations have not yet been identified in ALS patients.  
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1.5.1 Amyotrophic lateral sclerosis—Lou Gehrig’s disease 

ALS is an adult-onset ND and is the most common motor neuron disease. The primary hallmark 

of ALS is the selective death of motor neurons in the brain and spinal cord.
144,145

 ALS patients 

suffer from progressive paralysis in mid-life that ultimately leads to death within a few years of 

diagnosis. Initially described in 1869 by the famous French neurobiologist and physician Jean-

Martin Charcot, ALS first became known as Charcot’s sclerosis.
146,147

 ALS is now commonly 

known in the United States as Lou Gehrig’s disease, in honor of the great baseball player who 

developed the disease in the 1930s, and died two years after diagnosis.
148

  

ALS currently afflicts approximately 30,000 Americans and has an overall prevalence of 2 

out of 100,000 people.
149,150

 In 90–95% of instances, there are no apparent genetic linkages, but 

in the remaining 5–10% of cases, the disease is inherited in a dominant manner. The most 

common genetic determinants of ALS are mutations in the Cu/Zn superoxide dismutase 1 

(SOD1) and the expansion of non-coding GGGGCC repeats in a non-coding region of the 

chromosome 9 open reading frame 72 (C9ORF72) locus.
151-154

 

More than 90 mutations in the SOD1 gene have been found to be causative for ALS.
155,156

 

Mutations account for 15–20% of familial ALS instances and contribute to 1–2% of ALS cases 

overall.
157

 SOD1 is an antioxidant enzyme that protects the cell from reactive oxygen species 

(ROS).
158,159

 This enzyme is responsible for converting superoxide, which is produced primarily 

by oxidative phosphorylation errors in mitochondria, into water and hydrogen peroxide.
160,161

 

SOD1 variants with gain-of-function mutations result in the toxic disruption of many cellular 

pathways, leading to increased oxidative stress, reduced mitochondrial function, altered 

subcellular transport and ER stress induction. SOD1 mutant mice have been used as a model for 

studying ALS.
162-165
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The GGGGCC hexanucleotide repeat expansion upstream of the C9ORF72 coding region is 

the most common genetic determinant associated with familial and sporadic ALS, affecting 

approximately 10% of all patients.
153,154

 The GGGGCC repeat length in healthy individuals 

ranges from 2–23 hexanucleotide units, whereas the repeat length in ALS patients is 

approximately 700–1,600 units.
166,167

 The extended length of these repeats is present in 

approximately 40% of familial ALS and 8–10% of sporadic ALS instances.
168

 The discovery of 

the expanded GGGGCC repeat has sparked great interest in investigating its molecular 

pathogenesis. In 2015, two papers published in Nature and one published in Nature 

Neuroscience reported a remarkable convergence of the primary consequence of these toxic 

repeats.
169-171

 These expanded hexanucleotides are transcribed into repetitive RNAs, which are 

then translated into dipeptide repeats. The accumulation of either repetitive RNAs or dipeptide 

repeats consistently resulted in a deficit of nucleocytoplasmic transport through the nuclear 

pores. This obstruction of nucleus–cytoplasm traffic by the GGGGCC expansion-derived, toxic 

products reveals a novel mechanism involved in neurodegeneration. 

 

1.5.2 Loss of function of ANG contributes to ALS 

The search for other gene mutations associated with ALS led to the identification of loss-of-

function mutations in the ANG gene in 2006.
24,172,173

 To date, a total of 29 unique and 

nonsynonymous variants of the ANG gene have been identified in ALS patients. Many mutations 

result in impaired ribonucleolytic activity and nuclear translocation capacity, resulting in 

inhibited angiogenic activity.
174-176

 Several ANG mutants also exhibit defects in neuronal 

pathfinding and are unable to confer neuroprotection.
177,178

  

Plasma ANG levels in ALS patients are controversial. One study reported a modest elevation 

in serum ANG in ALS patients.
179

 Later, the results from a larger cohort studied by the same 
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research group showed that the protein level was significantly lower in ALS patients.

180
 Other 

studies have detected variable levels of ANG at different disease stages. The inconsistency in 

ANG levels that are reportedly associated with ALS highlights the need to develop a method for 

accurately quantifying ANG in human serum. One might consider a zymogram to be a potential 

option because it is a highly sensitive gel-based assay that can detect low nanogram levels of 

ANG.
181,44

 This assay only detects enzymatically active ANG, which is the version capable of 

inducing neuroprotection. Therefore, this assay could provide more qualitative information of 

ANG levels for ALS diagnosis.    

 

1.5.3 Neuroprotective activity of ANG 

The most compelling evidence supporting the utility of ANG for ALS treatment arises from a 

study in which the administration of human ANG to SOD1 mutant mice not only extended their 

lifespan but also improved their motor function.
182

 Further investigations have determined that 

ANG exerts neuroprotection by promoting motor neuron survival from a variety of insults, such 

as excitotoxicity, ER stress-induced cell death and hypoxic conditions.
182-184

 Under these adverse 

conditions, treatment with an inactive ANG variant resulted in no neuroprotection, suggesting 

that ANG relies on its ribonucleolytic activity to modulate the health of motor neurons.
177,174,185

 

To promote neuronal survival against oxidative damage, ANG triggers the cellular stress 

response program. Specifically, ANG cleaves a subset of mature tRNAs at the anticodon loop to 

generate 5′ and 3′ stress-induced small RNAs (5′- and 3′-tiRNA, respectively).
186,187

 The tiRNAs 

then recruit YB-1, a translational silencer, to inhibit the formation of the translation initiation 

complex.
23,188

 tiRNAs can suppress global protein translation by inhibiting both cap-dependent 

and cap-independent translation, including that mediated by weak internal ribosome entry sites 

(IRESs). Strong IRES-mediated translation—a mechanism often used by genes involved in pro-
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survival and anti-apoptosis—is not affected. The formation of tiRNAs might contribute to motor 

neuron survival via the inhibition of apoptosis and the promotion of SG formation. Synthesized 

5′-tiRNA delivered to stressed neurons led to the same anti-apoptotic result.  

 

1.5.4 Stress granule formation to repress protein translation 

SGs are cytoplasmic foci at which untranslated RNA packaged into ribonucleoproteins are 

transiently concentrated.
189

 In fixed cells, SGs appear to be well-defined structures; however, 

they are highly dynamic and are characterized by a constant exchange of RNA and protein in the 

cytoplasm.
190

 SG formation is an important cell survival mechanism under adverse conditions.
191

 

In response to environmental and genetic stresses, mammalian cells sequester key signaling 

molecules in SGs. These granules constitute signaling hubs that help to determine the fate of 

stressed cells: stress recovery or apoptosis. For stress recovery, cells reprogram protein 

translation by suppressing global protein expression while selectively enhancing the expression 

of pro-survival and anti-apoptosis genes. Failure of cells to recover from extreme stress triggers 

programmed cell death. 

ANG contributes to stress-induced translation repression by promoting SG assembly. Both 

ANG and tiRNAs have been found to localize in SGs. The protein did not appear to induce SG 

assembly on its own, but rather enhanced the assembly of sodium arsenite- and pateamine A-

induced SGs.
192

 In contrast, the small non-coding RNA, 5′- but not 3′-tiRNA, was found to be 

capable of triggering SG formation.
186

 Later, YB-1 was identified as a partner interacting with 

tiRNA; together, they act cooperatively to induce SG assembly.
188
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1.5.5 ANG exerts its neuroprotection in paracrine communication  

Astrocytes are the largest cell population in the mammalian brain. They have been long 

recognized as physical and metabolic supporters of neurons.
193-195

 They optimize the 

environment surrounding neurons, control neuro-developmental processes, and regulate synaptic 

transmission and plasticity. Many of these functions require close contact between astrocytes and 

neighboring neurons. Despite their supportive role, if astrocytes become pathologic, they can 

instead harm neurons. These cells can transmit toxic molecules to neighboring neurons and cause 

neuronal degeneration. In fact, dysfunctions of astrocytes have been implicated in the 

development and progression of several NDs.  

In the case of ALS, mutated SOD1-expressing astrocytes trigger the death of motor neurons 

by secreting factors that are selectively toxic to motor neurons.
196,197

 This toxic transfer from 

astrocytes to motor neurons has been demonstrated by co-culture and by the application of 

astrocyte-conditioned medium. Intriguingly, this interaction appears to be cell-type specific: 

mutant SOD1-expressing primary astrocytes reduced the viability of motor neurons, but not that 

of interneurons or dorsal root ganglion neurons.  

In contrast, astrocytes also promote neuroprotection when their nuclear factor erythroid 2-

related factor 2 (Nrf2), a redox-sensitive transcription factor, pathway is activated to neutralize 

ROS toxicity.
198

 Crossbreeding mice in which the Nrf2 gene is selectively overexpressed in 

astrocytes with mice of two ALS models produced offspring exhibiting significantly delayed 

ALS onset.
199-201

 The offspring with ALS also survived for longer periods. Activation of the Nrf2 

pathway in astrocytes is required for the promotion of neuronal survival. Together, these results 

not only show that astrocyte functions can be undermined or exacerbated, mediating motor 

neuron death, but also define paracrine interactions as critical regulators of ALS progression. 
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ANG confers neuroprotection via paracrine signaling pathways.

52
 This protein is a neuronally 

secreted factor that executes its neuroprotective activity after being endocytosed by astrocytes. In 

addition, syndecan-4 receptor expression is restricted to astrocytes, which allows the protein to 

travel from neurons to astrocytes but not in the reverse direction. Furthermore, conditioned 

medium derived from astrocytes treated with ANG promoted motor neuron survival of stress 

stimuli. The astrocytic secretome in the medium constituted a set of astrocytic proteins, 60 of 

which were found to be significantly altered.
202

 The secreted proteins included chemokines, 

cytokines, proteases, and protease inhibitors, as well as proteins involved in extracellular matrix 

re-organization; many of these proteins are important pro-survival regulators. 

 

1.5.6 ANG mutations found in Parkinson’s disease 

A new theory of the role of ANG in other NDs began with the observation that a few ALS 

patients carrying ANG variants showed signs of Parkinson’s disease (PD).
203,204

 Furthermore, 

relatives of ALS patients have an increased risk of developing PD, and the prevalence of 

concomitant motor neuron disease in PD is higher than expected based on chance. ALS and PD 

are classified as movement disorders; yet, the molecular pathogenesis of each disease is 

remarkably distinctive, as specific neuron classes are degenerated in each case. Whereas 

dopaminergic neurons of the substantia nigra degenerate in PD, motor neurons degenerate in 

ALS.  

PD is a progressive movement disorder characterized by the degeneration of midbrain 

regions that control motor movement.
205

 Currently, PD is affecting more than 1 million 

Americans.
206

 Although several single-gene mutations have been shown to result in PD, most 

forms of PD are sporadic. Lewy bodies are the neuropathological hallmark of PD.
169

 One of the 

primary components of Lewy bodies is aggregated α-synuclein; this small neuronal protein plays 
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a significant pathogenic role in both familial and sporadic PD.

207,208
 Aggregation of this protein 

is a neuropathological feature predominantly found in the substantia nigra of PD patients.  

One microarray study reported an exciting result: mice overexpressing human α-synuclein 

exhibited modest alterations in the expression of 200 genes, but their mAng 1 expression was 

7.5-fold lower than that of wild-type littermates.
209

 The mANG 1 protein level was also 

dramatically reduced in this transgenic mouse model of PD. Furthermore, treatment with WT 

ANG significantly reduced dopaminergic cell death in response to such toxic reagents as 

rotenone or 1-methyl-4-phenylpyridinium.
210,211

 This study broadened the neuroprotective 

impact of ANG to include PD as well as ALS.  

 

1.6 Prospectus 

Cancer cells modulate cell-cycle regulation to achieve uncontrollable outgrowth, whereas 

degenerating neurons are extremely vulnerable to cell death. A growing body of work has 

reported that multiple cellular processes, when they are regulated aberrantly, can contribute to 

the development of cancer or NDs. Several of these processes are common to both cancer and 

NDs, including cell division, angiogenesis, and RNA and protein metabolism. Thus, exploring 

the cause of one disease is likely to have major benefits for understanding, treating and 

ultimately curing the other.  

As these two diseases are linked, it is not surprising that cancer treatments can advance ND 

and vice versa.
212

 Chemotherapeutic agents can promote neurodegeneration by activating p53 

and other mechanisms.
213

 Patients who receive chemotherapy can have cognitive complaints that 

persist long after the course of treatment has ended.
214,215

 Adjuvant chemotherapy for breast 

cancer has been associated with short- and long-term changes in brain structure and function.
216

 

These reported side effects are controversial. Perhaps, more extensive studies and larger cohorts 
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are required to determine precisely how cancer treatment modulate the risk of neurodegeneration 

and how neuroprotective strategies, such as antioxidants, affect the action and efficacy of certain 

chemotherapeutic agents.  

As mentioned above, there are currently several strategies of inhibiting ANG to suppress 

tumor angiogenesis and cancer progression. These strategies include siRNA that targets ANG 

mRNA and monoclonal antibodies and soluble binding proteins that sequester ANG protein. 

Utilizing ANG inhibitors to treat cancer is considered with caution because of the potential for 

ALS or PD development. Conversely, while ANG delivery is particularly promising for treating 

ALS and PD, long-term ANG treatment might potentially promote unnecessary blood vessel 

formation, and trigger cell transformation or tumor metastasis. Therefore, the purpose of this 

thesis is to explore the molecular role of ANG in cancer and neurodegeneration, to determine 

how ANG promotes cell proliferation, and to pinpoint the role of ANG in neuroprotection. 

Understanding the molecular divergence of ANG in cancer and neurodegeneration could lay a 

foundation for the development of ANG-based drug strategies to treat one disease without 

advancing the other. 
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Figure 1.1 
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Figure 1.1 Imbalance of ANG associated with pathological consequences 

A, B ANG acts as a double-edged sword in that overproduction of this protein is correlated with 

tumorigenesis, while deprivation is associated with such NDs as ALS. 
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Figure 1.2 
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Figure 1.2 Unique gene arrangement of human and mouse ANG and RNase 4 

The two exons encoding for ANG and RNase 4 are located downstream of the two non-coding 

exons. Transcripts of ANG and RNase 4 are controlled by 2 shared promoters. Promoter 1 is 

universally active, while Promoter 2 is designated for activation by hepatic cells. The 

organization of ANG and RNase 4 is highly conserved in other mammalian species, reflecting 

selection constraints maintaining the co-regulation of the two proteins. 
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Figure 1.3 
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Figure 1.3 Structure of human ANG  

A. The Coulombic surface of ANG is depicted with negative and positive indicated by red and 

blue, respectively (PDP entry 1ang).  

B. Three conserved catalytic residues, H13, K40, and H114, and the obstructed site in ANG, 

Q117 (grey ribbon), are labeled and depicted in ball-and-stick. Three native disulfide bonds are 

also represented in ball-and-stick. The receptor binding site and NLS of ANG are highlighted in 

green and brown, respectively. 
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Figure 1.4 
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Figure 1.4 Transcriptional regulation of rDNA genes 

On average, there are 300–400 copies of rDNA genes flanked by intergenic space (IGS) in a cell. 

In a metabolically active cell, approximately 50% of rDNA genes are silenced by epigenetic 

regulation. These silent genes exist in heterochromatic architectures, which are transcriptionally 

silent chromatin structures. The formation of heterochromatin at the rDNA promoter is 

controlled by NoRC, which contains Snf2h and TIP5. NoRC recruits DNMT and HDAC to 

decorate histones with repressive marks, thereby condensing the structure of the promoter and 

inhibiting rDNA transcription. The repressive activity of NoRC requires pRNA binding. 

Deprivation of this particular RNA diminishes NoRC accumulation at the rDNA promoter, 

allowing a transcriptional activator, or upstream binding factor (UBF), to bind and initiate rDNA 

transcription. 
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CHAPTER 2 

Angiogenin Promotes Cell Proliferation by a Novel Signal Transduction Mechanism 

 

  

Contribution: Prof. Raines and I designed the experiments, analyzed data and wrote the 

manuscript. I performed experiments.    

 

Prepared for submission as:  

 

Hoang, T.T. and Raines, R.T. (2016) Angiogenin promotes cell proliferation by a novel signal 

transduction mechanism 
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 2.1 Abstract 

Canonical growth factors act indirectly via receptor-mediated signal transduction pathways. Here 

we report on a novel direct pathway in which a growth factor is internalized, has its localization 

regulated by phosphorylation, and ultimately uses intrinsic catalytic activity to effect epigenetic 

change. Angiogenin (ANG), a secreted vertebrate ribonuclease, is known to promote cell 

proliferation, leading to neovascularization as well as neuroprotection in mammals. Upon 

entering cells, ANG encounters the cytosolic ribonuclease inhibitor protein, which binds with 

femtomolar affinity. We find that protein kinase C and cyclin-dependent kinase phosphorylate 

ANG, enabling ANG to evade its inhibitor and enter the nucleus. After migrating to the 

nucleolus, ANG cleaves pRNA, which prevents the recruitment of the nucleolar remodeling 

complex to the rDNA promoter. The ensuing derepression of rDNA transcription promotes cell 

proliferation. The biochemical basis for this unprecedented mechanism of signal transduction 

suggests new modalities for the treatment of cancers and neurological disorders.  
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 2.2 Introduction 

Angiogenesis, the process of establishing new blood vessels from pre-existing ones, is essential 

for the growth and development of mammals. Over forty years ago, Judah Folkman postulated 

that tumors compose new blood vessels to nourish their growth.
29,31

 A few years later, his 

colleague Bert Vallee isolated a small protein from the conditioned medium of HT29 human 

adenocarcinoma cells and found that this protein, named “angiogenin” (ANG), promotes 

neovascularization.
27

 This discovery was lauded widely as the first of a “substance that initiates 

the growth of any human organ”.
28

 Subsequently, ANG levels in the serum of cancer patients 

were found to correlate with the progression of their tumors.
50,217

 

In addition to promoting neovascularization, ANG is neuroprotective.
30,52

 ANG mutations are 

common in amyotrophic lateral sclerosis (ALS) patients.
24,176

 Moreover, administration of ANG 

to an ALS mouse model was shown to improve motor functions and extend lifespan.
182

 

Despite its biological and historical importance, the cellular mechanism by which ANG 

promotes cell proliferation is unclear. Remarkably, ANG belongs to the pancreatic-type 

ribonuclease (RNase) superfamily, beget by RNase A.
32

 These secretory proteins catalyze the 

cleavage of a phosphodiester bond on the 3′ side of cytidine or uridine residues in single-

stranded RNA. ANG is the only RNase with angiogenic activity, and the only angiogenic factor 

with ribonucleolytic activity.
218

 Even though ANG shares 33% sequence identity with RNase A, 

including a conserved active-site triad (His14, Lys40, and His114), its ribonucleolytic activity 

toward di- and tetraribonucleotide substrates is 10
6
-fold less than that of RNase A.

43,44
 Still, this 

low ribonucleolytic activity is essential for the promotion of neovascularization.
219

 The crystal 

structure of ANG revealed that Gln117 blocks the pyrimidine-binding pocket in the active site.
45

 

A Q117G substitution increases the catalytic activity of ANG toward conventional substrates by 
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30-fold.

46
 Still, the Q117G substitution is not sufficient to endow ANG with catalytic activity 

comparable to that of RNase A, suggesting that ANG might have evolved to cleave a particular 

cellular RNA. The identity of that RNA substrate is unknown. 

The activity of ANG is modulated by ribonuclease inhibitor (RI), a protein that resides in the 

cytosol. RI and ANG form one of the tightest biomolecular complexes, having a Kd value in the 

femtomolar range.
57

 Up-regulating RI suppresses tumor growth and tumor microvessel density 

through suppression of ANG function.
64

 Conversely, ANG variants endowed with the ability to 

evade RI display enhanced angiogenic activity.
63

 Inside of cells, ANG exists in two pools: one is 

bound to RI in the cytosol and the other is unbound in the nucleus
65

, where ANG manifests its 

angiogenic activity.
47,21

 How ANG, which is a secretory protein, evades cytosolic RI on its way 

to the nucleus is unknown. 

Here we reveal the cellular basis for the biological activities of ANG. Specifically, we show 

that ANG catalyzes the cleavage of a particular phosphodiester bond in a nucleolar substrate, 

promoter-associated RNA (pRNA). That cleavage prevents the silencing of ribosomal DNA 

(rDNA) transcription by the nucleolar remodeling complex (NoRC). We also show that 

phosphorylation of key serine residues enables ANG to evade cytosolic RI and translocate to the 

nucleus. Thus, unlike canonical growth factors that deliver epigenetic information to DNA 

indirectly via receptor-mediated signal-transduction pathways, ANG is unique in conveying its 

proliferative signal from outside of the cell directly to a nucleic acid. 

 

2.3 Results 

2.3.1 Wild-type ANG degrades pRNA in vitro in a specific manner 

Cell proliferation requires continuous ribosome synthesis to support ongoing translation. The rate 

of ribosome biogenesis is limited by the transcription of DNA encoding rRNA.
121

 ANG is known 
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to stimulate the transcription of rDNA in a manner that leads to endothelial cell proliferation and 

the induction of neovascularization.
47,22

 

The transcription of rDNA is regulated tightly.
123,220

 Importantly, rDNA transcription is 

silenced by NoRC, in which transcription termination factor I-interacting protein 5 (TIP5) is a 

large subunit and non-fermenting protein 2 homologue (SNF2h) is a small subunit.
111,112

 Upon 

the binding of NoRC to the rDNA promoter, the complex recruits histone deacetylase and DNA 

methyltransferase activity to remodel or maintain a repressive conformation of   

heterochromatin.
221,115,222

 The binding of NoRC to the rDNA promoter requires pRNA, which is 

a product of a long, processed non-coding RNA transcribed by RNA polymerase I from the 

intergenic space of rDNA. pRNA (~200 nt) has a conserved stem-loop structure and a sequence 

that forms a triple helix with the rDNA promoter.
114,221

 TIP5 binds to pRNA via its TAM 

domain. Removing that domain or knocking-down pRNA abolishes the repression of rDNA 

transcription by NoRC.
113,116

 We hypothesized that pRNA could be the cellular substrate for 

ANG. 

We examined pRNA as a substrate of ANG in vitro. To do so, we first incubated an internal 

32
P-labeled pRNA containing only the stem–loop structure (97 nt) with recombinant ANG and 

monitored its cleavage over time. Approximately 80% of the pRNA was cleaved after 10 min 

(Figure 2.1A). Next, we determined if any of the single-stranded RNA loops of pRNA are 

important for cleavage. Excision of the lower loop led to no change in cleavage (Figure 2.1B). In 

contrast, deleting a series of 4 uridine residues in pRNA decreased the ability of pRNA to serve 

as a substrate for ANG. This decrease was even greater upon removal of the upper loop. By 

examining different loops of pRNA we determined that ANG relies primarily on the U4 region 
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and the upper loop for the manifestation of its catalytic activity. Indeed, removing the putative 

binding region on pRNA obliterates catalysis by ANG (Figure 2.1B). 

We found that ANG cleaved pRNA at a specific location to give a product of ~85 bases and, 

subsequently, smaller fragments. This specificity was unique to ANG, as RNase A cleaved RNA 

nonspecifically (Figure 2.1C). Importantly, the specificity was resistant to the excision of single-

stranded RNA loops on pRNA (Figure 2S.1). To determine the cleavage site on pRNA by ANG, 

we isolated the ~85-base product and determined its sequence. We found that a C–G 

phosphodiester bond near the 3′ end of pRNA is cleaved specifically by ANG (Figure 2.1C). 

This finding is consistent with the known preference of ANG to cleave RNA between a 

pyrimidine and purine residue.
223,44

 ANG and pRNA have co-evolved in mammals with the 

conservation of this C/T–G phosphodiester bond (Figure 2S.2). 

 We interrogated the putative C–G cleavage site in pRNA by mutagenesis. Based on the 

predicted secondary structure of pRNA, the cytidine residue participates in Watson–Crick base-

pairs with a guanidine residue from the 5′ end. When we replaced the three G·C base pairs in 

pRNA with C·G, ANG no longer cleaved the substrate (Figure 2S.3). Further, a single C·G➞

G·C substitution at the putative cleavage site impaired ANG from degrading the substrate 

(Figure 2.1D). In contrast, RNase A degraded pRNA efficiently regardless of these 

modifications.  

 

2.3.2 ANG degrades pRNA in cellulo 

Having shown that pRNA is a substrate for ANG in vitro, we asked if ANG can access and 

degrade nucleolar pRNA in HeLa cells. Using qPCR to quantify the level of pRNA, we found 

that treatment with ANG reduced pRNA levels by 50%. This lower level is the same as that 

achieved with locked nucleic acid (LNA)-mediated knockdown of pRNA (Figure 2.2A). We 
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used variants of ANG, including those found in ALS patients (S28N, C39W, and H114R), to 

probe enzymatic activity in cellulo.
24,174,176

 We found that substitutions that affect the nuclear 

localization (S28N) or thermostability (C39W) of ANG had no effect on its catalytic activity in 

vitro but diminished its catalytic activity in cellulo (Figure 2.2B). Replacing a critical active-site 

residue (H114R) led to no degradation of pRNA either in vitro or in cellulo. In contrast, a 

hyperactive variant (Q117G) degraded pRNA robustly. 

We next sought evidence for a direct interaction between ANG and pRNA in cellulo. We 

installed a FLAG tag on ANG and used RNA immunoprecipitation to probe for the existence of an 

ANG·pRNA complex. Because WT ANG degraded pRNA (Figure 2.1), we used the inactive H114R 

variant. This variant was unable to cut pRNA (Figure 2.2B), but bound to pRNA with nanomolar affinity 

(Figure 2S.4). Following treatment with the FLAG–H114R ANG variant, cellular RNAs were treated 

with RNase A to cleave unprotected RNAs. With or even without UV-mediated crosslinking, we 

were able to detect a fragment of pRNA that was protected by ANG, and confirmed its identity 

as the conserved stem–loop structure of pRNA by sequence analysis (Figure 2.2C). 

 

2.3.3 ANG promotes dissociation of TIP5 via targeting pRNA 

As described above, the silencing of rDNA transcription by NoRC is mediated by the binding of 

pRNA to TIP5.
113

 The depletion of pRNA leads to TIP5 dissociation from the rDNA promoter 

and thereby activates rDNA transcription via chromatin remodeling. To demonstrate further the 

involvement of ANG in suppressing NoRC function, we used immunofluorescence microscopy 

to probe for the accumulation of TIP5 in nucleoli as an indicator of rDNA silencing in the 

presence and absence of ANG (Figure 2.3A). Punctate staining of TIP5 in the nucleolus was 

observed in untreated cells but not in cells treated with ANG. The absence of TIP5 in nucleoli is 
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consistent with its being unable to bind to the rDNA promoter because pRNA had been cleaved 

by ANG and no longer remained at the rDNA promoter region. 

pRNA could exist in a complex with TIP5 prior to interacting with ANG. Thus, angiogenic 

activity might require ANG to cleave pRNA within a TIP5·pRNA complex. To test for this 

ability, we reconstituted an in vitro model wherein an excess of the TAM domain of TIP5, which 

is necessary and sufficient to interact with pRNA, was incubated with the RNA substrate and 

then exposed to wild-type ANG and its Q117G and H114R variants (Figure 2.3B).
113

 Over the 

course of 40 min, pRNA degradation was observed with wild-type ANG but not the H114R 

variant. Even more degradation was observed with the Q117G variant. Notably, the rate of 

pRNA cleavage by ANG was slower with pRNA in the bound state than in the unbound state 

(Figure 2.1A). Still, the data indicate that ANG can access its cleavage site on pRNA within a 

pRNA·TIP5 complex and that the cleavage leads to dissociation of that complex from the 

promoter. We note that, in cellulo, ANG could target nascent pRNA to prevent NoRC from 

anchoring to the rDNA promoter. 

The assembly of NoRC facilitates heterochromatic histone modification, resulting in a 

reduction in the methylation of H3K4, which is a euchromatic histone mark. NoRC also 

promotes H3K9 methylation, which marks repressive transcription.
224

 Accordingly, we probed 

H3K4 and H3K9 methylation upon treating cells with ANG variants of varying enzymatic 

activity. We found that the enrichments of histone-methylation occupancy at the rDNA promoter 

correlated with enzymatic activity (Figure 2.3C).  

Chromatin immunoprecipitation (ChIP) of H3K4me
3
 at the rDNA promoter revealed a 2- and 

3-fold increase in methylation upon treatment with ANG and the Q117G variant, respectively, 

but no change with the H114R variant (Figure 2.3C). Conversely, ChIP to probe methylation of 
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H3K9, which marks repressive transcription, revealed that that the level of H3K9me

3
 at the 

rDNA promoter decreased upon treatment with either ANG or the Q117G variant, but not the 

H114R variant.  

  

2.3.4 ANG is phosphorylated by PKC and CDK 

The activation of rDNA transcription via the degradation of pRNA and consequent suppression 

of NoRC function can occur only if ANG gains access to the nucleus. A femtomolar inhibitor of 

ANG, RI lurks in the cytosol at low micromolar concentrations.
225

 We hypothesized that ANG 

undergoes a post-translational modification to evade RI. 

The extraordinary tight binding between RI and ANG is due largely to favorable Coulombic 

interactions, as RI is highly anionic and ANG is highly cationic.
59

 Hence, appending phosphoryl 

groups on ANG residues can generate Coulombic repulsion and diminish affinity for RI. Among 

the sixteen serine and threonine residues of ANG, four were of particular interest to us: Ser87, 

which is at the molecular interface of the RI·ANG complex and is in a known “hotspot” for 

amino-acid substitutions that engender evasion of RI, and a cluster of three near the nuclear 

localization signal: Ser28, Thr36, and Ser37 (Figure 2.4A).
61,226,63

  

We discovered that ANG is phosphorylated by intracellular kinases. Incubation of wild-type 

ANG with a whole cell lysate and [γ-
32

P]ATP led to 
32

P-labeled ANG (Figure 2.4B). We used 

variants of ANG to determine the specificity of the phosphorylation reaction. None of these 

interested residues is essential for the ribonucleolytic activity or conformational stability of  

ANG.
227

 We found that S28N ANG (which is linked to ALS) was phosphorylated in vitro 

approximately as extensively as was the wild-type enzyme (Figure 2.4B). In contrast, the 

T36A/S37A and S87A variants had a severe reduction in their phosphorylation. Then, we 

examined phosphorylation in cellulo. Wild-type ANG and variants with a FLAG tag were 



  

 

40 

 
isolated by immunoprecipitation from HeLa cells after incubation for 4 h. The uniform intensity 

of the input samples indicated that neither the amino-acid substitutions nor the FLAG tag 

affected cellular uptake (Figure 2.4C), which occurred via the syndecan-4 receptor (Figure 2S.5). 

Likewise, the substitutions had inconsequential effects on thermostability (Table 2S.1). To detect 

phosphorylated species, we used antibodies to phosphoserine or phosphothreonine. No detection 

was observed with the phosphothreonine antibodies (data not shown). In contrast, immunoblots 

with phosphoserine antibodies displayed a strong band for wild-type ANG, indicating the 

existence of phosphorylated ANG in cellulo (Figure 2.4C). A weaker band was observed with 

the S28N variant, consistent with the phosphorylation of Ser28 by cellular kinases. A very weak 

band was detected for both the T36A/S37A and the S87A variants. These data indict Ser28, 

Ser37, and Ser87 as sites of phosphorylation in cellulo. 

We identified kinases that phosphorylate ANG. For guidance, we analyzed the amino-acid 

sequence of ANG with the program NetPhos 2.0.
228

 The computational results indicated that 

protein kinase C (PKC) and cyclin-dependent kinase (CDK) were likely kinases. We then treated 

cells with small-molecule inhibitors of PKC and CDK, namely, bisindolylmaleimide I and 

roscovitine.
229,230

 The inhibitors did not influence the cellular uptake of ANG, but did reduce its 

phosphorylation (Figure 2.4D). We conclude that ANG is a substrate for PKC and CDK. 

 

2.3.5 Phosphorylation of ANG is essential for its nuclear translocation  

We probed the effect of phosphorylating residues 28, 36/37, and 87 on the affinity of ANG for 

RI. To do so, we generated phosphomimetic variants and determined the value of Kd for the 

ensuing ANG·RI complexes. The femtomolar affinity of RI for WT ANG required month-long 

assays to detect complex dissociation.
57

 In comparison, the dissociation of the ANG variants was 

rapid and monitored readily by using a fluorescence-based assay described previously.
139

 Both 
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the T36D/S37D and the S87D variants had 10

7
-fold lower affinity for RI

 
than did wild-type ANG 

(Table 2.1). Moreover, the S28D/T36D/S37D/S87D variant exhibited a >10
9
-fold reduction in 

affinity. These data are consistent with a mechanism in which phosphorylation of interface 

residues 37 and 87 enables ANG to evade RI. 

Finally, we probed the effect of phosphorylating residues 28, 36/37, and 87 of FLAG-tagged 

ANG on its nuclear translocation. With immunofluorescence microscopy, we found that alanine 

substitution at residues 28, 36/37, or 87 (which creates a phosphorylation defect) leads to the 

retention of ANG in the cytosol (Figure 2.5A). Conversely, aspartate substitution leads to its 

accumulation in the nucleus. Using pRNA degradation as a marker for the entry of ANG into the 

nucleus, we found that pRNA remained intact in cellulo upon treatment with S28N, T36A/S37A, 

or S87A ANG (Figure 2.5B), even though these variants cleaved pRNA in vitro (data not 

shown). These data indicate that the phosphorylation of residues Ser28, Ser37, and Ser87 enables 

internalized ANG to enter the nucleus and degrade pRNA. 

 

2.3.6 ANG promoting angiogenesis requires nuclear translocation and rDNA transcription 

We found that ANG is phosphorylated at the same sites by PKCs and CDKs in endothelial cells 

as in HeLa cells (Figure 2.6A). Moreover, the extent of phosphorylation of the 

S28N/T36A/S37A/S87A variant (STSS/NAAA ANG) was indistinguishable from that of a 

variant in which all nine serine residues were replaced with alanine (Ser-Free ANG), indicating 

that no other serine residues are susceptible to phosphorylation. Phosphorylation governed ANG 

entry into the nucleus of endothelial cells (Figure 2.6B). Once in the nucleus, ANG reached the 

nucleolus to activate rDNA transcription via cleaving pRNA (Figure 2.6C). Most importantly, 

these features—ANG phosphorylation and activation of rDNA transcription—are essential for 

ANG proliferative and angiogenic activities. HUVE cell-proliferation in basal medium 
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containing ANG or a variant was stimulated by the wild-type enzyme, but not the inactive 

H114R or STSS/NAAA variant (Figure 2.6D). Moreover, cells pre-exposed to small-molecule 

inhibitors of CDKs and PKCs were quiescent, even after treatment with ANG. Using a tube-

formation assay,
231

 we found that pre-incubating endothelial cells with ANG led to the assembly 

of capillary-like networks (Figure 2.6E). In contrast, cells pre-incubated with the H114R or 

STSS/NAAA variant constructed fewer junctions and tubules, and the tubules were of shorter 

length (Figure 2.6F–H). Likewise, ANG treatment did not revive network formation in cells pre-

treated with kinase inhibitors.  

 

2.4 Discussion 

Members of the pancreatic-type RNase superfamily have evolved to be efficient non-specific 

catalysts of RNA degradation.
232

 Unlike its homologs, ANG has nearly immeasurable 

ribonucleolytic activity towards model substrates.
223,44

 Moreover, whereas other pancreatic-type 

RNases function in the extracellular space or cytosol, ANG acts in the nucleus.
47,21

 Here we have 

revealed the cellular mechanism used by ANG to effect cell proliferation by virtue of specific 

ribonucleolytic activity. That mechanism is depicted in Figure 2.7. 

Intracellular kinases enable ANG to manifest its ribonucleolytic activity. Like its homologs, 

ANG is a highly cationic protein that enters mammalian cells via endocytosis. A fraction of the 

ANG in endosomes escapes into the cytosol, where it encounters a potent inhibitor, RI. The 

RI·ANG complex is stabilized largely by favorable Coulombic interactions, as RI is highly 

anionic. The introduction of anionic phosphoryl groups into ANG generates Coulombic (as well 

as steric) repulsion with RI, resulting in weaker binding. We note that site-directed mutagenesis 

has been used to endow other pancreatic-type RNases with the ability to evade RI, and such 
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variants are cytotoxic at the nanomolar level.

226
 In contrast, the ribonucleolytic activity of ANG 

is so low, that its evasion of RI does not lead to any apparent cytotoxicity. 

ANG binds to the same region of pRNA as does TIP5. The reported Kd value of the 

TIP5·pRNA complex is 0.3 nM,
113

 whereas the Kd value of the H114R ANG·pRNA complex is 

192 nM (Figure 2S.4). These disparate values indicate that TIP5 competes favorably with ANG 

for binding to pRNA. We note, moreover, that ANG is an enzyme and that its cleavage of a 

phosphodiester bond in pRNA is irreversible. Accordingly, only a transient interaction between 

ANG and pRNA is necessary for ANG to assert its biological activity. Thus, the cleavage of 

pRNA by ANG is apparent even in the presence of TIP5 (Figure 2.3B). 

An angiogenin-binding element (ABE) near the rDNA promoter has been proposed to be 

responsible for driving the expression of genes encoding rRNA upon stimulus with ANG.
66

 We 

find that the affinity of ANG for pRNA is 3-fold higher than that for ABE (Figure 2S.4). 

Moreover, as noted above, the binding of ANG to pRNA leads to an irreversible event—

phosphodiester bond cleavage. As ribonucleolytic activity is essential for ANG action,
219

 the 

cleavage of pRNA is likely to play a larger role in the action of ANG than does its binding to the 

ABE. 

pRNA is not the only cellular substrate of ANG under all conditions. We have demonstrated 

that ANG can localize in the nucleolus and cleave a particular phosphodiester bond in pRNA, 

thereby inducing rDNA gene expression. This up-regulation satisfies the rRNA demands of 

ongoing translation and promotes angiogenesis. In contrast, in cells that have suffered oxidative 

damage, ANG localizes in stress granules (Figure 2S.6) and cleaves a subset of tRNAs, thereby 

generating tRNA-derived, stress-induced small RNAs that stall translation and drive the 
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production of anti-apoptotic proteins that inhibit cell death.

186-188
 The molecular basis for the 

localization of ANG in stress granules as a consequence of oxidative stress is unclear. 

The mechanism of action of ANG is unique. Typical growth factors bind to the extracellular 

face of membrane-bound receptors and rely upon changes in receptor conformation or valency to 

transduce a signal to the cytosol, often leading to kinase or phosphatase activity.
233,234

 The 

growth factors themselves do not enter cells. This action-at-a-distance model contrasts markedly 

with the mechanism of ANG action (Figure 2.7). Instead of conveying signals via other proteins, 

ANG has evolved to deliver its proliferative signal directly. We speculate that this unique 

mechanism is conserved in mammals (Figure 2S.2). 

The mechanism of ANG action resembles that of clustered, regularly interspaced, short 

palindromic repeats (CRISPR)–Cas9. CRISPR–Cas9 has been engineered such that its guide 

RNA acts as both a scaffold to recruit transcriptional regulators and dock them with a double-

stranded DNA target, leading to transcription repression or activation (Figure 2S.7).
235,236

 

Likewise, pRNA recruits NoRC and docks them to a double-stranded DNA target, leading to 

transcription repression. pRNA also recruits ANG, leading to pRNA cleavage and transcription 

activation. 

The route taken by ANG has other implications. In astrocytes, ANG is internalized after 

binding to syndecan-4, a transmembrane heparan sulfate proteoglycan.
175,52

 This receptor is also 

displayed by endothelial cells and involved in inflammatory reactions, wound healing, and 

angiogenesis.
54

 We found that this receptor also mediates the uptake of ANG into HeLa cells 

(Figure 2S.5). Because syndecan-4 is involved in the activation of PKCα,
55

 ANG could be 

phosphorylated immediately by this PKC isoform upon cytosolic entry. 
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Finally, we note a dichotomy: ANG is upregulated in transformed cells but is necessary to 

prevent neurodegeneration of nontransformed cells. Hence, drugs that target this pro-tumorigenic 

protein could also promote neurological damage, as loss-of-function mutations of ANG genes are 

associated with ALS.
24,176

 The understanding of ANG action provided in this work suggests new 

chemotherapeutic strategies. For example, Ser37 and Ser87 of ANG, which are phosphorylated 

in cellulo, make intimate contacts with Ile459 and Trp261/Trp318 of RI, respectively, in the 

RI·ANG complex (Figure 2.4A).
61

 Replacing those large RI residues with smaller ones in 

endothelial cells could effect a “bump–hole” strategy that leads to an RI variant capable of 

apprehending ANG even after its phosphorylation. Alternatively, expression of an uncleavable 

pRNA variant in endothelial cells could elicit a dominant negative phenotype that sequesters 

ANG and thereby decreases its activity. We believe that modulating kinase activity holds special 

promise. Antagonizing the activity of PKC or CDK in endothelial cells, but not astrocytes, could 

benefit ALS patients treated with exogenous ANG. Indeed, known drugs that inhibit these 

kinases in cancer patients could be acting, in part, by unappreciated mechanism—decreasing the 

activity of endogenous ANG (Figure 2.7). For example, flavopiridol and enzastaurin are 

inhibitors of CDK and PCK, respectively, and both antagonize angiogenesis.
237,238

 Our data 

provide a plausible link for these two clinical paradigms. 

 

2.5 Materials and methods 

2.5.1 General Procedures 

Production and purification of ANG and its variants,
44

 and of His6–TIP5510-611 (TAM), 

immunofluorescence of TIP5 and knockdown of pRNA,
113

 and chromatin immunoprecipitation 

of the rDNA promoter.
221

 RI-binding assays with variants of Q19C ANG were performed as 

described previously.
239

 Briefly, fluorescence spectroscopy was used to monitor the binding of 
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an RI to a diethylfluorescein (DEFIA)-labeled ANG, availing the decrease in fluorescence upon 

binding to RI. Data were normalized to unbound DEFIA–ANG and fitted with nonlinear 

regression analysis to obtain a value of Kd for each complex. 

 

2.5.2 Run-off Transcription 

A DNA template encoding the 97 bases of pRNA downstream from a T7 RNA polymerase 

promoter was obtained from Integrated DNA Technology (IDT). pRNA biosynthesis was 

accomplished with the AmpliScribe
TM

 T7-Flash
TM

 Transcription kit (Epicentre) in the presence 

of 3 µL of [α-
32

P]UTP. Transcribed pRNA was purified by excision from a urea polyacrylamide 

(8% w/v) gel. Modified pRNAs were made in a similar manner. 

 

2.5.3 Gel-based assay of ribonucleolytic activity 

In each reaction mixture, pRNA containing [α-
32

P]UTP (~1000 cpm) was subjected to either 

wild-type ANG (50 nM) or buffer at 37 °C. At known times, a 10-µL aliquot was removed and 

quenched with 2 µL of 6× urea gel-loading dye. Samples were heated to 95 °C and resolved 

electrophoresis through a urea polyacrylamide (8% w/v) gel. The gel was dried and exposed to a 

phosphor screen for 24 h. Radiography of the screen was performed with a Typhoon LFA9000 

phosphorimager (GE Healthcare Life Sciences). 

 

2.5.4 Sequencing of pRNA fragments 

Nonradioactive pRNAs were made as described above. In a 40-µL reaction mixture, wild-type 

ANG (~1 µM) was used to degrade pRNA (1 µg) at 37 °C for 10 min. The reaction was 

quenched with proteinase K (Qiagen). Degraded pRNAs were resolved in a urea polyacrylamide 

(8% w/v) gel. The major pRNA fragment was purified as described above. The fragment was 

then treated with alkaline phosphatase (New England Biolabs) to generate a 3′-hydroxyl 
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terminus. A poly(A) tail was added to the 3′ end of the fragment by using poly(A) polymerase 

(New England Biolabs). A reverse transcription (RT) reaction was conducted using the RT 

primer (Table 2S.2). The ensuing cDNAs were amplified further by PCR and subjected to 

TOPO-cloning for Sanger sequencing with an M13 forward primer. 

 

2.5.5 Cell culture 

HeLa cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) containing fetal 

bovine serum (10%) and penicillin/streptomycin (1%) (Invitrogen) at 37 °C under 5% v/v 

CO2(g). Human umbilical vein endothelial (HUVE) cells were grown in EGM
TM

-2 at 37 °C 

under 5% v/v CO2(g). Cells (5 × 10
5
) were plated in complete medium in 10-cm dishes. After 

24 h, cells were washed with DMEM or endothelial basal medium-2 (EBM-2) and then 

incubated with wild-type ANG or a variant (to 1 µg/mL) for another 24 h 
49

. For kinase-inhibitor 

treatment, cells were pre-incubated with either bisindolylmaleimide I (4 µM) and roscovitine 

(14 µM) for 30 min prior to treatment with ANG. Cells were then harvested for isolation of 

either RNA or protein. 

 

2.5.6 Quantification of cellular RNAs by qRT-PCR 

Total cellular RNA was isolated by extraction with Trizol (Invitrogen). RNA samples were 

treated with DNase I (Invitrogen) at 37 °C for 15 min. RNA were purified by phenol:chloroform 

extraction, followed by ethanol precipitation. RNA concentrations and purities were assessed 

with a NanoVue instrument (GE Healthcare Life Sciences). 

Purified cellular RNA (~1 µg) was used in the reverse transcription reaction along with 

random hexamers from the SuperScript III Reverse Transcriptase kit (Invitrogen). A 1-µL 

solution of the ensuing cDNAs were used in qPCR reactions using PerfeCTa SYBR Green 
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FastMix Reaction Mixes (Quanta Biosciences). Amplified cDNAs were evaluated with an ABI 

Prism 7200 sequence detector (Perkin Elmer). The sequences of the primers used for qPCR are 

listed in Table 2S.2. 

 

2.5.7 RNA immunoprecipitation (RIP) 

Cells were treated with FLAG–H114R ANG, and then washed with cold PBS. Cells were UV-

crosslinked with λ254 nm at 1500 J/cm
2
. Cells were lysed in IP buffer (20 mM HEPES–KOH 

buffer, pH 7.5, containing 250 mM NaCl, 1 mM EDTA, 1% v/v NP-40, 10% v/v glycerol, and a 

protease-inhibitor cocktail) for 20 min at 4 °C, and then subjected to centrifugation. Clarified 

lysate was treated with 500 pM RNase A and 2 µL of 2 units/µL DNase I (Invitrogen) for 10 min 

at 37 °C. Then, the lysate was incubated with α-FLAG magnetic beads (Sigma Chemical). Beads 

were washed and then eluted 3× with 150 ng/µL 3× FLAG peptides (APExBIO). Eluates were 

combined and split into two portions: one for an immunoblot and the other for RT-PCR to 

identify co-precipitated RNAs. 

 

2.5.8 Immunoblots 

Per 10-cm dish, cells were lysed with 1 mL M-PER mammalian protein extraction reagent 

(Pierce) containing a protease-inhibitor cocktail. Protein (~30 µg) was separated by SDS–PAGE 

(Biorad), and the resulting gel was subjected to immunoblotting. Densitometry of the bands were 

analyzed using ImageQuant TL software. For immunoprecipitation experiments, cells were lysed 

with IP buffer containing protease- and phosphatase-inhibitor cocktails. Clarified lysates were 

incubated with α-FLAG magnetic beads (Sigma Chemical) and washed 3 times. Samples were 

eluted with 30 µL of SDS loading dye and processed further for immunoblotting. 
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2.5.9 Immunofluorescence 

Prior to immunofluorescence experiments, HeLa and HUVE cells were plated for 24 h at a density of 1 × 

10
5
 cells in 0.2 mL of medium in an 8-well µ-chamber (Ibidi). Cells were washed with serum-free 

medium (3 × 0.2 mL). FLAG–WT ANG and its variants (1 µg/mL) were added in serum-free medium, 

and the resulting medium was incubated for 3 h. All the subsequent steps were performed at room 

temperature and with PBS washes between steps. Cells were fixed with 4% v/v paraformaldehyde 

(Thermo) in PBS for 10 min and permeabilized using freshly prepared 0.1% v/v Triton X-100 (Sigma 

Chemical) in PBS for 10 min. Next, cells were incubated with blocking solution (Thermo) for 1 h. Then, 

incubation of mouse anti-FLAG monoclonal antibody (Sigma) was performed for 1 h. After extensive 

washes, goat anti-mouse Alexa Fluor 488 was incubated for 1 h. Cells were counterstainded with the 

nuclear probe Hoechst 33342 (Invitrogen) at 37 °C during the final 5 min. Cells were imaged with an 

Eclipse TE2000-U laser scanning confocal microscope (Nikon) equipped with an AxioCam digital 

camera from Carl Zeiss (Oberkochen, Germany). 

 

2.5.10 Cell proliferation assay  

HUVE cells in EGM
TM

-2 were plated at 5,000 cells per well in a 96-well microplate. After 24 h, 

cells were switched to EBM-2 containing ANG or a variant (1 µg/mL). At known times, growth 

medium was removed and cells were incubated with fluorescent dye CyQUANT
®

 NF 

(Invitrogen) binding solution. Fluorescence intensity was recorded on an M1000 fluorimeter 

(Tecan) with excitation at 485 nm and emission detection at 530 nm. Data were analyzed with 

Prism 5.0 software (GraphPad). 

 

2.5.11 Tube formation assay  

HUVE cells were grown in EGM
TM

-2 at 125,000 cells per well in a 6-well plate. After 24 h, cells 

were incubated with EBM-2 containing ANG or a variant (1 µg/mL) for another 24 h. On the 
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same day, Matrigel was coated on a µ-Slide Angiogenesis (Ibidi) for 1 h at 37 °C under 5% v/v 

CO2(g). Treated cells (1 × 10
4
) were plated on the Matrigel, and the resulting slide was incubated 

at 37 °C under 5% v/v CO2(g). After 2 h, phase-contrast images were acquired with an 

N-STORM Eclipse Ti-E inverted microscope (Nikon) using 10× magnification. For a z-stack 

series, images were constructed using NIS-Elements software. The mean numbers of junctions 

and tubules and the total tubule length were counted with ImageJ software (NIH). 

 

2.5.12 Gel-shift assay for protein·nucleic acid complexation 

In each reaction mixture, pRNA (0.2 nM) labeled with [γ-
32

P]ATP was pre-incubated with His6–

TIP5510-611 (5 µM) for 15 min before adding wild-type ANG or a variant (5 µM). At known 

times, a 7-µL aliquot was removed and quenched on ice with RI (5 µM). The samples were 

resolved by electrophoresis through a TBE polyacrylamide (4% w/v) gel. Radioactivity was 

detected as described above. Bound and unbound pRNA was quantified by densitometry with 

ImageQuant TL software, and values of Kd were determined with the program Prism 5.0 

(GraphPad). 

 

2.5.13 In vitro assay of kinase activity 

In each reaction mixture, wild-type ANG or a variant (20 µM) was incubated with a HeLa cell 

lysate containing protease and phosphatase inhibitors and [γ-
32

P]ATP. Reactions were allowed to 

proceed for 2 min at 30 °C, and then quenched with SDS gel-loading dye. Samples were 

subjected to SDS–PAGE, and radioactivity was detected as described above. 
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Figure 2.1 
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Figure 2.1 ANG cleaves pRNA in vitro in a specific manner  

A. Autoradiogram of a urea–polyacrylamide gel and graph of ensuing densitometry data 

demonstrating that ANG cleaves 
32

P-labeled pRNA specifically and completely to generate a 

product of ~85 nucleotides and, subsequently, smaller fragments. Heat-inactivated ANG was 

used at 40 min (red).  

B. Graph showing that ANG cleavage of pRNA is affected by deletion of the U4 loop (red), the 

upper loop (black), and the combined loops (green), but not the lower loop (purple). The green 

circle highlights the putative ANG-binding region on pRNA. Values represent the mean ± SD  

(n = 3, technical replicates).  

C. Autoradiogram demonstrating that RNase A, unlike ANG, cleaves 
32

P-labeled pRNA non-

specifically. Sequencing reveals that ANG cleaves pRNA specifically after residue C86 (red).  

D. Autoradiogram showing that replacement of G18–C86 in 
32

P-labeled pRNA with C18–G86 

eliminates cleavage by ANG but not RNase A. 
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Figure 2.2 
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Figure 2.2 ANG cleaves pRNA in cellulo 

A. Graph of qRT-PCR data indicating that ANG (1 µg/mL) reduces the level of pRNA in HeLa 

cells by 50%, which is the same level achieved with LNA antisense knockdown done as 

described previously . Values represent the mean ± SD (n = 3, biological replicates). 

B. Graphs showing that ANG variants have differential effects on pRNA levels in vitro (left) and 

in cellulo (right). S28N ANG, which is an active enzyme in vitro but defective in nuclear 

localization, leads to no change in pRNA level in cellulo. C39W ANG, which is unstable, 

reduces pRNA level by only 25% in cellulo. H114R ANG, which has a deleterious active-site 

substitution, leads to no change in pRNA levels in vitro or in cellulo. Q117G ANG, which has an 

advantageous active-site substitution, leads to highly reduced pRNA levels in vitro and in 

cellulo. Values represent the mean ± SD (n = 3, in vitro: technical replicates, in cellulo: 

biological replicates). Paired Student’s t-test: differences were considered significant at *p < 

0.05. 

C. An RNA co-immunoprecipitation with FLAG–H114R ANG (1 µg/mL) demonstrates a direct 

interaction between ANG and pRNA in cellulo. EtBr-stained agarose gel of PCR products that 

were amplified from the pRNA region corresponding to primer 1 (P1) and primer 2 (P2). Only 

the P2-derived pRNA region was detected in the IP samples, indicating that this region was 

protected by FLAG–H114R ANG. The P1-derived pRNA region as well as other cellular RNAs 

were vulnerable to degradation by RNase A. The PCR product of P2 was sequenced and its 

identity was confirmed as the conserved stem-loop structure of pRNA. 
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Figure 2.3 
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Figure 2.3 Cleavage of pRNA by ANG promotes dissociation of TIP5 in cellulo 

A. Immunofluorescence images of nucleolar TIP5 (green) in HeLa cells indicating that ANG 

(1 µg/mL) limits the accumulation of TIP5 in the nucleolus. Blue: Hoechst 33342. Scale bar: 20 

µm.  

B. Autoradiograms of gel-shift assays indicating that ANG and the hyperactive Q117G variant 

degrade the pRNA within a TAM·pRNA complex in vitro; the inactive H114R variant does not.  

C. Chromatin immunoprecipitation at the rDNA promoter revealing that treatment with ANG 

and the Q117G variant enrich the occupancy of H3K4me
3
, which is a marker of active 

transcription, but decrease the occupancy of H3K9me
3
, which is a marker of repressive 

transcription. The H114R variant does not change H3K4me
3
 or H3K9me

3
 levels. Values 

represent the mean ± SD (n = 3, biological replicates). Paired Student’s t-test: differences were 

considered significant at *p < 0.05. 
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Figure 2.4 
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Figure 2.4 ANG is phosphorylated by PKC/CDK 

A. Structure of the human RI·ANG complex (PDB entry 1a4y). Putative phosphorylation sites in 

ANG (blue ribbon) are labeled and depicted in ball-and-stick. The Coulombic surface of RI (grey 

ribbon) is depicted with red = negative and blue = positive. Inset: Close contact between Ser87 

of ANG and two tryptophan residues of RI.  

B. Autoradiogram of a polyacrylamide gel demonstrating that ANG is phosphorylated upon 

incubation with a HeLa cell lysate and [γ-
32

P]ATP. Replacing Thr36/Ser37 or Ser87 with an 

alanine residue decreases phosphorylation. An immunoblot of the same gel shows consistent 

loading of ANG and its variants.  

C. Immunoblots showing that FLAG–ANG (1 µg/mL) taken up by HeLa cells and isolated by 

immunoprecipitation (IP) with an anti-FLAG antibody (α-FLAG) is recognized by an anti-

phosphoserine antibody (α-P-serine). Recognition is eliminated by treatment with lambda protein 

phosphatase (LPP). IP of the S28N variant was reduced, and that of the T36A/S37A and S87A 

variants was even more reduced.  

D. Immunoblots showing that small-molecule inhibitors of CDK or PKC reduce the 

phosphorylation of FLAG–ANG by HeLa cells. For kinase-inhibitor treatment, cells were pre-

incubated with either bisindolylmaleimide (4 µM) or roscovitine (14 µM) for 30 min prior to the 

treatment with ANG. 
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Figure 2.5 
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Figure 2.5 Phosphorylation of ANG is essential for its nuclear translocation  

A. Immunofluorescence images of FLAG–ANG (1 µg/mL; green) in HeLa cells showing its 

nuclear localization. Blue: Hoechst 33342. Scale bar: 20 µm. FLAG–ANG variants with a 

defective phosphorylation site are cytosolic; FLAG–ANG variants with a phosphomimetic 

substitution are nuclear. Left: green channel only. Right: overlay.  

B. Graph of qRT-PCR data indicating that ablating nuclear localization prevents ANG from 

cleaving pRNA in HeLa cells. Data for wild-type ANG and its S28N variant are from Fig 2A. 

Values represent the mean ± SD (n = 3, biological replicates). Paired Student’s t-test: differences 

were considered significant at *p < 0.05. 
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Figure 2.6 
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Figure 2.6  ANG promoting angiogenesis requires nuclear translocation and rDNA transcription 

A. Immunoblots showing that FLAG–ANG taken up and phosphorylated by HUVE cells. 

Deletion of phosphorylation sites in variants (STSS/NAAA and Ser Free) or treatment of the 

wild-type enzyme with kinase inhibitors (KI→WT) decreases ANG phosphorylation.  

B. Immunofluorescence images of FLAG–ANG (green) in HUVE cells showing its nuclear 

localization. Deficient phosphorylation (STSS/NAAA, Ser Free, and KI→WT) restricts ANG to 

the cytosol. Blue: Hoechst 33342. Scale bar: 20 µm.  

C. Graph of qRT-PCR data showing that wild-type ANG reduces the level of pRNA in HUVE 

cells. pRNA level is not altered by the inactive H114R variant or upon deficient phosphorylation 

(STSS/NAAA, Ser Free, and KI→WT). Values represent the mean ± SD (n = 3, biological 

replicates). Paired Student’s t-test: differences were considered significant at *p < 0.05.   

D. Graph showing that ANG promotes the growth of HUVE cells. Growth is not affected by the 

inactive H114R variant or upon deficient phosphorylation (STSS/NAAA). Treating HUVE cells 

with kinase inhibitors arrests cell division and could not be rescued by treatment with wild-type 

ANG. Values represent the mean ± SD (n = 3, technical replicates). 

E. Images of capillary-like tubules showing that wild-type ANG stimulates angiogenesis in 

cellulo. Potency is less from the inactive H114R variant or upon deficient phosphorylation 

(STSS/NAAA, KI, and KI→WT). Scale bar: 100 µm.  

F, G, H Graphs of key parameters extracted from tubule images like those in panel E. Values 

represent the mean ± SD (n = 3, biological replicates). Paired Student’s t-test: differences were 

considered significant at *p < 0.05. 
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Figure 2.7 
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Figure 2.7 Scheme of the cellular action of ANG 

Angiogenin binds to syndecan-4 on the cell surface and is internalized by endocytosis. A fraction 

translocates to the cytosol, where ANG is phosphorylated by PKC and CDK. Phosphorylation 

endow ANG with the ability to evade the ribonuclease inhibitor protein. Phosphorylated ANG 

translocates into the nucleus and accumulates in the nucleolus. There, ANG digests pRNA, 

leading to the dissociation of TIP5 from the rDNA promoter. Ensuing rDNA transcription 

enables the proliferation of endothelial cells (neovascularization) and tumor cells (cancer 

progression). 
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Table 2.1 

ANG Kd (nM)
a 

Fold change 

Wild-type
b
 0.7 × 10

–6
 1 

T36D/S37D 4.2 ± 0.5 6 × 10
6
 

S87D 8.7 ± 0.8 1.2 × 10
7
 

T36D/S37D/S87D 90 ± 5 1.3 × 10
9
 

S28D/T36D/S37D/S87D 150 ± 10 2.1 × 10
9
 

a
Values represent the mean ± SD (n = 3, technical replicates).

 

b
Data from Ref 57. 
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Table 2.1 Values of Kd (± SD) of the complexes of RI with wild-type ANG and its 

phosphorylation-mimetics 



  

 

68 

 
Figure 2S.1 
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Figure 2S.1 Excision of single-stranded RNA loops does not alter ANG specificity 

To identify regions of RNA important for cleavage by ANG, the lower loop (purple), upper loop 

(black), and series of uridine residues (red) of pRNA were deleted individually. Only deletion of 

the upper loop and series of uridine residues attenuated catalysis by ANG, and deleting both 

regions (light green) made pRNA resistant to cleavage by ANG. Notably, the size of the 

substrate and product is constant (Δ) regardless of the pRNA substrate, indicative of the high 

specificity of ANG for a particular C–G phosphodiester bond near the 3′ end of pRNA (Figure 

2.1C). 
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Figure 2S.2 
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Figure 2S.2 Co-evolution of mammalian pRNA and ANG 

A. To examine the conservation of pRNA and ANG during evolution, we performed a 

phylogenetic analysis of ANG (left) and pRNA (right) with MEGA 6 software. We found that 

ANG and pRNA have co-evolved in mammals, and that the enzyme and its substrate from 

chicken are outliers.  

B. To examine the conservation of the ANG-cleavage site in pRNA, we aligned pRNA 

sequences with CLUSTALW software. Fully conserved nucleotides are highlighted (black box), 

and numbers refer to their position with respect to the polymerase I transcription start site. We 

found that the cleavage sites (red) are conserved in human, mouse, rat, and pig, but not in 

chicken. Accession numbers: Homo sapiens (X01547), Mus musculus (BK000964), Rattus 

norvegicus (X00677), Sus scrofa (L31782), Gallus gallus (DQ112354). 
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Figure 2S.3  
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Figure 2S.3 Swapping three G·C base pairs makes pRNA resistant to ANG cleavage  

After identifying the cleavage site of pRNA by ANG, the three G·C base pairs (red) were 

replaced with C·G. The swap prevented hydrolysis by ANG but not by RNase A. 
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Figure 2S.4 
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Figure 2S.4 ANG has higher affinity for pRNA than for ABE DNA 

pRNA and ABE DNA were labeled on their 5′ end with [γ-
32

P]ATP. pRNA was heated and 

allowed to refold prior to conducting the assay. Nucleic acid (0.2 nM) was incubated with 

increasing concentrations of H114R ANG, and binding was assessed with a gel-shift assay. 

Values of Kd (± SE) were determined to be (192 ± 8) and (651 ± 12) nM for the 

H114R ANG·pRNA and H114R ANG·ABE DNA complexes, respectively. Values represent the 

mean ± SD (n = 3, technical replicates). 
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Figure 2S.5 
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Figure 2S.5 ANG uptake in HeLa cells occurs via the syndecan-4 receptor 

BODIPY-labeled ANG was internalized into HeLa cells after a 3-h incubation. Pre-incubating 

cells with α-syndecan-4, an antibody that binds to syndecan-4, blocked ANG internalization. 

Internalization was also impaired by adding heparin, which leads to the formation of 

extracellular heparin·ANG complexes. Green: BODIPY-labeled ANG. Red: Alexa Fluor 594-

labeled wheat germ agglutinin, which is a cell-surface stain. Blue: Hoechst 33342, which is a 

nuclear stain. Scale bar: 20 µm. 



  

 

78 

 
Figure 2S.6 
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Figure 2S.6 Oxidative stress alters ANG localization 

Immunofluorescence images of FLAG–ANG (green) in HUVE cells without or with oxidative 

stress. Cells were incubated for 3-h with FLAG–ANG (1 µg/mL) in EBM-2 medium or EBM-2 

medium containing H2O2 (0.1 mM). ANG localizes in the nucleolus, but not in cells suffering 

oxidative stress. Blue: Hoechst 33342, which is a nuclear stain. Scale bar: 10 µm 
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Figure 2S.7 
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Figure 2S.7 Similarity of the action of ANG with that of an Engineered CRISPR–Cas9 

CRISPR–Cas9 has been engineered such that its guide RNA acts as both a scaffold to recruit 

transcriptional regulators and dock them with a double-stranded DNA target, leading to 

transcription repression or activation. Likewise, pRNA recruits NoRC and docks them to a 

double-stranded DNA target, leading to transcription repression. pRNA also recruits ANG, 

leading to pRNA cleavage and transcription activation. 
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Table 2S.1 

 

ANG Tm (°C)
a 

ANG Tm (°C) 

Wild-type 61.3 ± 0.2 FLAG–wild-type 65.4 ± 0.9 

S28N 61.4 ± 0.2 FLAG–S28N 64.5 ± 0.2 

T36A/S37A 58.7 ± 0.1 FLAG–S28D 65.5 ± 0.5 

C39W 44.4 ± 0.3 FLAG–T36A/S37A 62.1 ± 0.2 

S87A 61.4 ± 0.4 FLAG–T36D/S37D 59.6 ± 1.1 

H114R 62.5 ± 0.2 FLAG–S87A 63.5 ± 0.6 

Q117G 56.0 ± 0.4 FLAG–S87D 61.7 ± 1.1 

S28N/T36A/S37A/S87A 56.8 ± 0.1 FLAG–H114R 65.5 ± 1.4 

  FLAG–S28N/T36A/S37A/S87A 58.7 ± 0.1 

  FLAG–Ser free 51.7 ± 0.1 
a
Values represent the mean ± SD (n = 3, technical replicates).  
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Table 2S.1 Thermal stability of wild-type ANG, its variants and FLAG fusions as determined 

by differential scanning fluorimetry 
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Table 2S.2 

 

  

Primer Sequence (5′→3′) Usage 

pRNA-For (P1) GTGTCCTGGGGTTGACCAG 
qPCR & PCR 

(RIP)  

pRNA-Rev (P1) GGACACCTGTCCCCAAAAAC 
qPCR & PCR 

(RIP) 

GAPDH-For GTGACTAACCCTGCGCTCC qPCR 

GAPDH-Rev ATCACCCGGAGGAGAAATCG qPCR 

RT GCCTTGGCACCCGAGAATTCCATTTTTTTTTTTTTTV 
RT & PCR 

(RNA sequencing) 

For-P2 GAAATTAATACGACTCACTATACGATGGTGGCG 

PCR (RNA 

sequencing & 

RIP) 

Rev-P2 TCCCCGGGGCCGGGAGGTC PCR (RIP) 



  

 

85 

   

Table 2S.2 Oligonucleotide primers used in this work 
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CHAPTER 3 

Angiogenin Activates the Astrocytic Nrf2-ARE Pathway to Protect Neurons  

from Oxidative Stress 

 

  

Contribution: Prof. Johnson and I designed the experiments, analyzed data and wrote the 

manuscript. I performed experiments.    

 

Prepared for submission as:  

Hoang, T.T., Johnson, D.A., Raines, R.T., Valiauga, R., Johnson, J. A. (2016) Angiogenin 

Activates the Astrocytic Nrf2-ARE Pathway to Protect Neurons from Oxidative Stress 
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 3.1 Abstract 

The angiogenin (ANG) gene is frequently mutated in patients suffering from amyotrophic lateral 

sclerosis, a fatal neurodegenerative disease characterized by the progressive loss of motor 

neurons. While the lack of ANG contributes to neurodegeneration, delivering human ANG to 

SOD1
G93A

 mice, which display ALS-like symptoms, extends their lifespan and improves motor 

function. These findings highlight the need to explore the mechanism underlying ANG 

neuroprotective effects. A growing body of research reports that ANG facilitates neuroprotection 

by inhibiting protein synthesis. As a secreted vertebrate ribonuclease, ANG cleaves a subset of 

tRNAs to generate tRNA-derived, stress-induced RNAs, which hinder the initiation of protein 

translation. Here, we report another ANG neuroprotective pathway through which ANG triggers 

trans activation of the Nrf2 pathway, a major source of cellular defense against oxidative stress, 

in astrocytes to protect neurons. First, stressed neurons produce elevated levels of ANG. When 

taken up by astrocytes via the syndecan-4 receptor, the secreted ANG activates PKCα. The 

activated kinase phosphorylates Nrf2, allowing it to dissociate from its binding partner, Keap1, 

to enter the nucleus. In the nucleus, Nrf2, which is a redox-sensitive transcription factor, drives 

the expression of antioxidant enzymes to neutralize the deleterious effects of reactive oxidants. 

The ANG-mediated activation of the Nrf2 pathway in astrocytes promotes the survival of 

neurons suffering from oxidative injury. Our findings suggest the utility of ANG as a promising 

neuroprotective agent to combat oxidative stress-induced cellular toxicity.  
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 3.2 Introduction 

Amyotrophic lateral sclerosis (ALS) is a progressive, late-onset and fatal neurodegenerative 

disease that is characterized by selective motor neuron loss in the spinal cord, brainstem and 

motor cortex.
144,240,145

 Approximately 10% of ALS cases are inherited dominantly. The most 

common genetic determinants of ALS are the expansion of non-coding GGGGCC repeats in 

C9ORF72 and mutations in the Cu/Zn superoxide dismutase 1 (SOD1) locus.
169,170,165

 The search 

for other gene mutations that segregate with disease in ALS pedigrees has led to the 

identification of loss-of-function mutations in the human angiogenin (ANG) gene.
24,172,173

 While 

the lack of ANG contributes to neurodegeneration, the delivery of human ANG to ALS-like 

transgenic mice that overexpress human mutant SOD1
G93A

 increases their lifespan and improves 

their motor function.
182

 These findings indicate that ANG plays an important role in 

neuroprotection.   

ANG belongs to the pancreatic-type ribonuclease (RNase) superfamily.
32

 These secretory 

proteins catalyze the cleavage of a phosphodiester bond on the 3′ side of cytidine or uridine 

residues in single-stranded RNA. ANG exhibits extremely low ribonucleolytic activity but 

potently induces angiogenesis.
219,218

 Because the lack of angiogenic signals has been increasingly 

recognized as a contributor to neurodegeneration, the angiogenic activity of ANG has been 

implicated in ANG-mediated neuroprotection.
29,241,242

   

Most ANG mutations that segregate with ALS do not alter the secondary structure or stability 

of ANG significantly. Instead, they disrupt its ribonucleolytic activity or subcellular 

distribution.
174,185,176,178

 This observation has stimulated interest in understanding the molecular 

basis of ANG role in neuroprotection. Mechanistic studies have shown that the neuroprotective 

impact of ANG depends on its inhibition of protein translation. ANG cleaves the anticodon loops 
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of mature tRNAs to produce 5′ and 3′ fragments that are designated as tRNA-derived, stress-

induced RNAs (tiRNAs).
186,188

 Only 5′-tiRNAs, not 3′-tiRNAs, recruit the translational silencer 

protein YB-1 and sequester the eukaryotic translation initiation factor 4G/A complex to inhibit 

translation.
187

 Specific 5′-tiRNAs also trigger the assembly of stress granules at sites of ANG 

localization.
23

   

Stress-induced translation repression is critical yet insufficient to combat oxidative stress, 

which is a hallmark of neurological disorders.
243,244

 Oxidative stress results from an imbalance in 

the production and detoxification of free radicals from reactive oxygen species (ROS).
245-247

 To 

neutralize ROS toxicity, cells replenish antioxidants by activating nuclear factor erythroid 2-

related factor 2 (Nrf2), a redox-sensitive transcription factor.
198,248

 This transcription factor is 

usually latent inside cells. Under basal conditions, the dimeric multidomain protein Keap1 binds 

Nrf2 via its Kelch domain and promotes the ubiquitination and proteasome degradation of Nrf2 

by functioning as an adaptor for the Cul3-based E3 ligase. Oxidants, which react with sulfhydryl 

groups, chemically modify key reactive cysteine residues of Keap1, which then loses its ability 

to target Nrf2 for degradation. Consequently, Nrf2 is able to enter the nucleus, where it forms a 

heterodimer with Maf. The dimer then binds to antioxidant response elements (AREs) to drive 

the expression of antioxidant enzymes to compensate for the physiological and 

pathophysiological outcomes of oxidant exposure.
199,249,250

  

Crossing mice in which the Nrf2 gene is overexpressed selectively in astrocytes with two 

ALS mouse models produced offspring that showed a significant delay in the onset of ALS. The 

offspring with ALS also survived for longer periods.
251,200

 Activation of the Nrf2 pathway in 

astrocytes is required for the promotion of neuronal survival.
201

 This positive feedback loop 

between astrocytes and neurons is crucial for combatting oxidative stress and is reminiscent of 
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the molecular mechanism of ANG-mediated neuroprotection. ANG is enriched in motor neurons 

and protects them against various ALS-related insults, such as excitotoxicity, hypoxia, and 

endoplasmic reticulum stress.
182-184

 Upon toxic insult, the ANG produced by motor neurons is 

selectively taken up by astrocytes.
52

 That uptake of ANG into astrocytes stimulates pro-survival 

signals, which are then transmitted to the motor neurons to promote their survival.
202

  

Nrf2 is a substrate of PKCα kinase.
252

 PKCα phosphorylation has been shown to up-regulate 

the transcriptional activity of Nrf2.
253

 PKCα is known to be activated when ANG binds to the 

syndecan-4 receptor.
55,175,52

 This evidence raises an obvious question: could ANG activate the 

Nrf2 pathway? Here, we reveal that ANG triggers trans Nrf2 activation to promote neuronal 

survival. Specifically, we show that neurons subjected to H2O2-mediated oxidative stress secrete 

higher levels of ANG, which binds to the syndecan-4 receptor and is internalized into astrocytes. 

The syndecan-4 receptor activates PKCα, leading to Nrf2 phosphorylation. The phosphorylated 

Nrf2 then translocates into the nucleus to stimulate antioxidant gene expression. The ANG-

induced activation of the Nrf2 pathway in astrocytes transmits survival-promoting signals to 

neighboring neurons, protecting them from H2O2-mediated toxicity.  

 

3.3 Results  

3.3.1 ANG activates ARE-dependent gene expression selectively in astrocytes 

ARE mediates the transcriptional induction of a battery of genes that comprise the antioxidant 

response system. First, we examined if ANG activates ARE-dependent gene expression. To do 

so, we utilized a reporter assay in which the heat-stable human placenta alkaline phosphatase 

(hPAP) reporter gene was under the control of an ARE-containing promoter. Upon induction by 

an activator, the promoter drives hPAP expression, leading to hPAP protein production. The 
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phosphatase activity of hPAP was measured as a readout of ARE-dependent promoter 

activation.
254

  

Tert-butylhydroquinone (tBHQ) is a known inducer of ARE-dependent promoter.
255

 tBHQ 

stimulates hPAP activity to various extents, depending on cell type. In astrocytes, tBHQ-

treatment led to a 15-fold increase in hPAP activity (Figure 3.1A), but only a 7-fold increase in 

neurons (Figure 3.1C). In mixed cultures of both astrocytes and neurons, the phosphatase activity 

was remarkably elevated by 249-fold. (Figure 3.1E), suggesting that cellular crosstalk between 

neurons and astrocytes is required to amplify activation of the ARE-dependent promoter.  

The hPAP activation caused by wild-type (WT) ANG was similar to that observed after 

tBHQ treatment. Compared to PBS, WT ANG induced the highest hPAP signal in mixed 

cultures, induced the second-highest signal in astrocytes, and led to no change in neurons (Figure 

3.1B, 3.1D, and 3.1F). Notably, the ANG-mediated induction was not as robust as that mediated 

by tBHQ, yet the effect of ANG was dose-dependent. ANG treatment at 5 µg/mL produced 

greater hPAP activity than at 1 µg/mL. To demonstrate signal specificity, we evaluated the 

phosphatase activity produced by ALS-associated ANG variants. H114R ANG has a deleterious 

active-site substitution, S28N ANG exhibits defective nuclear localization, and C39W ANG is 

unstable.
219

 None of these variants were able to promote hPAP gene expression to produce hPAP 

activity.  

 

3.3.2 ANG drives the expression of ARE-dependent genes in astrocytes 

We next sought to demonstrate the intrinsic activation of ARE-dependent gene expression upon 

ANG treatment. ARE mediates the transcriptional induction of an array of antioxidant genes, and 

we selected three genes for analysis. NAD(P)H:quinone acceptor oxidoreductase 1 (NQO1) is 

involved in the reduction of quinones to hydroquinones to prevent redox cycling, which often 
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generates free radicals.

256
 Glutamate-cysteine ligase modifier subunit (GCLM) is the first rate-

limiting enzyme for the synthesis of glutathione—a free radical scavenger.
257

 Glutathione S-

transferase alpha 4 (GSTα4) catalyzes the conjugation of reduced glutathiones to electrophilic 

substrates, detoxifying endogenous and xenobiotic alkylating agents.
258

  

Using qPCR, we evaluated the expression of the genes that encode these enzymes as a 

measure of ANG-induced ARE-dependent gene expression. tBHQ again served as a positive 

control in this experiment. tBHQ treatment significantly up-regulated the expression of NQO1, 

GCLM, and GSTα4, consistent with the results of the reporter assay. The mixed cultures were 

most responsive to tBHQ induction, followed by astrocytes ,and then neurons (Figure 3.2A–C).  

The addition of WT ANG stimulated the expression of NQO1, GCLM and GSTα4 in 

astrocytes and mixed cultures but not in neurons. The higher dose of ANG also produced a larger 

gene expression response (Figure 3.2A–C). Taken together, the results of the reporter assay and 

antioxidant gene expression indicate that WT ANG activates ARE-dependent gene expression.  

 

3.3.3 ANG-mediated ARE-dependent gene expression depends on Nrf2 

Next, we asked if Nrf2 is required for the ANG-mediated induction of ARE-dependent gene 

expression. In WT astrocytes, we obtained results comparable to those presented in Figures 3.1B 

and 3.2A regarding the ANG-mediated activation of hPAP and induction of the expression of 

antioxidant genes (Figure 3.3A and 3.3B). In Nrf2-deprived astrocytes (Nrf2
–/–

), the WT ANG-

mediated induction of antioxidant gene expression was completely absent (Figure 3.3A and 

3.3B). These results suggest that ANG activates the Nrf2 pathway to induce ARE-dependent 

gene expression.    

In astrocytes, ANG is internalized after it binds to syndecan-4, a transmembrane heparan 

sulfate proteoglycan.
175,52

 To compete for the heparan sulfate binding site of the receptor, we 
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applied a saturating amount of heparin to form complexes with ANG, resulting in the ablation of 

intracellular ANG.
56

 Thus, treating the cells with heparin prior to WT ANG treatment prevented 

the changes in hPAP activity and the expression of antioxidant genes (Figure 3.3A). These data 

support the idea that ANG binding to syndecan-4 is essential for activation of the Nrf2 pathway.  

 

3.3.4 ANG protects neurons against oxidative stress via astrocyte communication 

As described above, Nrf2 is the master regulator of antioxidant responses.
198

 Small-molecule 

Nrf2 activators often provide cells with powerful protection from oxidative damage.
248

 

Accordingly, tBHQ treatment protected cells from H2O2-mediated toxicity. The degree of 

protection did vary among cell types; astrocytes were most responsive to tBHQ treatment, 

followed by mixed cultures and then neurons (Figure 3.4A, 3.4C, and 3.4E). 

We noticed that WT ANG treatment activated the Nrf2-ARE pathway less robustly than did 

tBHQ treatment (Figure 3.1 and Figure 3.2). The robustness of Nrf2-ARE pathway activation 

appeared to correlate positively with the degree of cellular protection against H2O2-mediated 

toxicity. As expected, WT ANG treatment protected astrocytes and the mixed culture less 

potently than did tBHQ (Figure 3.4B and 3.4D). Still, the protective effect of WT ANG in these 

cultures was significant, though no protection was observed in neurons (Figure 3.4F). Once 

again, the results emphasized the necessity of neuron-astrocyte communication in supporting 

neuronal survival against the deleterious effects of oxidative stress. 

 

3.3.5 Neurons use ANG as a messenger to signal their need for protection to astrocytes  

Previous studies have demonstrated that stressed neurons secrete ANG, which is then taken up 

by astrocytes.
52

 We replicated these findings. Specifically, we detected a high level of secreted 

ANG in the conditioned medium collected from neurons exposed to H2O2. Using zymogram, a 
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highly sensitive enzyme-based assay, we first established a standard curve between known WT 

ANG concentrations and the intensity of bands on the gel (Figure 3.5A). Based on the standard 

curve and intensity of the band obtained from the conditioned medium sample, we estimated that 

0.5 µg and 4 µg WT ANG were secreted per mL of normal and stressed neuronal conditioned 

medium.  

We then investigated the capacity of conditioned medium collected from astrocytes that were 

pre-exposed to WT ANG to protect neurons. First, we treated astrocytes with 5 µg/mL of WT 

ANG or the inactive H114R variant. After 24 hours, we collected the astrocyte-conditioned 

medium and treated neurons with it. These neurons were then subjected to H2O2 toxicity. Only 

conditioned medium from astrocytes exposed to WT ANG protected the neurons; conditioned 

medium from astrocytes exposed to the H114R ANG variant had no such effect (Figure 3.5B). 

Conditioned medium collected from Nrf2
–/– 

astrocytes exposed to ANG did not have a protective 

effect.  

 

3.4 Discussion  

Members of the pancreatic-type RNase superfamily have evolved to be efficient non-specific 

catalysts of RNA degradation.
232

 Unlike its homologs, ANG has nearly immeasurable 

ribonucleolytic activity towards model substrates.
223,44

 Moreover, whereas other pancreatic-type 

RNases function in the extracellular space, ANG acts inside the cell.
47,21

 Previous studies show 

that ANG cleaves tRNA to mediate its neuroprotective activity.
186-188

 Herein, we report that 

ANG activates the Nrf2 pathway in astrocytes and subsequently protect neurons from oxidative 

injury via paracrine signaling. The underlying mechanism is depicted in Figure 3.6. 

Stressed neurons secrete high levels of ANG, which then binds to syndecan-4 receptors to 

enter astrocytes via endocytosis. Upon ligand binding, the receptor activates PKCα. The kinase 
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phosphorylates Nrf2, endowing it with the ability to evade the Keap1 inhibitor.

252
 

Phosphorylated Nrf2 translocates to the nucleus and forms heterodimers with Maf. These dimers 

bind to AREs to stimulate the antioxidant gene expression to defend against H2O2-mediated 

toxicity.   

A fraction of the ANG in endosomes escapes into the cytosol, where it encounters a potent 

ribonuclease inhibitor (RI).
63,65

 How ANG evades this inhibitor, which is ubiquitously present in 

the cytosol, to be sequestered in stress granules remains unclear. A growing body of evidence 

indicates that ANG is localized in the granules through the recruitment of 5'-tiRNAs, which are 

produced by ANG-mediated cleavage of tRNAs. Furthermore, these tiRNAs interact with the 

translational silencer protein YB-1 and sequester the eukaryotic translation initiation factor 4G/A 

complex to suppress protein translation.
186-188

  

As noted, the endogenous inhibitors of ANG and Nrf2–RI and Keap1–respectively, contain 

atypically high numbers of cysteines, which are susceptible to oxidation in the presence of 

ROS.
228,59,259,60

 Small-molecule Nrf2 activators often serve as electrophilic inducers and react 

with Keap1 cysteine thiols to prevent Keap1•Nrf2 complex formation, releasing Nrf2 to induce 

the expression of ARE-dependent genes.
260,261

 We speculate that RI cysteine thiols might 

undergo the same oxidation reaction to liberate ANG, which can then be recruited into stress 

granules. 

Another intriguing question is the composition of the conditioned media collected from 

ANG-treated astrocytes. Oxidative stress irritates neurons, leading to the release of ANG, which 

acts as a distress signal that is conveyed to astrocytes. Within astrocytes, ANG generates 

specialized tiRNAs that contain G-quadruplex to arrest protein translation. Delivery of these 

tiRNA to neurons has been demonstrated to be neuroprotective.
188

 In addition, Nrf2 activation in 
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astrocytes protects neighboring neurons.

200,257
 We speculate that ANG-treated astrocytic 

conditioned media contains tiRNAs and perhaps other RNA molecules that regulate antioxidants 

and that these molecules can be transported to neurons to induce ROS clearance.  

We showed that ANG activates Nrf2 pathway via receptor-induced kinase activation. 

Unexpectedly, the inactive H114R ANG did not trigger the Nrf2 pathway even though the 

mutation does not affect astrocyte internalization, which should activate PKCα at least partially. 

The data support the idea that the ribonucleolytic activity of ANG is essential for Nrf2-dependent 

protection from H2O2-mediated toxicity. Perhaps both effects of ANG—the cleaving of tRNAs 

and activation of the Nrf2 pathway—must occur in a coordinated manner to generate its highly 

effective antioxidant functions.   

The molecular effects of ANG act together in an orchestrated fashion. ANG activates the 

intracellular Nrf2 pathway like typical ligands that bind to the extracellular face of membrane-

bound receptors and depend on receptor-mediated signal transduction to activate a transcriptional 

factor, which then leads to changes in gene expression. On the contrary, ANG also enters 

astrocytes and navigates to stress granules to suppress protein translation. Hence, ANG, in part, 

directs the translation machinery to temporarily focus on the synthesis of antioxidant enzymes 

and specifically induces ARE-dependent gene expression through Nrf2. This mechanism of 

ANG-mediated neuroprotection is distinct from its role in promoting cell proliferation and 

neovascularization; in this case, ANG is found in the nucleolus and promotes rDNA 

transcription.
47,65,22

 This distinction raises the interesting question of how ANG senses the local 

cellular environment, which dictates its mode of action.   

Nrf2 is the master regulator of the cellular antioxidant system. Nrf2 senses the presence of 

oxidants and is responsible for the production of a vast array of antioxidants to counterbalance 
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these reactive oxidants. Many attempts have been made to develop small-molecule activators of 

the Nrf2 pathway to combat free radicals. Currently, one dietary supplement, Protandim, and one 

FDA-approved drug, Tecfidera, claim to be Nrf2 activators.
262,263

 Here, we report an endogenous 

protein–ANG–that activates the Nrf2 pathway and counteracts the deleterious effects of ROS. Its 

activation of Nrf2 further underscores ANG as a preeminent neuroprotective agent to combat 

oxidative stress-mediated cellular toxicity. This study highlights the therapeutic potential of 

ANG as a promising treatment for ALS.  

 

3.5 Materials and Methods  

ANG and its variants were produced and purified as described previously.
44

  

 

3.5.1 Cell culture 

Primary astrocyte cultures were prepared from the cortices of 1-day-old mice as described 

previously.
200

 Astrocytes were plated at a density of 2 x 10
4
 cells/cm

2
 in 6-well or 96-well 

collagen-coated plates and maintained in complete media (CEMEM). The CEMEM contained 

MEM supplemented with 10% v/v fetal bovine serum, 10% v/v horse serum, 0.5 mM L-

glutamine, 1% v/v penicillin (100 IU/mL), and streptomycin (100 lg/mL). Neuronal cultures 

were prepared from E15–E16 embryos as previously described.
254

 Neurons were plated at a 

density of 3 x 10
4
 cells/cm

2
 in 6-well or 96-well poly-D-Lysine-coated plates and maintained in 

CEMEM for 45 min before the media was replaced with fresh Neurobasal media (NBM). Every 

2–3 days, half of the old NBM was replaced with fresh NBM. The mixed cultures were prepared 

similarly to the neuronal cultures with the following exceptions. After the cells were plated in 

CEMEM and incubated for 45 min, the medium was replaced with fresh CEMEM. At day 2, the 
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media was switched to NBM. Every 2–3 days, half of old the NBM was replaced with fresh 

NBM. 

 

3.5.2 hPAP reporter assay 

Cells were grown in 96-well plates and seeded at the density indicated for the various cell types. 

Fully differentiated cultures were treated with vehicle, tBHQ or WT ANG and its variants for 24 

hours. Whole-cell extracts were prepared by lysing cells in 96-well plates. HPAP levels were 

quantified by measuring alkaline phosphatase activity. Briefly, cells were lysed in lysis buffer 

(50 mM Tris–HCl, 5 mM MgCl2, 100 mM NaCl, 1% w/v CHAPS), and the extracts were 

incubated at 65 °C for 30 min to inactivate endogenous alkaline phosphatase activity. Next, the 

alkaline phosphatase substrate (CSPD, Tropix) and its enhancer (Emerald, Tropix) were added to 

the phosphatase reaction. The measurements of hPAP activity were based on the luminescent 

signal produced by the luminescent product produced by dephosphorylation of the substrate. 

Paired Student’s t-tests were used to assess the statistical significance of differences between 

treatment groups.  

 

3.5.3 Cell survival assay (MTS assay)  

Cells were grown in 96-well plates and seeded at the density indicated for the various cell types. 

Fully differentiated cultures were treated with vehicle, tBHQ or WT ANG and its variants for 24 

hours and then treated with increasing concentrations of H2O2. After 48 hours, the medium was 

removed, and the cells were incubated with CellTiter 96 MTS reagent (Promega) for 1–4 hours 

depending on cell type. Absorbance at 490 nm was recorded using an M1000 fluorimeter 

(Tecan). The data were analyzed with Prism 5.0 software (GraphPad).  
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3.5.4 Quantification of cellular RNA by qRT-PCR 

Total cellular RNA was isolated by extraction with Trizol (Invitrogen), and the RNA samples 

were then treated with DNase I (Invitrogen) at 37 °C for 15 min. The RNA was purified through 

phenol:chloroform extraction followed by ethanol precipitation. RNA concentrations and purities 

were assessed with a NanoVue instrument (GE Healthcare Life Sciences). 

Purified cellular RNA (~1 µg) was used in the reverse transcription reaction along with 

random hexamers from the SuperScript III Reverse Transcriptase kit (Invitrogen). A 1-µL 

aliquot of the resultant cDNA solution was used in qPCR reactions in conjunction with PerfeCTa 

SYBR Green FastMix Reaction Mixes (Quanta Biosciences). Amplified cDNAs were evaluated 

with an ABI Prism 7200 sequence detector (Perkin Elmer). The primers used for qPCR were 

designed as described previously.
200
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Figure 3.1  
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Figure 3.1 ANG activates ARE-dependent promoters selectively in astrocytes 

A,C,E Graphs of hPAP activity indicating that compared to vehicle, tBHQ (40 µM) increased 

hPAP activity by 15-fold in astrocytes, 7-fold in neurons, and 249-fold in mixed cultures. 

(B,D,F) WT ANG treatment also increased hPAP activity but not as robustly as did tBHQ 

treatment. Compared to PBS, WT ANG (5 µg/mL) increased phosphatase activity by 4-fold in 

astrocytes and 49-fold in mixed cultures but did not change the activity in neurons.  

B,D,F hPAP activity remained unchanged upon treatment with ALS-associated ANG variants. 

H114R ANG has a deleterious active-site substitution, S28N ANG exhibits defective nuclear 

localization, and C39W ANG is unstable.   
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Figure 3.2 
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Figure 3.2 ANG drives the expression of ARE-dependent genes in astrocytes 

A. Graphs of qRT-PCR demonstrating that the expression of ARE-dependent genes was up-

regulated upon tBHQ and ANG treatment. Treatment with tBHQ (40 µM) increased NQO1, 

GCLM, and GSTα4 gene expression in both astrocytes and neurons.  

B. In contrast, WT ANG exclusively promoted the expression of these genes in astrocytes and 

not in neurons. The ANG-mediated promotion of gene expression thus appears to be dose- 

dependent. 
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Figure 3.3 
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Figure 3.3 ANG depends on Nrf2 to induce ARE-dependent gene expression 

A,B In WT astrocytes, ANG-mediated hPAP activation and induction of the expression of 

antioxidant genes were similar to those presented in Figures 3.1B and 3.2A. In Nrf2-deprived 

astrocytes (Nrf2
–/–

), the WT ANG-mediated ARE-dependent gene expression was diminished 

completely. In addition, using heparin to sequester extracellular ANG caused intracellular 

depletion of the protein. Hence, treating the cells with heparin prior to ANG stimulation 

prevented the ANG-induced changes in hPAP activity and antioxidant gene expression.  
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Figure 3.4 
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Figure 3.4 ANG protects neurons from oxidative stress via astrocyte communication 

A,C,E tBHQ treatment (40 µM) protected the cells from H2O2-mediated toxicity. The degree of 

protection varied among cell types. Astrocytes were the most responsive to the treatment, 

followed by the mixed cultures and then neurons.  

B,D,F In contrast, treating the cells with WT ANG, at two doses, protected only astrocytes and 

mixed cultures, not neurons. 
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Figure 3.5 

  



  

 

109 

   

Figure 3.5 Neurons use ANG to signal their need for protection to astrocytes  

A. Pre-exposing neurons to H2O2 (1 µM) caused the release of ANG into the conditioned 

medium. A zymogram gel of conditioned medium collected from stressed neurons demonstrating 

a high level of 4 µg/mL active ANG, in comparison to healthy neurons sample of 0.5 µg/mL.  

B. Conditioned medium collected from astrocytes that were pre-exposed to WT ANG (5 µg/mL) 

displays robust neuronal protection. The protection depended on Nrf2 and the ribonucleolytic 

activity of ANG. Conditioned medium collected from Nrf2
–/–

 astrocytes failed to protect neurons 

from H2O2-mediated toxicity, and conditioned medium collected from astrocytes exposed to the 

inactive H114R ANG variant did not have a protective effect.  
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Figure 3.6  
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Figure 3.6 The ANG neuroprotective pathway 

ANG binds to syndecan-4 on the cell surface and is internalized through endocytosis. Upon 

ligand binding, syndecan-4 activates PKCα to phosphorylate Nrf2. Phosphorylation enables Nrf2 

to evade its binding partner, Keap1. Phosphorylated Nrf2 translocates into the nucleus and forms 

a heterodimer with Maf. The dimer binds to ARE, driving the expression of antioxidant genes to 

counteract cellular oxidative injury. In addition, ANG participates in stress-induced protein 

translation repression by generating tiRNAs. ANG must execute both actions—cleaving tRNAs 

and activating the Nrf2 pathway—in a coordinated manner to achieve its highly effective 

antioxidant effects. 
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CHAPTER 4 

Future Directions 

 

  

Contribution: I am currently pursuing the idea of delivering an ROS-activatable ANG into 

glial cells for targeted ALS therapy. The synthesis of BBVC and BVC was performed by 

Thom Smith. I appended these molecules on K40C ANG variant and its FLAG fusion.   
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 4.1 Delivery of ROS-activatable ANG into glial cells for targeted ALS therapy 

ALS affects approximately two in every 100,000 people, and ALS patients typically survive only 

two to five years after diagnosis.
149,150

 Treating ALS has been challenging due to an insufficient 

understanding of its underlying cause and pathogenesis.
264,265

 Current treatment strategies 

include lowering microglial activation, introducing muscle hypertrophy agents, and increasing 

motor neuron trophic factor levels.
266-268

 These strategies have, however, only achieved marginal 

success. The more successful in vivo treatments involve gene or stem cell therapy, either to 

replace damaged motor neurons or to encourage the production of new motor neurons.
269-271

 

Unfortunately, these therapies do not yet address the full landscape of ALS symptoms. The only 

approved chemotherapeutic agent for ALS is Riluzole
®

, which extends survival by only 2–3 

months and does not improve motor function.
272,273

 Hence, developing enhanced ALS treatments 

is a primary focus of many research laboratories.  

Oxidative stress is a hallmark of neurodegenerative diseases (NDs), including ALS, and is 

caused by an imbalance between ROS formation and cellular antioxidant capacity.
274,275

 Potential 

therapeutic approaches for NDs that involve elevating the cellular antioxidant response have 

demonstrated promise in clinical studies.
276-278

 Many studies have focused on developing small-

molecule activators to trigger the Nrf2 pathway, which is a key stimulator of the cellular 

antioxidant response.
257,279,280

 In CHAPTER 4, I demonstrate that ANG activates the Nrf2 

pathway in astrocytes to exert its neuroprotective activity. My findings suggest that ANG is a 

promising neuroprotective agent for treating ALS.  

As ANG is a potent inducer of cell proliferation and angiogenesis, ANG treatment could 

potentially have side effects associated with neovascularization promotion, including 
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hemorrhage and tumor growth.

27,30,85,49
 Therefore, an ideal ANG-based drug would utilize a pro-

ANG variant that is only functional in target cells.  

A well-characterized feature of ALS pathology is an enhanced ROS generation in neurons 

and glial cells.
281,282

 Thus, I propose masking the catalytic residue of ANG with a protecting 

group that is removed by ROS. This masked ANG will be inert to normal cells due to the lack of 

enzymatic activity. But inside cells with high ROS levels, the ROS will unmask ANG, restoring 

its biological function. In this way, my pro-ANG drug strategy could be beneficial for treating 

ALS with a low risk of cancer development. 

A recent study by Xu and coworkers demonstrated a chemical approach to reversibly 

modulate RNase A function in response to ROS.
283

 The conjugation of RNase A with 4-

nitrophenyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl carbonate (NBC) blocked Lys 

residues and temporarily deactivated the protein. The RNase A–NBC was re-activated by high 

levels of intracellular ROS inside of tumor cells. This work demonstrated the feasibility of 

reversibly controlling enzyme function using ROS. Still, this method has some notable 

disadvantages. First, NBC was not appended to a specific Lys residue, such as the one at the 

catalytic site; instead, all 10 Lys residues were likely masked, with an average of 7 residues 

labeled per molecule. Whereas RNase A activity can be re-activated by an H2O2 trigger, the total 

number of NBC molecules conjugated to each RNase A molecule is detrimental to protein 

internalization. The innate ability of the protein to enter cells is significantly compromised when 

positive charges are masked. To compensate for this defect, RNase A–NBC needed to be 

encapsulated into cationic lipid nanoparticles for intracellular protein delivery. 

To improve upon this technology, I have designed an NBC derivative with an alkene handle, 

called boronated benzyl vinyl carbamate (BBVC), which can undergo thiol-ene addition to thiol 
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groups on Cys residues. In addition, as ANG lacks surface-exposed Cys residues, I can use site-

directed mutagenesis to replace any residue of interest with a Cys residue, thereby enabling site-

specific labeling. For example, an ROS-inducible ANG can be produced by replacing the active- 

site residue Lys40 with a Cys residue (K40C) and labeling it with BBVC. Upon entering an 

oxidatively stressed cellular environment, ROS will induce a self-immolative reaction at K40C–

BBVC that unmasks a thioether mimic of the native catalytic residue, K40S-(aminoethyl) 

cysteine, thus restoring biological activity to ANG. Although not the native residue, this 

thioether analog of Lys has been shown to have a minimal effect on the catalytic activity of 

RNase A.
284

 This thioether substitution will be considered when assessing ANG neuroprotective 

activity. Once the K40C–BBVC cage is released in oxidatively stressed cells, functional ANG 

will be replenished, activating antioxidant responses to provide additional ROS clearance. 

To illustrate the necessity of the aryl boronic acid in designing an ROS-responsive protein, a 

parent BVC molecule that lacks the boronic acid moiety should also be appended to ANG as a 

control. Then, these modified ANG variants will be characterized in vitro for ribonucleolytic 

activity and in cellulo for neuroprotective capacity. Specifically, FRET-based enzymatic assay 

will be used to validate the deficient ribonucleolytic activity of ANG–BBVC and demonstrate 

the recovery of activity upon exposure to H2O2.
285

 Then, the neuroprotective potency of ANG–

BBVC shall be evaluated by changes in ARE-dependent gene expression in response to a variety 

of ALS-associated stressors. 

Precise intracellular control of spatiotemporal protein function is an appealing tool for 

therapeutic applications. My proposed ROS-activatable ANG design will create a stimulus-

responsive protein precisely controlled to activate under oxidative stress conditions. Moreover, 

my strategy has the potential to overcome hurdles that have hindered the development of 
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effective therapies for ALS. Unlike components of current therapies, e.g., gene- or stem cell-

based approaches, ANG has an innate ability to enter cells, thus circumventing the need for an 

elaborate delivery system. Furthermore, ROS-activatable ANG could have broad therapeutic 

efficacy for ALS as it is only effective in cells with high ROS accumulation, which limits the 

likelihood of unintended side effects. Thus, I put forth ANG as a model drug to demonstrate the 

potential advantages of ROS-responsive chemical modifications of proteins for targeted ALS 

therapy.  
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Figure 4.1 
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Figure 4.1 Scheme of ROS-activatable ANG-BBVC delivery 

A,B ANG K40C variant with the free cysteine modification with BBVC for ROS-responsive and  

with BVC for nonresponsive engineered proteins.  

C. Intravenous administration of ANG–BBVC into the blood stream. In healthy environments, 

ANG–BBVC taken up by cells will be latent. In environments with high ROS levels, ANG–

BBVC undergoes a self-immolative reaction, unmasking Lys and restoring ANG neuroprotective 

activity. Replenishment of functional ANG in astrocytes triggers Nrf2 pathway activation, 

thereby elevating the cellular antioxidant response. Consequently, the activated astrocytes protect 

neighboring motor neurons from oxidative damage.  
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 4.2 Delivery of heterobifunctional RNases for targeted cancer therapy 

A strong correlation between nucleolar morphology and cancer was recognized by pathologists 

over 100 years ago, when large and abnormal nucleoli were first observed to be common in 

cancer cells. Today, the nucleolar contribution to cancer is well established with respect to its 

role in producing ribosomal RNA (rRNA), which is critical for ribosome biogenesis and thus for 

proliferative capacity.
118,286,287

 Tumor cells are highly dependent on the hyper-activation of 

ribosome biogenesis to maintain their cancerous phenotypes.
102-104

 This dependency suggests 

that modulating the activity of ribosome biogenesis could be a therapeutic strategy for 

cancer.
123,288

  

In fact, 20 out of 36 chemotherapeutic drugs in clinical use for cancer treatment already 

inhibit ribosome biogenesis.
126,289

 Most of these drugs were designed to target highly 

proliferating cells by damaging DNA or by interfering with DNA synthesis or mitosis. The 

degree to which ribosome biogenesis disruption contributes to the efficacy of these drugs is 

difficult to distinguish from toxicity that is mediated by other means. For example, actinomycin 

D (AMD), which is a DNA intercalator, functions primarily to inhibit DNA synthesis.
290,291

 This 

drug has a preference for GC-rich DNA sequences; as rDNA regions have above-average GC-

richness, low concentrations of AMD preferentially inhibit RNA polymerase I (Pol I) 

transcription.
292,293

 Other examples of anticancer drugs that are also known to interfere with Pol I 

activity include alkylating drugs, such as cisplatin and oxaliplatin, or topoisomerase poisons, 

such as camptothecin.
294-297

 

Recently, two new anticancer agents, CX-5461 and BMH-21, were specifically designed to 

suppress ribosome biogenesis by blocking Pol I transcriptional activity.
128

 CX-5461 was 

designed to inhibit Pol I transcription by disrupting pre-initiation complex formation at the 
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rDNA promoter.

124,127
 BMH-21, like AMD, is a DNA intercalator with a preference for GC-rich 

sequences.
298,299

 BMH-21 is a potent and specific inhibitor of rDNA transcription; BMH-21 

causes nucleolar stress, resulting in decreased proliferation and cell death.
300,301

 This new class of 

drugs highlights the growing potential of targeting rRNA synthesis through Pol I modulation for 

use in cancer therapy.  

Nevertheless, the targeting modalities of these drugs also cause toxicity in normal tissues 

with high proliferation rates. Therapeutics that selectively kill tumor cells in vivo while sparing 

normal cells are of special interest. Herein, I propose a novel protein-based therapy for 

selectively targeting ribosome biogenesis in cancer cells. Specifically, I plan to generate an 

ANG–RNase 1 heterodimer using heterobifunctional crosslinkers. Individually, both ANG and 

RNase 1 are preferentially internalized by cancer cells.
302,49,303,304

 Furthermore, this heterodimer 

would inherit two advantageous features from its parent monomers. First, ANG would allow the 

ANG–RNase 1 molecule to access the nucleolus.
47,48

 Second, RNase 1 would confer potent RNA 

hydrolytic activity.
232,305

 By combining these features, I plan to create a cancer-targeting 

heterodimer that can effectively degrade rRNA in the nucleolus, which leads to dysregulated 

ribosome assembly and subsequently results in cell death.  

ANG and RNase 1 are members of the pancreatic-type ribonuclease superfamily; they both 

are small, extremely stable, easily produced, and tolerant of chemical modifications.
284,232

 For 

many of these reasons, RNases have a strong precedent as effective protein scaffolds for 

therapeutic modulation.
306-308

 As noted, RNase 1 is incapable of killing cells due to the presence 

of its cytosolic inhibitor, RI, which is ubiquitous intracellularly.
57,62,59

 Hence, I shall use a 

clinically relevant RNase 1 variant, QBI-139, which is engineered to resist RI binding.
309,310

 In 

addition, in CHAPTER 2, I describe the molecular action of ANG promoting rDNA 
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transcription, which is an unfavorable event associated with this particular drug design. To 

address this off-target activity, an inactive H114N ANG variant will be used instead. In 

summary, I propose to synthesize a more effective RNase-based anticancer drug, H114N-ANG–

QBI-139. 

I will take advantage of heterobifunctional crosslinkers that possess different reactive groups 

at their ends in order to connect the two proteins. The most widely used heterobifunctional 

crosslinkers are those having an amine-reactive succinimidyl ester at one end and a sulfhydryl-

reactive group at the other. N-Succinimidyl[4-iodoacetyl]aminobenzoate (SIAB) is an ideal 

candidate. This crosslinker contains an amine-reactive N-Hydroxysuccinimide (NHS) ester and a 

sulfhydryl-reactive iodoacetyl group. NHS esters will react with primary amino groups present 

on Lys residue side chains as well as the N-terminus of the H114N ANG variant. The iodoacetyl 

group will react with the free sulfhydryls via nucleophilic substitution of iodine with the thiol 

group of QBI-139 Cys, resulting in a stable thioether linkage. 

Certain cell-surface glycans are known to be up-regulated during cancer transformation. The 

H114N ANG variant and QBI-139 both have strong interactions with those cancer-specific 

glycans, resulting in cellular uptake.
302,49,303,304

 Upon entering the cytoplasm, both proteins evade 

RI interaction in mechanistically distinct manners.
311-313

 The NLS signal from ANG brings the 

heterodimer to the nucleolus, where QBI-139 will deplete the pool of nascent rRNA and disrupt 

ribosome biogenesis. The disruption of this vital cellular process would trigger cell apoptosis.  

To elucidate the requirements of both monomers (H114N ANG and QBI-139) for mediating 

cell death, each will also be examined for cytotoxicity. I speculate that treatment with the 

inactive H114N ANG variant will not result in any cytotoxicity. Furthermore, though treatment 

with QBI-139 has been reported to kill cancer cells effectively, I anticipate that my heterodimer 
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will produce more impressive results. The QBI-139 monomer only degrades cytosolic RNAs, 

which constitute only a small portion of the total RNAs. H114N ANG will provide a “piggyback 

ride” to QBI-139, carrying the protein into the nucleolus. There, QBI-139 could prey upon 

nascent rRNAs, which account for more than 80% of all RNAs in rapidly growing mammalian 

cells.
314

 In addition, as the dimer is twice as large as the monomer, the dimer will have slower 

passive renal clearance, thus extending its persistence in circulation.
315

 Overall, this new RNase-

based therapy that selectively targets ribosome biogenesis and extends the circulation time of the 

therapeutic moieties could benefit the treatment of cancer.   
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Figure 4.2 
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Figure 4.2 Scheme of H114N-ANG–QBI-139 delivery 

A. The shared and distinctive features of ANG (red) and QBI-139 (blue) are depicted in a Venn 

diagram.  

B. A heterobifunctional linker, N-Succinimidyl[4-iodoacetyl]aminobenzoate (SIAB), will be 

used to connect H114N ANG and QBI-139.  

C. The heterodimer is taken up preferentially by cancer cells. Upon entering the cytoplasm, both 

proteins evade RI interaction in mechanistically distinct manners. The NLS of ANG allows the 

dimer to navigate to the nucleolus. There, the QBI-139 portion of the dimer manifests its 

ribonucleolytic activity by degrading nascent rRNA transcripts, which leads to ribosome 

biogenesis disruption and ultimately triggers cell death. 
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 4.3 RtcB reverses the biological consequences of tiRNAs  

Dysregulated tRNA metabolism has been implicated in the pathogenesis of a variety of human 

diseases.
23,316,317

 Under adverse conditions, such as hypoxia and oxidative stress, cytoplasmic, 

mature tRNAs are cleaved by ANG in the anticodon loop to produce 5′- and 3′-tRNA fragments, 

which are designated as 5′-tiRNAs and 3′-tiRNAs, respectively.
186,187

 tiRNAs function to inhibit 

stress-induced apoptosis, thereby promoting cell survival.
318,188

 Still, tiRNA overproduction has 

been reported to have detrimental consequences on cell physiology.  

In neurons, excessive accumulation of 5′-tiRNAs derived from a specific subset of tRNAs 

(i.e., Asp, Glu, Gly, His, Val, and Lys) triggers a sustained stress response that leads to neuronal 

loss.
319

 This process links aberrant tRNA metabolism to the development of certain forms of 

intellectual disability. In epithelial cells infected with respiratory syncytial virus (RSV), ANG 

activation results in abundant production of tRNA fragments that resemble classic 5′-tiRNAs.
320

 

A certain type of 5′-tiRNA is required for RSV replication. Currently, no vaccine exists for RSV. 

Therapies that interfere with tiRNA function or inhibit ANG could potentially disrupt RSV 

infection.  

The biogenesis of 5′-tiRNA is controlled by ANG.
186,23

 This enzyme catalyzes tRNA 

cleavage to yield 5′-tiRNA with a 2′,3′-cyclic phosphate end and 3′-tiRNA with a 5′-OH end. The 

mechanisms modulating the production of these tiRNAs need to be elucidated, as the continuous 

accumulation of tiRNAs negatively impacts cell physiology. A recently discovered noncanonical 

RNA ligase, RtcB, might provide insight into the regulation of tiRNA abundance. RtcB mediates 

the joining of the 2′,3′-cyclic phosphate and 5′-OH ends of RNAs.
321-323

 Hence, an obvious 

question emerges as to whether RtcB can ligate the two halves of tRNAs produced by ANG.  
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RtcB activity has only two known functions: tRNA ligation after intron removal, and XBP1 

mRNA ligation during activation of the unfolded protein response (UPR).
324-326

 The UPR is a 

well-known adaptive mechanism for cells to maintain endoplasmic reticulum (ER) homeostasis. 

The most conserved UPR branch is defined by IRE1, an ER transmembrane 

kinase/endoribonuclease.
327

 Upon sensing unfolded proteins, IRE1 undergoes a conformational 

change during activation. Activated IRE1 removes a 26-nt intron from the unspliced XBP1u 

mRNA to generate a mature mRNA for the production of XBP1, a stress sensor. The maturation 

of the mRNA is governed by RtcB ligase, supporting the ligase role in ER stress.
328,329

  

RtcB function has been linked to stress response. Coincidently, the ANG-induced tRNA 

cleavage is highly dependent on stressor stimuli. Under those adverse conditions, adequately 

produced tiRNAs mediate anti-apoptotic effects. Yet, continued tiRNA production leads to 

cellular toxicity. RtcB could mitigate this toxicity by ligating these tRNA halves and 

replenishing functional tRNAs within cells. This new potential function of RtcB further suggests 

a broader impact of RtcB in stress response. Moreover, RtcB could counteract RSV infection by 

depleting tiRNAs, which are activators of RSV replication.  

Further, RtcB might be a regulator during early stages of cellular development. The recent 

discovery that the abundance of 5′-tRNA halves found in sperm and oocytes decreases rapidly 

upon fertilization suggests that this class of molecules can be regulated physiologically.
330

 

Nonetheless, what controls the levels of these tiRNA pools remains unclear. RtcB could 

potentially ligate these RNAs, thus reducing the abundance of 5′-tRNA halves.  

Biochemical studies can be used to test the hypothesis that tiRNAs are RtcB substrates. First, 

tRNA can be exposed to ANG to produce 5′-tRNA halves. Then, RtcB ligase can be introduced 

to the reaction and monitored for substrate tRNA recovery. Based on the in vitro results, an in 
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cellulo quantification of tiRNAs would evaluate the effect of ANG treatment in either WT or 

RtcB knock-down cells. The amount of tiRNA generated by ANG is likely to be much higher in 

WT cells than in RtcB knock-down cells. This study will increase the understanding of RtcB 

roles in stress response, viral infection and cell development. 
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Figure 4.3 
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Figure 4.3 RtcB, a potential ligase of tRNA halves 

A fluorogenic tRNA shall be used as a substrate for ANG and RtcB. A fluorophore and a 

quencher will be installed to each end of the tRNA. Upon ANG cleavage, an increase in 

fluorescence signal will be detected, indicating the production of tRNA halves. After using RI to 

quench ANG activity, the addition of RtcB will re-generate the full-length tRNA, decreasing the 

intensity of the fluorescence signal. 
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APPENDIX I 

Fluorogenic Probe for Constitutive Cellular Endocytosis 

 

  

Contribution: Dr. Levine and Prof. Raines designed the experiments, analyzed data and 

wrote the manuscript. I provided assistance in culturing human cell lines, and preparing 

samples for microscopy and flow cytometry.   

 

Manuscript accepted as:  

Levine, M.N, Hoang, T.T., Raines, R.T. (2013) Fluorogenic probe for constitutive cellular 

endocytosis. Chemistry & Biology 20, 614-618. 
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 A1.1 Abstract 

Endocytosis is a fundamental process of eukaryotic cells that is critical for nutrient uptake, signal 

transduction, and growth. We have developed a molecular probe to quantify endocytosis. The 

probe is a lipid conjugated to a fluorophore that is masked with an enzyme-activatable moiety 

known as the trimethyl lock. The probe is not fluorescent when incorporated into the plasma 

membrane of human cells but becomes fluorescent upon internalization into endosomes, where 

cellular esterases activate the trimethyl lock. Using this probe, we found that human breast 

cancer cells undergo constitutive endocytosis more rapidly than do matched noncancerous cells. 

These data reveal a possible phenotypic distinction of cancer cells that could be the basis for 

chemotherapeutic intervention. 
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 A1.2 Introduction 

Endocytosis is the key regulator of macromolecular internalization into eukaryotic cells.
331

 In 

this intricate process, proteins mediate the invagination of the plasma membrane and then its 

fusion to pinch off a lipid bilayer-encased vesicle within a cell.
332

 Many endocytic pathways 

operate in parallel. The most studied pathway, clathrin-mediated endocytosis, occurs 

constitutively in all cell types and generally involves the binding of a ligand to a receptor prior to 

internalization.
333

 Another pathway, caveolae-mediated endocytosis, is characterized by vesicles 

enriched in glycosphingolipids, cholesterol, and the integral membrane protein, caveolin.
334

 

These endocytic pathways are the portals for delivery of essential nutrients, such as iron via 

transferrin and cholesterol via lipoprotein particles. Deleteriously, these pathways can facilitate 

the transit of pathogens.
335,336

 

Endocytosis regulates the concentration of cell-surface receptors by transporting them to and 

from the plasma membrane.
337

 Accordingly, endocytosis has a direct influence on signal 

transduction pathways that can malfunction in cancer patients.
338

 Conversely, differences in 

endocytosis between cancerous and noncancerous cells could lead to new treatment options. For 

example, pancreatic-type ribonucleases (RNases) have emerged as putative cancer 

chemotherapeutic agents.
339-342

 These cationic enzymes are internalized by receptor-independent 

endocytosis, and then escape from endosomes to the cytosol where they catalyze the degradation 

of cellular RNA. The basis for their cancer cell-specific toxicity is not clear, but could entail 

differential rates of endocytosis. 

Two types of assays have been used to monitor constitutive endocytosis.
343

 In one, 

endocytosis has been quantified by assaying the uptake of soluble enzymes, such as horseradish 

peroxidase.
344

 Data are acquired by fixing cells, and then staining them with a colorimetric 
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substrate. This assay is discontinuous and vulnerable to the artifacts that can accompany the use 

of fixed cells.
345

 Alternatively, the fate of a fluorescent lipid has been monitored continuously by 

microscopy.
346-350

 These assays require extensive washing to remove unincorporated lipid and 

are not amenable to automated cell counting and sorting techniques. 

We sought to develop a facile means to assess endocytosis continuously in live cells. An 

ideal molecular probe would have no background fluorescence, and would be able to distinguish 

the lumen of endosomes from the plasma membrane. We reasoned that a lipid with a headgroup 

that is responsive to an endosomal enzyme could serve as the basis as such a probe, as 

fluorescence generated over time would reflect the rate of endocytosis. Here we report on the 

efficacy of our strategy. 

 

A1.3 Results and Discussion 

To test our strategy, we designed lipid 1. Lipid 1 contains a “trimethyl lock” moiety in which an 

acetyl ester acts as a molecular trigger.
351

 This ester linkage is known to be stable to hydrolysis at 

physiological pH.
352-355

 Although the ester linkage in lipid 1 is insulated from the fluorophore, its 

hydrolysis is coupled to the cleavage of its otherwise recalcitrant amide bond. Analogous probes 

have been used to quantify the endocytosis of soluble molecules, but not membrane-associated 

ones.
356-358,303,359

 Our expectation here was that upon endocytosis, the headgroup of lipid 1 would 

encounter endosomal esterases.
360

 The ensuing hydrolysis of the acetyl ester would unmask the 

rhodamine moiety and label the lumen with fluorescence (Figure A1.1). The modularity of lipid 

1 facilitated its synthesis by a route ending with the conjugate addition of 1,2-dihexadecanoyl-sn-

glycero-3-phosphothioethanol to a trimethyl lock–rhodamine–maleimide fragment. 

The phosphatidylglycerol moiety of lipid 1 is endogenous to humans and incorporates 

spontaneously into cellular membranes.
361

 Most importantly for us, incorporated lipid 1 paints 
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HeLa cells incubated at 37 °C with a punctate staining pattern, as shown in Figure A1.2A. This 

pattern is indicative of vesicular localization, and demonstrates that lipid 1 does indeed report on 

constitutive endocytosis. Notably, no fluorescence was observed in cells incubated at 4 °C 

(Figure A1.2B), a temperature that does not allow for endocytosis.
362

 

Endocytic pathways are complex.
350

 What then is the fate of lipid 1 after endocytosis? As 

shown in Figure A1.3A, we found that lipid 1 does not colocalize with fluorescently labeled 

transferrin, which is a marker of recycling endosomes.
363

 Consistent with this finding, lipid 1 that 

had been unmasked by a cellular esterase does not reappear on the plasma membrane (Figure 

A1.3B). These data indicate that lipid 1 does not recycle to the plasma membrane, but instead 

enters endosomes and traffics to other destinations. This attribute is desirable because 

fluorescence from lipid 1 reports only on new endocytic events (and not repetitious entry). As 

shown in Figure A1.3C, we found that lipid 1 does colocalize partially with LysoTracker
®
 Red, a 

marker of late endosomes or lysosomes, evincing its joining the canonical endosome-to-

lysosome pathway along with trafficking to other subcellular compartments.
364

 

Lipid 1 can report on the rate of endocytosis. HeLa cells were labeled at 4 °C with lipid 1 and 

then incubated for various times at 37 °C. Fluorescence was quantified by flow cytometry. As 

shown in Figure A1.4, the mean fluorescence per cell increases over time until ~2 h. This time 

course is consistent with morphological observations of mouse fibroblasts, which were seen to 

engulf their cell surface every 125 min.
365

 

Finally, lipid 1 can reveal differences in endocytic rates between similar cells. HTB-125 and 

HTB-126 are noncancerous and cancerous breast cell lines that were derived from the same 

patient.
366

 We used lipid 1 to assess endocytosis by cells in these matched lines, quantifying the 

results by flow cytometry. As shown in Figure A1.5, the increase in fluorescence over 3 h of 



  

 

135 

 
incubation at 37 °C was 2.5-fold for HTB-125 cells. This increase was less than half that for 

HTB-126, which was 6.0-fold. Thus, in these cell lines, endocytosis is significantly more rapid in 

the cancerous than in the noncancerous cells. These differential rates could reflect more rapid 

turnover of cell-surface receptors in cancer cells, promoting a cancerous phenotype.
367,337

 We 

note that such an intrinsic difference in endocytic rate could provide an opportunity for 

therapeutic intervention by increasing the relative uptake of ptRNases or other macromolecular 

drugs.
368-370

 

 

A1.4 Materials and Methods 

A1.4.1 General 

All reagents, unless noted, were from Aldrich Chemical (Milwaukee, WI) or Fisher Scientific 

(Hanover Park, IL), and were used without further purification. Thin-layer chromatography was 

performed by using aluminum-backed plates coated with silica gel containing F254 phosphor, and 

was visualized by UV illumination or developed with ceric ammonium molybdate stain. Flash 

chromatography was performed on open columns with silica gel-60 (230–400 mesh). 

NMR spectra were obtained with a Bruker DMX-400 Avance spectrometer at the National 

Magnetic Resonance Facility at Madison (NMRFAM). Mass spectrometry was performed with 

an Applied Biosystems MDS SCIEX 4800 matrix-assisted laser desorption/ionization time-of-

flight (MALDI–TOF) mass spectrometer at the Mass Spectrometry Facility in the Biotechnology 

Center, University of Wisconsin–Madison. 

The term “concentrated under reduced pressure” refers to the removal of solvents and other 

volatile materials using a rotary evaporator at water aspirator pressure (<20 torr) while 

maintaining the water-bath temperature below 50 °C. The term “high vacuum” refers to vacuum 

(<0.1 torr) achieved by a mechanical belt-drive oil pump. 
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A1.4.2 Synthesis of Lipid 1 

Maleimidourea–Rh110 trimethyl lock (20 mg, 0.026 mmol) was synthesized as described 

previously 
353

, and dissolved in anhydrous chloroform (5 mL). The resulting solution was added 

to a flame-dried 10-mL round-bottom flask that had been flushed with Ar(g). Anhydrous 

triethylamine (20 µL, 0.14 mmol) was added, followed by 1,2-dihexadecanoyl-sn-glycero-3-

phosphothioethanol, sodium salt (Avanti Polar Lipids, Alabaster, AL; 20 mg, 0.027 mmol). The 

flask was covered in foil, and the reaction mixture was stirred for 3 h under Ar(g). Reaction 

progress was monitored by thin-layer chromatography (10% v/v methanol in DCM). Once the 

reaction was complete, the solvent was evaporated under reduced pressure and the residue was 

placed under high vacuum overnight. The crude product was purified by silica gel 

chromatography (10–15% v/v methanol in DCM) to yield 1 as a white powder (26 mg, 66%). 
1
H 

NMR (400 MHz, CDCl3) : 8.52 (bs, 1H), 7.94 (d, J = 6.3 Hz, 1H), 7.79 (s, 1H), 7.64–7.50 (m, 

2H), 7.39 (s, 2H), 7.05 (d, J = 6.9 Hz, 1H), 6.97 (bs, 1H), 6.76 (s, 1H), 6.64–6.56 (m, 2H), 6.51 

(t, J = 7.2 Hz, 2H), 6.13 (s, 1H), 5.20 (s, 1H), 4.35 (d, J = 10.8 Hz, 1H), 4.15–3.86 (m, 6H), 

3.52–3.40 (m, 2H), 3.24–2.92 (m, 7H), 2.87–2.75 (m, 1H), 2.63–2.57 (m, 2H), 2.41 (s, 3H), 2.34 

(s, 3H), 2.28–2.15 (m, 7H), 1.64 (s, 6H), 1.56–1.46 (m, 4H), 1.33–1.14 (m, 48H), 0.87 (t, J = 6.2 

Hz, 6H) ppm. 
13

C NMR (100 MHz, CDCl3) : 178.5, 175.4, 174.0, 173.7, 172.1, 170.4, 170.0, 

156.0, 153.0, 151.8, 151.7, 150.1, 142.5, 140.1, 139.0, 137.3, 135.4, 133.2, 133.1, 129.9, 128.3, 

126.5, 125.0, 124.2, 123.5, 115.4, 114.7, 114.0, 111.6, 107.6, 106.0, 83.6, 70.6, 65.3, 63.9, 62.9, 

50.9, 40.3, 39.6, 37.0, 36.5, 34.4, 34.2, 32.1, 30.2–29.2, 27.1, 26.7, 25.7, 25.1, 25.0, 22.8, 22.0, 

20.3, 14.3 ppm. 
31

P NMR (162 MHz, CDCl3) : –1.7 ppm. MS (MALDI): m/z 1487.75 [M+H]
+
 

([C80H113O17N4NaPS]
+
 = 1487.75). 
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A1.4.3 Mammalian Cell Culture 

HeLa, HTB-125, and HTB-126 cells were from the American Type Culture Collection (ATCC) 

(Manassas, VA). HeLa cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 

containing fetal bovine serum (FBS; 10% v/v), penicillin (100 units/mL), and streptomycin 

(100 µg/mL). HTB-125 cells were grown in Hybri-Care Medium supplemented with sodium 

bicarbonate (1.5 g/L), mouse epidermal growth factor (30 ng/mL), FBS (10% v/v), penicillin 

(100 units/mL), and streptomycin (100 µg/mL). HTB-126 cells were cultured in DMEM 

supplemented with bovine insulin (10 µg/mL), FBS (10% v/v), penicillin (100 units/mL), and 

streptomycin (100 µg/mL). Media and supplements were from Invitrogen (Carlsbad, CA), 

Sigma–Aldrich (Milwaukee, WI), or ATCC. Cells were cultured at 37 °C in a humidified 

incubator containing CO2(g) (5% v/v). 

 

A1.4.4 Microscopy 

Imaging was performed with a Eclipse TE2000-U laser scanning confocal microscope from 

Nikon (Tokyo, Japan) equipped with a AxioCam digital camera from Carl Zeiss (Oberkochen, 

Germany). A blue-diode laser was used to provide excitation at 408 nm, and emission light was 

passed through a 35-nm band-pass filtered centered at 450 nm. An argon-ion laser was used to 

provide excitation at 488 nm, and emission light was passed through a 40-nm band-pass filter 

centered at 515 nm. A HeNe laser was used to provide excitation at 543 nm, and emission light 

was passed through a 75-nm band-pass filter centered at 605 nm. 

HeLa cells were plated 24 h prior to experiments at a density of 1 × 10
5
 cells in 1-cm 

diameter glass-bottom dishes from Electron Microscopy Sciences (Hatfield, PA) in 1 mL of 

medium. On the day of an experiment, all cells, media, and pipette tips were pre-cooled to 4 °C 

for 2 h. Next, cells were washed with serum-free DMEM (3 × 1 mL). Stock solutions of lipid 1 
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(50 mM in DMSO) were diluted to 10 mM with absolute ethanol. From this stock, 1 µL was 

added to 500 µL of serum-free DMEM, which was then vortexed vigorously, and applied to the 

HeLa cells. Vehicle-treated cells were treated with 500 µL of serum-free DMEM containing 1 

µL of ethanol. The labeling reaction was allowed to proceed for 3 h at 4 °C, after which, the cells 

were washed with serum-free DMEM (3 × 1 mL). Cells were incubated for the given amount of 

time at 37 °C. LysoTracker
®
 Red (50 nM) from Invitrogen was used to stain acidic vesicles for 

the final 20 min of incubation at 37 °C. Endocytic marker Alexa Fluor
®
 594–transferrin (1 µM) 

from Invitrogen was used to stain recycling endosomes for the final 1 h of incubation at 37 °C. 

Nuclear counterstaining was performed with Hoechst 33342 (2 µg/mL) from Invitrogen for the 

final 5 min at 37 °C. Cells were washed with serum-free DMEM prior to imaging. 

 

A1.4.5 Flow Cytometry 

Flow cytometry was performed at the University of Wisconsin Carbone Cancer Center with a 

FACSCalibur instrument equipped with a 488 argon-ion air-cooled laser from Becton Dickinson 

(Franklin Lakes, NJ). Fluorescence emission light was passed through a 30-nm band pass filter 

centered at 530 nm. Cell lines were plated 24 h prior to experiments at a density of 3 × 10
5
 HeLa 

cells and 3.7 × 10
4
 cells HTB-125 or HTB-126 cells in 6 mL of medium (vide supra) in T-25 

tissue culture flasks from BD Biosciences (San Jose, CA). On the day of an experiment, all cells, 

media, and pipette tips were pre-cooled to 4 °C for 2 h. Next, the cells were washed with serum-

free DMEM (3 × 1 mL). Stock solutions of lipid 1 (50 mM in DMSO) were diluted with absolute 

ethanol to 10 mM. This stock solution in ethanol was added to serum-free DMEM to a final 

concentration of 20 µM, and was mixed vigorously by vortexing. The medium was removed 

from the cells and was replaced with 1 mL of the labeling solution. Vehicle treated cells were 

treated with 1 mL of serum-free DMEM containing 2 µL of ethanol. The labeling reaction was 
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allowed to proceed for 3 h at 4 °C, after which, the cells were washed with serum-free DMEM 

(3 × 1 mL). Cells were incubated for a known time at 37 °C. Cells were then washed with DPBS 

(1 mL; Invitrogen) and treated with trypsin/EDTA (0.25% w/v; 750 µL) for 5 min at 37 °C. The 

trypsin was neutralized with DMEM containing FBS (10% v/v; 750 µL), and the cells were 

collected by centrifugation (5 min at 400g). The supernatant was decanted, and the cell pellet 

was resuspended in 1 mL of DPBS. The cells were collected again by centrifugation (5 min at 

400g). The supernatant was decanted, and the pellet was resuspended and fixed with 100 µL of 

aqueous formaldehyde (2% v/v) for 30 min in a vial covered with aluminum foil. This solution 

was diluted by adding DPBS to 1 mL, and the cells were collected by centrifugation (5 min at 

400g). The supernatant was decanted, and the cell pellet was resuspended in 1 mL of DPBS. The 

suspension was strained through a 35-µm filter into a polystyrene flow cytometry test tube from 

BD Biosciences. The fixed cells were stored on ice until analyzed (~1–4 h). The mean 

fluorescence per cell was determined in triplicate for 10,000 HeLa cells, 2000 HTB-125 cells, 

and 2000 HTB-126 cells, and the data were analyzed with FlowJo software from Tree Star 

(Ashland, OR). 
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Figure A1.1  
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Figure A1.1 Structure and function of lipid 1 

Fluorescence is unmasked by an esterase encountered upon endocytosis.  
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Figure A1.2 
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Figure A1.2 Lipid 1 reports on endocytosis 

A,B HeLa cells in Dulbecco’s modified Eagle’s medium (DMEM) containing fetal bovine serum 

(FBS) were labeled for 3 h at 4 °C with lipid 1 (20 µM), washed with serum-free medium, and 

then incubated for 3 h at (A) 37 °C, or (B) 4 °C. Left panels, confocal images; right panels, 

overlay of confocal and bright-field images; blue dye, Hoechst 33342; scale bars, 20 µm. 
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Figure A1.3 
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Figure A1.3 Lipid 1 does not recycle to the cell surface 

HeLa cells in DMEM containing FBS were labeled for 3 h at 4 °C with lipid 1 (20 µM), washed 

with serum-free medium, and then incubated for 3 h at 37 °C.  

A. Image after an Alexa Fluor
®
 549–transferrin conjugate was added for the final 1 h of a 3-h 

incubation.  

B. Image after a 24-h incubation.  

C. Image after LysoTracker
®
 Red (50 nM) was added for the final 20 min of a 3-h incubation. 

Blue, Hoechst 33342; scale bars, 20 µm. 
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Figure A1.4  
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Figure A1.4 Time course of endocytosis by HeLa cells 

HeLa cells in DMEM containing FBS were labeled for 3 h at 4 °C with lipid 1 (20 µM), washed 

with serum-free medium, and incubated for various times at 37 °C. Fluorescence was quantified 

by flow cytometry. Values in arbitrary units (AU) are the mean ± SD from assays of 10,000 

cells. 
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Figure A1.5  
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Figure A1.5 Rate of endocytosis is greater in cancerous cells 

Matched breast cell lines HTB-125 (noncancerous) and HTB-126 (cancerous) in DMEM 

containing FBS were labeled for 3 h at 4 °C with lipid 1 (20 µM), washed with serum-free 

medium, and incubated for 0 or 3 h at 37 °C. Fluorescence was quantified by flow cytometry. 

Values are the mean ± SD from triplicate assays of 2000 cells. HTB-125 cells: 3.7 ± 0.7 and 9.4 

± 0.7 AU; HTB-126: 3.1 ± 0.6 and 18.6 ± 2.2 AU. 
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Figure A1.S1 
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Figure A1.S1 
13

C NMR of lipid 1 
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Figure A1.S2 
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Figure A1.S2 
1
H NMR of lipid 1 
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Figure A1.S3  
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Figure A1.S3 
31

P NMR of lipid 1 
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APPENDIX II 

Phosphorylation Modulates Ribonuclease Inhibitor Sensitivity to Oxidation 

 

  

Contribution: Prof. Raines and I designed the experiments and analyzed data. Quinn Vatland 

and Trieu Hoang performed the experiments.  

 

Manuscript will be prepared and submitted as: 

Hoang, T.T., Vatland, Q.A., Hoang, T.M., Raines, R.T. Phosphorylation Modulates 

Ribonuclease Inhibitor Sensitivity to Oxidation. 
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 A2.1 Abstract 

Human ribonuclease inhibitor (RI) possesses 32 Cys residues, and oxidation of these residues 

results in the formation of disulfide bonds that inactivate RI in a rapid and cooperative fashion. 

We were interested in exploring RI sensitivity to oxidation in human cells. When we 

overexpressed and purified biotinylated RI from HEK293T cells, the protein was highly resistant 

to oxidation. The level of resistance was approximately 20-fold higher than the E.coli-produced 

RI. This remarkable enhancement in RI sensitivity to oxidation inspired the idea that RI might 

undergo post-translational modifications in human cells. These processes are absent in E.coli. A 

particular interest in RI phosphorylation is provoked by the fact that thiol groups of Cys residues 

are favorably oxidized in basic condition. Appending phosphate groups on Ser, Thr, or Tyr 

residues neighboring to the Cys would attenuate the basicity, making the Cys less prone to 

oxidation. Current experiments are attempting to validate the potential of RI phosphorylation in 

human cells. Following validation, the phosphorylation sites of RI will be determined by mass 

spectrometry. These sites will be targeted to generate a phosphomimetic RI, aiming to improve 

the protein resistance to oxidation.  
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 A2.2 Introduction 

Ribonuclease inhibitor (RI) is a 50 kDa cytosolic protein found in all mammalian cells.
60

 RI is 

composed of 15 leucine-rich repeats (LLRs), which form α/β horseshoe fold with an interior 

parallel beta sheet and an exterior array of helices.
371

 RI is also rich in Cys residues that are 

necessarily in the reduced state to maintain the protein structure. Twenty-seven of the 32 Cys 

residues of human RI are conserved across mouse, porcine, and rat, which signifies that Cys 

residues play a role in RI functionality.
372,373 

Each mammalian species carries a single RI gene; 

however, each tissue within that species has alternate splicing sites resulting formation of 

different RI isoforms. These alternate isoforms suggest the diverse role of RI within a single 

organism. 

Despite tremendous effort in understanding the biological role of RI, its function is not 

completely understood. It has been speculative that RI acts as a “cellular sentry” by protecting 

the mammalian cells from the pancreatic-type ribonucleases (RNases).
62 

These secretory RNases 

catalyze the cleavage of a phosphodiester bond on the 3' side of cytidine or uridine residues in 

single-stranded RNA.
232

 When these enzymes enter the cell via endocytosis, a fraction of the 

proteins in endosome escapes into the cytosol, where it encounters a potent inhibitor, RI. The 

RI•RNase complex is stabilized largely by favorable Coulombic interactions, as RI is highly 

anionic and RNase is highly cationic.
59

 The RI•RNase binding interface depicts a large contact 

surface from both proteins. The most important contacts reside at the C-terminal segment of RI 

and the active site of RNases.
374,60

 Both Coulombic interactions and contacts between RI and 

RNase produce an exceedingly tight 1:1 complex with a femtomolar binding affinity.  

RI is ubiquitously expressed in the cytosol at high micromolar concentration. Binding to RI 

abolishes ribonucleolytic activity of RNases.
57,59

 Engineering RNases to evade RI binding 
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imbues them with latent cytotoxicity for human cells.

375
 These RI-evasive RNase variants have 

been studied as possible cancer treatments. Another important function of RI is the inhibition of 

angiogenin (ANG), another member of the RNase superfamily.
 
ANG is a potent inducer of 

angiogenesis—the process of establishing new blood vessels from pre-existing vasculature.
27

 

ANG is also a growth factor to promote cell proliferation and up-regulation of ANG has been 

associated with cancer development.
88,86,87

 Several gain- and loss-of-function experiments have 

elucidated the roles of RI in modulating ANG function in cellulo. RI knockdown promotes tumor 

growth because the lack of RI increased the number of free ANG molecules available to 

facilitate cell proliferation and angiogenesis.
376,377

 In contrast, an RI-evasive ANG variant that 

disrupts RI•ANG interaction enhanced angiogenic potency posed by ANG.
63

 In addition to its 

biological roles and clinical relevance, RI is also a common reagent used in RNA research. To 

prevent degradation of RNAs in vitro, RI is added to guard RNAs against environmental 

contaminant RNases.  

The efficacy of RI inhibiting RNase is affected by the stability of RI, which is primarily 

controlled by the state of Cys residues. All Cys residues must be in a reduced form for RI to 

maintain functionality.
372,373 

Once these residues are oxidized to form disulfide bonds, they 

trigger conformational changes in the RI structure to further promote oxidation.
378

 Thus, the 

cooperative oxidation of RI is detrimental to the protein stability and ultimately lead to 

proteolysis.   

Several studies have attempted to generate a more stable RI by reducing its susceptibility to 

oxidation. A study postulated that adjacent Cys residues are responsible for initiating the 

cooperative oxidation of RI because these residues are more prone to form cis-disulfide bonds 

once oxidized. Substitutions of Cys328 and Cys329 with alanine residues by site-directed 



  

 

161 

 
mutagenesis generated an RI variant that significantly resisted oxidation while maintaining 

RNase affinity.
373

  

While this study demonstrated a feasible approach to improve RI sensitivity to oxidation, 

these substitutions do not occur natively in human cells. To explore the oxidative response of RI 

in human cells, we overexpressed the protein with a biotin tag in HEK293T cells. After purifying 

the protein from streptavidin beads, the protein was then exposed to H2O2. Strikingly, the 

biotinylated RI appeared to be extremely resistant to oxidation, up to 2 M of H2O2. The same 

protein that was produced in E.coli could only withstand up to 100 mM of H2O2. This finding 

engenders the possibility of RI undergoing post-translational modifications in human cells. These 

modifications are otherwise missing in E.coli.  

 The thiol group of Cys is nucleophilic and easily oxidized. The thiol group reactivity is 

enhanced when the thiol is ionized, particularly in basic environment due to its pKa of 8.37.
379

 

Shifting the pKa of thiol by an introduction of anionic phosphoryl groups on neighboring Ser, 

Thr or Tyr residues might mitigate thiol ionization.
380

 As a consequence, thiol that is proximal to 

negatively phosphorylated residues become less reactive to biological oxidants such as hydrogen 

peroxide (H2O2), which reacts exclusively with the thiolate anion.
381

 Herein, we hypothesize that 

RI might undergo phosphorylation to enhance their resistance to oxidation in human cells. We 

were particularly interested in cysteines that localize near positively charged residues and also 

neighboring with potential phosphorylating residues (Figure A2.1). 

 My current goal is to validate the potential of RI phosphorylation in human cells using 

variety of biochemical methods. Once the validation is successful, phosphorylation sites of RI 

will be determined by mass spectrometry. These sites will be substituted with aspartate to mimic 
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phosphorylation state of RI. This phosphomimetic RI variant will inherit an oxidative resistant 

characteristics and will be overexpressed in E.coli.  

 The successful generation of a RI variant that is extremely resistant to oxidation would have 

industrial and biological impacts. The RI variant will hold a longer shelf life than the wild-type, 

which will be beneficial as a biological reagent for RNA research. Furthermore, it is very 

intriguing to identify kinases that are responsible to phosphorylate RI, thereby providing more 

insight into the regulation of RI phosphorylation in biology.  

 

A2.3 Results 

A2.3.1 Overexpression of biotinylated RI in HEK293T cells 

Biotinylated RI was overexpressed in HEK293T cells. BAP-RI and BirA plasmids were co-

transfected into the cells. To optimize the expression system, different ratios of Lipofectamine 

3000 to DNA (BAP-RI and BirA plasmids) were tested, and the 1:1 ratio yielded the most 

biotinylated RI (Figure A2.2A). Next, variation in post-transfection time was examined, and all 

the time points-24, 48 and 72 h-produced similar RI protein level (Figure A2.2B-C). Thus, a 24 h 

time point was chosen for convenience.  

A2.3.2 Oxidation sensitivity of biotinylated RI in cellulo and in vitro 

We then interrogated the oxidation sensitivity of biotinylated RI in cellulo. Transfected cells 

were treated with increasing H2O2 concentration and RI protein level was evaluated by Western 

blot. RI appeared to be resistant to oxidation up to 1 mM of H2O2 (Figure A2.3A). We noted that 

treatment of H2O2 higher than 1 mM triggered cell toxicity, making the interpretation of RI level 

to be complicated. It was difficult to segregate if the reduction of RI level was due to oxidation 

or cell death.   
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 To overcome this issue, we switched to an in vitro system to determine the oxidative 

resistance of RI in a more quantitative manner. Purified RI from streptavidin beads were 

challenged with increasing H2O2 concentrations for 30 min. It was surprising that the amount of 

RI was mostly unchanged up to 100 mM of H2O2 (Figure A2.3B). Taking a step further, we 

heightened the dose of H2O2 up to 4M and observed a significant amount of RI remained at 2 M 

(Figure A2.3C). The RI that was produced from E.coli resisted to oxidation at 100 mM H2O2, 

and rapidly degraded at concentrations of 250 mM and higher (Figure A2.3D). This phenomenon 

was unique to RI being produced from mammalian cells.  

 

A2.3.3 The first generation of phosphomimetic RI responded to oxidation similarly to E.coli-

derived RI 

It was striking that the two expression systems produced the same RI protein, yet the protein 

from human cells responded to H2O2 at much higher tolerance. Perhaps, RI might undergo post-

translational modification, a major cellular process that is distinguishable between bacteria and 

mammalian cells. This potential modification must weaken the reactivity of the Cys thiol group. 

Cys residues that are in vicinity of basic regions are particularly vulnerable to oxidation. Making 

these regions less basic would discourage the localized Cys residues from being oxidized. 

Herein, we proposed that RI might undergo phosphorylation-an introduction of anionic 

phosphoryl groups on Ser, Thr or Tyr residues–to perturb the local charge of nearby Cys 

residues. Raising the acidity in the proximal reactive thiol groups would enhance their resistance 

to oxidation in human cells. 

 We discovered that RI is phosphorylated by intracellular kinases. Incubation of RI produced 

from E.coli with a HEK293T cell lysate and [γ-
32

P]ATP led to 
32

P-labeled RI (Figure A2.4A). 

The phosphorylation sites of RI: S7, T82, S84, S91, T98, S178, S225 and S456 were reported 
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from mass spectrometry data from PhosphoSitePlus

®
(Figure A2.4B). We then generated a 

phosphomimetic RI (pRI) by substituting these Ser and Thr phosphorylation sites to Asp. The 

protein was overexpressed in E.coli, and its expression level was comparable to the WT (Figure 

A2.4C). Using RNase A affinity column to purify RI, the WT was typically eluted with 3 M of 

NaCl whereas the pRI variant required 3.5 M of NaCl to dissociate from the column (Figure 

A2.4D). This higher salt elution suggested that pRI variant interacts more tightly to RNase A 

than the WT.   

 We then asked if the pRI variant could tolerate H2O2 as much as the HEK293T-derived RI. 

The pRI was vulnerable to oxidation at 100 mM of H2O2, and the response was similar to E.coli-

derived RI (Figure A2.5). This result suggested that phosphomimetic substitution is not sufficient 

to recapitulate the oxidative resistance of RI that was observed from mammalian cells. Perhaps, 

these reported phosphorylation sites require further validation.  

 

A2.3.4 Design the second generation of phosphomimetic RI 

To identify the phosphorylation sites, we attempted to isolation phosphorylated RI from the non-

phosphorylated species. First, the protein was overexpressed in HEK293T cells, and the whole 

cell extract was exposed to H2O2 to promote RI phosphorylation. Next, biotinylated RI was 

purified using biotin-streptavidin system. We found that the treatment of H2O2 induced RI 

phosphorylation. This oxidizer caused a mobility shift of RI (lane 4), which did not occur in the 

untreated sample (lane 2) (Figure A2.6). The shift was reversible in the addition of phosphatase 

(lane 6). The mobility shift of RI was observed in both a regular SDS-PAGE and a Phos-tag
TM

 

gel (Figure A2.6). These findings suggest phosphorylation of RI under mild oxidative condition 

modulate RI sensitivity to oxidation. Current efforts are trying to identify phosphorylation sites 

of RI using mass spectrometry.  
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 A2.4 Discussion 

RI contains atypical high numbers of Cys; all of which are required to be in reduced form to 

maintain the protein structure and stability.
378,373

 These Cys residues are natively sensitive to 

oxidation; thus, our initial interest was to investigate oxidation state of these Cys upon exposure 

to H2O2 in cellulo. To differentiate from endogenous RI, we successfully installed a biotin tag on 

RI and overexpressed it in HEK293T cells. We then probed the level of biotinylated RI in 

response to increasing doses of H2O2. The result was difficult to interpret because the decrease of 

RI level could be derived from oxidation consequence or H2O2-mediated cell toxicity. This 

prompted us to switch to an in vitro system at which the amount of biotinylated RI that are 

susceptible to H2O2 can be properly quantified.  

 Using the in vitro assay, we found an astonishing result that the HEK293T-derived RI was 

greatly resistant to oxidation, up to 2 M of H2O2 (Figure A2.3). The level of resistance is 

approximately 20-fold higher than the E.coli-derived RI. Given that the major difference 

between an eukaryotic expression system and a prokaryotic expression system is post-

translational modification, we postulated that the enhanced oxidative resistance of HEK293T-

derived RI is mediated by protein phosphorylation. Therefore, we attempted to make the pRI that 

would markedly resist to oxidation to the same level as those produced in human cells. The 

production of pRI was accomplished in E.coli, and the protein exhibited higher affinity to RNase 

A than the WT (Figure A2.4). When exposing the proteins to H2O2, pRI yielded the same 

response as the RI being produced from bacteria (Figure A2.5).  

 Nevertheless, this discouraging result could be explained by the two following reasons. First, 

the generation of pRI was based on phosphorylation sites reported from PhosphoSitePlus
®
.
382

 

The website provides comprehensive coverage of protein phosphorylation that is integrated from 
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both low- and high-throughput data sources. Yet, these reported phosphorylation sites often 

require experimental validations tailored to a particular protein of interest. Second, aspartate 

substitution to mimic phosphorylation might not achieve the same negative charges and steric 

hindrance imposed by actual phosphorylation of these residues. 

 We found that RI is phosphorylated in vitro using HeLa cell extract (Figure A2.4A). We 

further observed the mobility shift of RI that is reversible in the phosphatase treatment (Figure 

A2.6). Together, these findings strongly suggest that RI undergoes phosphorylation to enhance 

its susceptibility to oxidation. We are currently trying to identify phosphorylation sites by mass 

spectrometry. Furthermore, we are also interested in identifying kinases that are responsible to 

phosphorylate RI, thereby providing more insight into the regulation of RI phosphorylation in 

biology. Taken together, our results hold special promise toward development of oxidative 

resistant RI variant. This variant could have vast utility as a commercial anti-RNase agent, as 

well as aid in understanding the fundamental biological roles of RI in human cells.    

 

A2.5 Materials and Methods 

A2.5.1 Cloning of WT RI and BirA into pNeo3 vector and pRI into pET22b 

An open reading frame for the full-length cDNA of wild-type RI (WT) was a generous gift from 

Promega Corp. DNA encoding for a biotin-acceptor-peptide (BAP) with a linker was designed to 

install into the N-terminus of WT RI. The PCR amplified BAP-WT gene was subsequently 

cloned into pNeo3 vector via Gibson Assembly. Briefly, 50 ng of the insert and 50 ng of the 

linearized vector were added into 2X Gibson Assembly Mastermix. The reaction was incubated 

at 50°C for 1 hour. A 3µL Gibson reaction was transformed into 50 µL of XL10 competent cells. 

Eight colonies were chosen for DNA isolation and sequencing. The DNA sequencing was 

performed by DNA sequencing facility at UW-Madison. Correct BAP-RI plasmid was 
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transformed into DH5α for large scale production of DNA using GenCatch Endotoxin-Free 

Maxiprep kit. 

 An open reading frame of the full-length cDNA of biotin ligase (BirA) was a generous gift 

from Prof. Marv Wickens (UW-Madison). A gene fragment containing phosphomimetic 

mutations of RI (pRI) where Ser and Thr residues (S7, T82, S84, S91, T98, S178, S225, S456) 

were mutated to Asp was obtained from IDT. The cloning of BirA to pNeo3 and pRI to pET22b 

were performed as described previously.  

 

A2.5.2 HEK293T transfection 

HEK293T cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) containing fetal 

bovine serum (FBS) (10%) and penicillin/streptomycin (Pen/Strep) (1%) (Invitrogen) at 37˚C 

under 5% (v/v) CO2 (g). Cells were plated in complete medium in 6-well or 10-cm dishes at a 

density of 200 cells/µL. After 24h, cells were transfected with BirA and BAP-RI plasmids using 

Lipofectamine 3000 (Invitrogen). One hour later, biotin (1µM) was added to transfected cells, 

and then cells were further incubated for another 24 hours prior to harvest.  

 

A2.5.3 Biotinylated RI purification from HEK293T 

 HEK293T cells were lysed in lysis buffer (M-PER Mammalian Extraction Protein Reagent 

(Thermo) containing 1 mM DTT and 1X protease inhibitor cocktail (Thermo)). The cell lysis 

carried at 4˚C for 20 min. Clarified lysate was collected after centrifugation at max speed for 30 

min at 4˚C. The lysate was then incubated with prepared streptavidin beads overnight at 4˚C with 

rotation. The beads were washed twice with lysis buffer. Biotinylated proteins were eluted from 

the beads using 1X SDS loading dye with the addition of β-ME and boiling at 95˚C for 5 min. 

The purified proteins were subjected to SDS-PAGE to evaluate the protein purity.  
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A2.5.4 Phosphomimetic RI expression and purification from E.coli 

WT RI or pRI in pET22b was transformed into KRX strain (Promega) for protein expression. 

The overnight culture of E. coli KRX strain harboring the plasmids for expression of WT or pRI 

was inoculated into 6 L of Terrific Broth containing ampicillin (100 µg/mL). The cultures were 

grown at 37˚C with shaking until cells reached an OD of 1.7. Protein expression was then 

induced with 1 mM IPTG and 0.1% L-Rhamnose and shaken at 18˚C for at least 16 h.   

 Cell pellets from every 2 L culture were resuspended in 30 mL lysis buffer (100 mM Tris, 

100 mM NaCl, 0.5 mM EDTA, 0.1 mM PMSF, 10 mM DTT, pH 7.5). The cells were lysed 

using a TS Cell Disruptor (Constant System) at 22 kPsi. The lysate was clarified by 

centrifugation at 18,000 rpm for 60 minutes. The clarified lysate was collected and filtered 

through 5 µm PVDF filter. The filtered lysate was applied to 5 mL RNase A affinity column 

which was pre-equilibrated with buffer A (50 mM KH2PO4, 10 mM DTT, 1 mM EDTA, pH 6.4). 

The column was washed with buffer A until A280 nm reached 0. Then, weakly bound proteins 

were removed by washing the column with buffer B (50 mM KH2PO4, 10 mM DTT, 1 mM 

EDTA, 1 M NaCl, pH 6.4). Tightly bound proteins were eluted with buffer C (100 mM NaOAc 

pH 5.0, 10 mM DTT, 1 mM EDTA, 3 M NaCl, pH 6.4).  

 Protein fractions from buffer C elution were pooled together and then dialyzed overnight at 

4˚C in HiTrap Q buffer A. Next day, the dialyzed protein was applied to a 5 mL HiTrap Q HP 

column which was pre-equilibrated with HiTrap Q buffer A (20 mM Tris HCl, 1 mM EDTA, 10 

mM DTT, pH 7.5). The column was washed with buffer A until A280 nm reached 0. Bound RI was 

eluted with HiTrap Q buffer B (20 mM Tris HCl, 1 mM EDTA, 10 mM DTT, 1 M NaCl pH 7.5). 
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A2.5.5 H2O2 Treatment in cellulo and in vitro 

Twenty four hours post-transfection, cells were replaced with fresh complete media. Next, they 

were treated with increasing concentrations of H2O2 for 3 h. Cell were then washed with PBS 

and further lyzed to collect proteins for Western Blot analysis.  

During the purification of biotinylated RI, prior to protein elution, the proteins were 

incubated with increasing H2O2 concentration for 30 min at room temperature. The beads were 

washed with lysis buffer. Protein elution was performed using 1X SDS loading dye with the 

addition of β-ME and boiling at 95˚C for 5 min. The eluted proteins were subjected to SDS-

PAGE and further analyzed by Western blot using α-biotin (Cell Signaling) or α-RI (Santa Cruz) 

antibodies. The intensity of RI band was analyzed using ImageQuant software.   
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Figure A2.1  
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Figure A2.1 Structure of human RI 

A. The Coulombic surface of RI is depicted with negative and positive indicated by red and blue, 

respectively (PDP entry 1a4y). RI is in grey ribbon and 32 Cys residues are depicted in ball-and 

stick. 

B-F RI represents in grey surface. Positive charged residues (Lys and Arg) are in blue, Cys 

residues are in yellow, and potential phosphorylation sites (Ser and Thr) are in red. We circled 

clusters of Cys residues of our interest. These Cys residues locate in basic regions with Ser or 

Thr in vicinity.   
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Figure A2.2  
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Figure A2.2 Expression and purification of biotinylated RI in HEK293T cells 

A,B Optimization of biotinylated RI expression in HEK293T cells 

C. Biotinylated RI was successfully purified using streptavidin affinity beads.  
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Figure A2.3 
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Figure A2.3 Susceptibility of RI to oxidation in cellulo and in vitro 

A. HEK293T cells were transfected with DNA encoding for BAP-RI and BirA and incubated for 

24 h at 37 °C. Next, cells were treated with increasing concentration of H2O2 for 3 h and then 

lyzed for total proteins collection. The proteins are subjected for SDS-PAGE followed by 

Western blot. Biotinylated RI was detected using α-biotin antibody, and its level began to 

degrade at 1 mM of H2O2. 

B,C After expressing and purifying biotinylated RI from HEK293T cells, the protein was 

exposed to H2O2 varied from 0 to 4 M. Interestingly, HEK293T-derived RI extremely resisted to 

oxidation, up to 2 M of H2O2. 

D. E.coli-produced RI was vulnerable to oxidation starting at 100 mM of H2O2. 
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Figure A2.4 
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Figure A2.4 Rationale and design of the first generation of pRI 

A. Autoradiogram of a polyacrylamide gel demonstrating that RI is phosphorylated upon 

incubation with a HeLa cell lysate and [γ-
32

P]ATP. ANG serves as a positive control.  

B. Structure of the human RI (PDB entry 1a4y). Putative phosphorylation sites and cysteine 

residues in RI (grey ribbon) are labeled in red and yellow respectively and depicted in ball-and-

stick.  

C. Serine and threonine of RI were substituted with aspartate to mimic phosphorylation. DNA 

encoding for phosphomimetic RI (pRI) was overexpressed in E.coli. The expression level of pRI 

was comparable to that of the WT.  

D. pRI was purified using RNase A affinity chromatography. We found that pRI requires 3.5 M 

NaCl to elute from RNase A column while the WT only needs 3 M of salt.  
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Figure A2.5  
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Figure A2.5 pRI resisted to oxidation similarly to E.coli-produced RI 

Wild-type RI and pRI were produced from E.coli. Pure proteins were subjected to H2O2 in 

increasing concentrations. Both proteins responded to the oxidant at comparable levels.  
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Figure A2.6  
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Figure A2.6 Isolation of phosphorylated RI that are produced from HEK293T cells 

DNA encoding for biotinylated RI was transfected to HEK293T cells. The transfected cells were 

lyzed and treated as indicated. Treatment of H2O2 (100 mM) was carried at room temperature for 

30 min. Next, addition of lambda protein phosphatase (400 U) was performed at room 

temperature with 15-min incubation. The lysates were further subjected to streptavidin magnetic 

beads for purification. Pure and biotinylated RI was resolved on a regular SDS-PAGE and a 

Phos-tag
TM

 gel. We observed a mobility shift of RI that was treated with H2O2, and the shift was 

reversible in the addition of phosphatase (lane 4 versus lane 6). The finding suggests RI 

undergoes phosphorylation under mild oxidative condition.  
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APPENDIX III 

Globo H and SSEA-4 as Biomarkers for a Ribonuclease Drug 

 

  

Contribution: Prof. Raines and I designed the experiments and analyzed data. Qiao Li 

assisted with flow cytometry experiment. Valerie Ressler provided RNase 1.  

 

A manuscript will be prepared and published as:  

Hoang, T.T., Li, Q., Ressler, V., Kiessling, L.L., Raines, R.T. Globo H and SSEA-4 as 

Biomarkers for a Ribonuclease Drug.  
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 A3.1 Rationale 

Pancreatic-type ribonucleases (RNases) are a highly conserved family of small, cationic, 

secretory enzymes that catalyze the cleavage of RNA.
232,342

 Interestingly, the human RNase 1 

and the bovine RNase A have their innate ability to kill cancer cells selectively.
383,384,375,385

 The 

putative pathway of RNase-mediated cytotoxicity involves cellular entry via endocytosis, 

endosomal translocation into the cytosol, and cleavage of cellular RNAs, which leads to 

apoptosis. A variant of RNase 1, QBI-139, is undergoing Phase I clinical trials as a cancer 

chemotherapeutic agent.
309,310

 

Tremendous efforts have elucidated the underlying mechanism of which RNases selectively 

internalize to cancer cells. Cancer cells often up-regulate glycosaminoglycan profile, 

phospholipid composition, or glycosphingolipid exposure, making their surface more anionic 

than those of corresponding normal cells.
386

 The anionic cell surface moieties attract cationic 

RNases for binding, and the protein subsequent internalization.
385,387

 In fact, cellular entry of 

RNase A has been demonstrated to be in a nonsaturable, non-receptor mediated manner.
388

 It 

occurs through both clathrin-coated vesicles and macro-pinocytosis. Further, reducing the 

negative charge on a cell surface by depriving the biosynthesis of heparan sulfate and 

chondroitin sulfate decreases a net internalization of RNase A.
387

 Together, these data emphasize 

the importance of favorable Coulombic interactions between cell surface glycans and RNases for 

the protein preferential entry to cancer cell.   

In addition to charges, RNases also interact with a neutral cell surface glycan, Globo H. Our 

recent work has reported that the interaction of RNase 1 and Globo H mediates the protein 

internalization and contributes to the efficacy of RNase 1 to kill cancer cells.
304

 Globo H is a 

neutral hexosaccharide glycosphingolipid. It belongs to Globo-series glycans. Two notable 
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hexasaccharide members of this family are stage-specific embryonic antigen-4 (SSEA-4) and 

Globo H. These glycans share a common precursor, SSEA-3 (Galβ3GalNAcβ3Galα4Galβ4Glc), 

but vary in the terminal monosaccharide: β3-linked N-acetylneuraminic acid for SSEA-4 and α2-

linked L-fucose for Globo H.
389

 Typically, these glycans are retained on the plasma membrane 

and cluster into lipid rafts. Importantly, expression changes in these glycans are observed 

throughout differentiation and during tumorigenesis.
390,391

 High expression of Globo H has been 

reportedly associated with variety of cancer types, e.g. non-small cell lung, breast, prostate, lung, 

pancreas, gastric, ovarian, and endometrial tissues.
392

 The up-regulation of Globo H on surface 

of cancer cells majorly contributes to selectivity of RNases entry to those cells.
304

 To pinpoint 

the contributions of charges and Globo H interaction in RNases-mediated toxicity, we explored 

the correlation of these two factors to cellular toxicity mediated by the ribonuclease drug, QBI-

139.  

 

A3.2 Results 

As cell-surface Globo-series glycans have been implicated as cancer-cell antigens, we first 

sought to determine if these glycans are differentially expressed on cancer cells compared to 

normal cells. We used 4 different lung cell lines and measured the abundance of both SSEA-4 

and Globo H expressed on the surface of each cell line. We compared the non-small cell lung 

cancer (NSCLC) lines H460, H1299, and H520 to the normal fibroblast cell line WI-38. We 

fluorescently labeled the glycans using their specific antibodies and quantified the fluorescence 

intensity by flow cytometry. We found that the overall expression level of these glycans on the 

cancer cells was higher than that of the non-cancerous fibroblast line WI-38 (Figure A3.1). 

Notably, these glycans were significantly elevated on the cancerous H1299 and H460 cells, with 
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3-fold to 4-fold increases of SSEA-4 and Globo H, respectively, relative to that of the WI-38 

cells.  

To evaluate the toxicity of chemotherapeutic reagent–cisplatin and ribonuclease drug–QBI-

139, we measured the effect of each drug on viability of these lung cells. Similar trends in 

cytotoxicity of the two drugs were observed: H520 cells were the most resistant while H460 cells 

were the most vulnerable to the drugs (Figure A3.2). Cisplatin treatment was 3-fold more 

cytotoxic to H1299 cells compared to WI-38 cells (Table A3.1). The potency toward the two cell 

lines was further enhanced by QBI-139 treatment with 11-fold more cytotoxic to H1299 cells 

(Table A3.1). These results suggest that the mechanism of cytotoxicity mediated by QBI-139 is 

more selective than that of cisplatin. 

Cancer cells frequently have more anionic surfaces than do their non-cancerous counterparts. 

To characterize further the relationship between the anionicity of the cell surface and 

tumorigenicity, we determined the relative cell-surface charge of the normal and NSCLC cells 

from their electrophoretic mobility (µ). All measured mobility values were converted into the 

zeta potential (ζ) using the Smoluchowski formula, which is correlated with the surface charge 

density by a form of the Gouy-Chapman equation.
393

 The ζ values for each cell line were 

provided in Table A3.2. As anticipated, the non-transformed WI-38 cells displayed the lowest 

surface charge density (the least negative ζ value), followed by H520, H1299 and then H460 

cells.  

Thus far, we reported the significant elevations in cancer-associated carbohydrate levels and 

anionicity on cell surface of NSCLC cells. Next, we sought to determine if these elevations are 

responsible for the toxicity mediated by the ribonuclease drug. We found that the abundance of 

the biomarkers, Globo H and SSEA-4, and the cell surface anionicity were correlated with 
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cytotoxicity of QBI-139 (Figure A3.3). The cell lines that owned more of these biomarkers and 

more negatively charge on the cell surface were more sensitive to treatment with QBI-139. 

Similar to QBI-139, cytotoxicity of cisplatin displayed correlation to the zeta potential and 

amount of glycan biomarkers. The slopes of correlation lines associated with QBI-139 treatment 

appeared to be shallower than that of cisplatin treatment. The trends suggest QBI-139 treatment 

offers larger therapeutic window than cisplatin treatment, allowing a broader range of the 

ribonuclease drug dosages which can treat NSCLS effectively without having toxic effects.  
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Figure A3.1  
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Figure A3.1 Up-regulation of SSEA-4 and Globo H expressions on non-small cell lung cancer 

(NSCLC) surfaces 

Graph showing that NSCLC cells have higher expression levels of Globo H and SSEA-4 than 

WI-38 cells. Among the NSCLC cells, H1299 and H460 cells remarkably increased these glycan 

quantities by 3-fold of SSEA-4 and 4-fold of Globo H comparing to WI-38 cells. 
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Figure A3.2 
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Figure A3.2 Cytotoxicity of cisplatin and QBI-139 toward lung cells  

Lung cells were treated with chemotherapeutic agent–cisplatin and ribonuclease drug–QBI-139 

at increasing concentrations for 48 hours, after which the cytotoxicity of these agents was 

evaluated on the basis of proliferation. H460 cells were the most vulnerable to treatment with 

both agents, while A549 cells were the least vulnerable. Yet, other cells displayed variable 

susceptibility to these treatments. Cisplatin displayed 3-fold more potency to H1299 cells 

compared to WI-38 cells. In contrast, QBI-139 exhibited 11-fold more potency towards H1299 

cells compared to WI-38 cells. 
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Figure A3.3  
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Figure A3.3 Correlation of cytotoxicity of cisplatin and QBI-139 to zeta-potential and cell 

surface markers  

Although both drugs displayed similar trend in toxicity toward these lung cells, the larger 

discrepancy in IC50 values of QBI-139 cytotoxicity suggested that QBI-139 treatment offers a 

larger therapeutic window than cisplatin treatment does. Cytotoxicity of both drugs appears to be 

correlated with the abundance of cell surface biomarkers Globo H and SSEA-4 as well as zeta-

potential.   
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Table A3.1 

Cell line 
IC50 (µM) 

Cisplatin
 

Fold change QBI-139 Fold change 

WI-38 20.2 1 64.2 1 

H520 13.6 1.5 38.9 1.7 

H1299 7.7 2.6 6.1 10.5 

H460 1.5 13.5 1.8 35.7 
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Table A3.1 Values of IC50 (µM) for cell viability in the presence of drugs
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Table A3.2 

 

  

Cell line Zeta-potential (ζ) (mV)
 

WI-38 -12.3 ± 0.3 

H520 -13.3 ± 0.6 

H1299 -17.6 ± 0.4 

H460 -20.4 ± 0.6 
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Table A3.2 Zeta-potential measurement of lung cells in PBS at pH 7.4
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APPENDIX IV 

Detecting the Ribonuclease Inhibitor•RNase 1 Complex in Living Cells with  

NanoBiT Technology 

 

  

Contribution: Prof. Raines and I designed the experiments and analyzed data. Valerie 

Ressler is currently working on experiments to visualize RI•RNase 1 complex in live cells. 

NanoBiT technology was developed by Promega Corporation.  

 

A manuscript will be prepared and published as:  

Hoang, T.T.
*
, Ressler, V.

*
, Schwinn, M.K., Wood, K.V., Raines, R.T. Detecting the 

Ribonuclease Inhibitor•RNase 1 Complex in Living Cells with NanoBiT Technology  

(
*
denotes equal contribution)  
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 A4.1 Rationale 

Despite the extensive biochemical studies on the incredible binding affinity between RNases and 

RI, the interaction of these proteins has never been directly observed in cellulo. A major 

challenge in visualizing the RI•RNases complexes in live cells is a low signal to background 

ratio. While RNases enter cell readily, majority of the protein localize in the endosomes. About 

10% of them translocate to the cytosol to interact with RI.
394

 In fact, fluorescently labeled RNase 

produces punctate staining in live cells, indicating the protein resides mainly in the 

endosomes.
305

 

To improve signal to background ratio, labeled RNase needs to be latent in the endosomes 

and produces signal once encountering the cytosolic RI. I sought to utilize the technology of a 

complementation reporter based on NanoLuciferase (NanoLuc), namely NanoLuc Binary 

Technology (NanoBiT), which involves the reconstitution of luminescence upon association of 

two subunits of the NanoLuc.
395

 The enzyme is small (19 kDa), stable and produces bright and 

sustained luminescence. Taking advantage of these attributes, a binary reporter system was 

designed with a large 18 kDa component (11S) and a small 1 kDa component (114). By design, 

these two components achieve low intrinsic affinity; thus, minimizing their influence on the 

interaction characteristics of the target proteins.  

 

A4.2 Results 

Based on the protein size and spatial organization of the RI•RNase 1 complex, the 114 peptide 

was appended to the N-terminus of RNase 1 (114-RNase 1), and the 11S subunit was fused to the 

N-terminus of RI (11S-RI).
374

 DNA encoding for each fusion protein was transfected into HeLa 

cells. The secreted 114-RNase 1 was collected and applied to cells expressing 11S-RI (Figure 

A4.1). After 24-h incubation, the cell permeable Nano-Glo luciferase assay reagent was added, 
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and luminescence was measured. In consistence with our previous finding, approximately 10% 

of 114-RNase 1 in the cytosol participates in RI binding (Figure A4.2).  

This NanoBiT technology provides a quantitative measurement of RNase 1 that forms 

complexes with RI in the cytosol. The complex formation only yielded signal to background 

ratio of 2 based on calculation of the relative luminescent units of 11S-RI•114-RNase 1 over 

11S-RI alone, making the visualization of the complex challenging. To solve this puzzle, I 

designed to install a fluorophore near the N-terminus of RNase 1 and rely on the 

bioluminescence resonance energy transfer (BRET) for imaging the complex (Figure A4.3). The 

advantage of this design is the binary complementation of donor signal, NanoBiT, dependent on 

the interaction of RNase 1 to its inhibitor. Once the donor signal being excited, the fluorophore 

acceptor, by design, is in proximity to accept the energy transfer, and fluorescence will be 

detected. By integrating the two technologies, NanoBiT and BRET, this new strategy will allow 

us to visualize RI•RNase complex in live cells.  

  



  

 

200 

 
Figure A4.1  
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Figure A4.1 Strategy for measuring the formation of RI•RNase 1 complex in living cells with 

NanoBiT technology 

NanoBiT is composed of 2 subunits: a 1.3 kDa peptide named 114 and a 18 kDa polypeptide 

named 11S. Each of the subunits is appended on RI and RNase 1 accordingly. DNA encoding for 

114-RNase 1 and 11S-RI were independently transfected into HeLa cells. Secreted 114-RNase 1 

(a blue kidney bean) was collected from conditioned media. Known amount of 114-RNase 1 was 

added to cells expressing 11S-RI (a horseshoe red). A fraction of 114-RNase 1 in endosomes 

escapes into the cytosol, where it encounters 11S-RI. The formation of RI•RNase 1 complex will 

produce luminescent signal because the NanoBiT subunits, by design, weakly associate, so that 

their assembly into a luminescent complex is dictated by the interaction RI•RNase 1 complex.  
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Figure A4.2 
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Figure A4.2 Cytosolic entry of RNase 1 

The fusion 114-RNase 1 (10 µM) was incubated with unmodified HeLa cells and overexpressed 

11S-RI cells for 24 hours at 37 °C. The cell permeable Nano-Glo Luciferase Assay Reagent was 

added, and luminescence was measured. Both 114-RNase 1 and 11S-RI alone produced low 

background signal. In cells that contain both fusion proteins, the formation of 114-RNase 1•11S-

RI complex yielded luminescent signal twice as intense as the 11S-RI did. The result suggests 

that only a small fraction of 114-RNase 1 in endosomes enters the cytosol. A lytic assay allowed 

us to detect all 114-RNase 1 that interact with RI, accounting for 100% signal derived from the 

complex formation. Together, the measurements from both live and lytic assay provide an 

estimation of amount of cytosolic RNase 1 is approximately 10%.   
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Figure A4.3  
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Figure A4.3 Strategy for visualizing RI•RNase 1 interaction in living cells  

The 114-RNase 1 with a pendant fluorogenic probe is internalized by endocytosis. The conjugate 

will be fluorescent via energy transfer from a bioluminescent donor, NanoBiT. Generation of the 

donor signal relies on the interaction of cytosolic RNase 1 and RI. Once the complex forms, 

NanoBiT will be proximal to its fluorophore acceptor, allowing favorable energy transfer from 

the donor to the acceptor to produce fluorescent signal. Therefore, this strategy will offer high 

signal to background ratio, and make it feasible to visualize RI•RNase 1 complex in the cytosol.  
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APPENDIX V 

Developing Antibodies against Ribonucleases with Phage Display 

 

  

Contribution: This work is in collaboration with Prof. Jim Wells’ lab at University of 

California at San Francisco. I developed the expression and purification for MBP-BirA. I also 

optimized a biotinylation reaction for the RNases. Emily and I created DNA constructs for 

biotinylated human and mouse RNase 1 and ANG. We worked together in purification and 

characterization of biotinylated mouse RNase 1.   
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 A5.1 Rationale 

Antibodies are important reagents for biological research and therapeutics. Since the 

development of the hybridoma technology by Kohler and Milstein, the production of murine 

monoclonal antibodies against foreign antigens has become a routine technique.
396

 It is generally 

accepted that the greater the phylogenetic distance between foreign antigens and their recipient 

immunized animal, the more pronounced the immune response. Highly conserved mammalian 

proteins usually evoke a weak immune response. Therefore, the immunological system will not 

be able to recognize an epitope that is highly homologous in the foreign protein and in the 

corresponding protein of the immunized species.  

The hybridoma technology has raised issues of reproducibility for antibody reagents as well 

as recognition of antibodies to their cognate folded proteins. To address these issues, a 

recombinant antibody generation by phage display has been developed.
397-400

 A target antigen is 

immobilized on a surface and exposed to a phage-display synthetic antibodies library. After 

several rounds of repeating affinity selection, clones showing the highest specificity and 

selectivity to the antigen will be collected. The cloned antibodies can be renewable from the 

same source, producing reproducible and reliable quality of the antibodies. In addition, this new 

technology does not rely on animal immunizations and thereby eliminates auto-antigen anti-

selection in an animal setting. This in vitro method offers a wide range of selection conditions 

such as buffer, pH, temperature and competitor proteins; thus maintaining the protein antigen in 

the native and folded state. Given the rapid selection framework and significantly improved 

antibodies library, this antibody phage display technology has been successfully transformed into 

an industrialized platform for generating high affinity antibodies at large scale with reduced 

processing time and cut cost.
401

 As a powerful tool for antibody development, we asked if the 
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antibody phage-display can be utilized to produce antibodies against highly conserved proteins, 

which has been an unsolved problem with the hybridoma technology.  

 

A5.2 Results 

To test this theory, we chose a set of model proteins from members of pancreatic-type 

ribonucleases (RNases) superfamily. These RNases are highly conserved, small, cationic, 

secretory enzymes that catalyze the cleavage of RNA.
232

 The set of model proteins contained two 

of human RNases, RNase 1 and ANG, and two of the corresponding proteins from mice. These 4 

proteins offer a good range of identity and similarity in protein sequence and structure (Table 

A5.1). Red highlighted regions on protein that depicted for the most difference in sequence 

might become great epitopes for antibody recognition (Figure A5.1). To anchor these RNases on 

a platform, a biotin tag was installed to C-termini of the proteins, flanked by a TEV cleavage site 

and a linker. We were successful to acquire pure and biotinylated mouse RNase 1, and the 

protein was susceptible for TEV protease cleavage to remove the biotin tag (Figure A5.2). We 

are currently working on production of the other 3 proteins to complete the set.   

 Next, these proteins will be exposed to a phage-display synthetic antibodies library. 

Repeating affinity selection and anti-selection will be performed, aiming to raise antibodies that 

distinguishably bind to RNase 1 but not its related antigen, ANG. It will be more incredible if 

this method can generate mono-specific antibody to one antigen with no cross-species reactivity.  
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Figure A5.1 
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Figure A5.1 Protein sequence comparison between RNase 1 and ANG in human and in mice 

Protein sequences of human and mouse RNase 1 and ANG were aligned using MUSCLE 

alignment. The degree of difference in sequences among these proteins was color coded, from 

yellow to red which indicated the least to the most difference. Human RNase 1 (PDB entry 

1z7x), human ANG (PDB entry 1ang), mouse RNase 1 (PDB entry 3tsr), mouse ANG 1 (PDB 

entry 2bwk).  
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Figure A5.2
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Figure A5.2 Biotinylated human RNase 1 with TEV-cleavage site 

The fusion human RNase 1 (blue) with a C-terminal TEV-cleavage site (red), a GS linker 

(yellow) and a biotin acceptor peptide (green) was over-expressed in E.coli.  

A. The purity of tagged RNase 1 was determined by mass spectrometry. Expected mass is 17,577 

Da and observed mass is 17,555 Da.  

B. The biotinylation of tagged RNase 1 was confirmed by mass spectrometry. Expected mass is 

17,803 Da and observed mass is 17,796 Da.  

C. The biotinylated RNase 1 was accessible for TEV protease cleavage. Expected mass is 14,944 

Da and observed mass is 14,876 Da.  
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Table A5.1 

% Identity and Similarity Human RNase 1
 

Human ANG Mouse RNase 1 Mouse ANG 1 

Human RNase 1 100 36 70 35 

Human ANG 49 100 34 73 

Mouse RNase 1 79 50 100 35 

Mouse ANG 1 51 84 50 100 
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Table A5.1 Protein sequence comparisons among human and mouse RNase 1 and ANG 
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 Appendix VI 

ANG Thiophosphorylation 

  

Contribution: This work is in collaboration with Prof. Christian Hackenberger’s lab at 

Leibniz-Institut für Molekulare Pharmakologie. I provided S87C ANG variant and its FLAG 

fusion. Dr. Bertran is responsible for chemical synthesis and optimization of phosphothiolate 

reaction on ANG variants.    
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 A6.1 Introduction 

Protein phosphorylation is one of the major post-translational modifications that plays prominent 

role in a wide range of cellular processes.
402

 The reversible addition of phosphate groups at 

serine, threonine or tyrosine residues could alter structure, function, and localization of modified 

proteins.
403-405

 Aberrant regulation of phosphorylation on proteins has resulted in numerous 

diseases including cancer and neurological disorders.
406-408

   

A current genetic strategy to mimic phosphorylated state of proteins is to substitute 

phosphorylated residues with either aspartate or glutamate.
409

 The substitution can be easily done 

by site-direct mutagenesis, making this method widely applicable. A carboxylic acid group of 

these acidic residues only offers singly negative charge, whereas a phosphate group provides 

doubly charged at physiological pH. Therefore, there are examples where two acidic residues are 

needed to mimic one phosphorylation event.
410

 Other studies report the activity of the Asp or Glu 

mutant is more like that of the non-phosphorylated form than the phosphorylated form.
411

 

In an attempt to mimic nature of phosphorylation, chemists have developed technologies that 

can selectively install the phosphorylation modification on proteins at pre-determined sites. The 

introduction of phosphorylated Tyr analogues has been achieved through the Staudinger-

phosphite reaction of azides.
412

 This method requires an incorporation of non-natural amino acid, 

p-azidophenylalanine, at a phosphorylation site, making this technology less generalized. 

Another method developed by Davis and co-workers relies on the reactivity of thiol group on 

cysteine.
413

 A phosphorylation site is genetically engineered to cysteine, which is first converted 

to dehydroalanine via a bis-alkylation elimination procedure with α,α'-di-bromo-

adipyl(bis)amide and subsequently modified via Michael addition with sodium thiophosphate to 
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generate a thiophosphate group at the site of interest. The potential for nonspecific alkylation 

might limit the scope of applications of this method.  

 The Hackenberger’s group has recently developed a chemoselective phosphorylation 

strategy that enables the incorporation of phosphorylated Cys residues on peptides in a 

stereochemically defined, site-selective manner (Bertran-Vicente et al. in review). Intrigued by 

the success of this novel technology on peptides, they further examined the feasibility of this 

technology on proteins, and they chose angiogenin (ANG) as a model protein in the study.  

ANG is a member of the pancreatic-type ribonuclease superfamily; it is small, extremely 

stable, easily produced, and tolerant of chemical modifications.
284,232

 For many of these reasons, 

ANG has a strong precedent as an effective protein scaffold for therapeutic modulation. ANG 

promotes angiogenesis via its activation of rDNA transcription. To manifest this angiogenic 

activity, it requires ANG to evade its cytosolic ribonuclease inhibitor (RI) to translocate to the 

nucleus. In CHAPTER 2, I reported that phosphorylation of key serine residues controls nuclear 

translocation activity of ANG. Among the 3 putative phosphorylation sites on ANG, Ser87 

which is at the molecular interface of the RI•ANG complex, has the most profound impact on RI 

evasion (Figure 2.4A and Table 2.1). In fact, aspartate substitution at Ser87 to mimic 

phosphorylation bound RI with affinity 10
7
-fold lower

 
than did wild-type ANG. The carboxylic 

acid of the aspartate substitution does not fulfill the net gain of negative charges and 

stereochemistry of a phosphate group. Perhaps, the innate phosphorylated S87 ANG would result 

in more Coulombic (as well as steric) repulsion with RI, resulting in weaker binding than the 

S87D ANG variant.  

By utilizing the new technology developed by the Hackenberger’s group, we want to 

generate a thiophosphorylated S87 ANG variant that closely resembles the biologically relevant 
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phosphorylated serine residue. Studying this variant will further elucidate the impact of 

phosphorylation on ANG-induced angiogenesis. Most importantly, the success of chemically 

phosphorylate ANG at site specific manner will emphasize the ease and utility of this novel 

technology; thus, enabling generality of this technology to widely applicable for site-selective 

chemical phosphorylation of proteins.  

 

A6.2 Results and Discussion 

Our initial experiments with the Ellman´s disulfide S87C ANG protein 1 were carried out using 

phosphite triesters that had previously been synthesized by our laboratory (2a-c) (Figure 

A6.1).
414,415

 We first probed the reactivity with o-nitrobenzyl based phosphites 2a and 2b in 

order to provide a UV-cleavable system to form finally the pCys protein. Unfortunately, neither 

product formation 3a or 3b nor consumption of the starting material 1 was observed. We argued 

that the steric bulk of the o-nitrobenzyl phosphites 2a and 2b might hinder the accessibility 

toward the electrophilic disulfide in S87C ANG. It is well known that bulky phosphines such as 

TCEP are less efficient than DTT in reducing disulfide bonds in protein.
416

 Thereby, we decided 

to use the tris(2-cyanoethyl) phosphite 2c, which was shown previously to form in good 

conversions phosphorothiolate esters on peptide level (Bertran-Vicente et al. in review). Protein 

1 was dissolved in 50 mM Tris-HCl buffer (pH 7.5) and an excess of phosphite 2c in MeCN was 

added. After 2h at room temperature, the reaction was monitored by LC-MS, showing as major 

product the phosphorothiolate ester protein 3c together with protein 1 and hydrolyzed S87C 

protein (Figure A6.2 A,B). Deconvolution of the MS spectra showed an atomic mass  of 14459 

Da (calculated 14460 Da).  Due to the similarity of the molecular mass of protein 1 and 3, an 

external addition of protein 1 was added to the reaction crude confirming the identity of the 

phosphorothiolate ester protein 3c (Figure A6.2C).  
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Despite the successful formation of protein 3c using phosphite 2c, the need to use basic 

conditions to deprotect the phosphorothiolate ester and deliver the pCys protein, limits the 

application of this phosphite for further experiments. pCys as well as pSer is known to undergo 

beta-elimination to dehydroalanine under basic conditions. Currently, we are evaluating the 

synthesis of new phosphites to overcome the steric hindrance limitation of the o-nitrobenzyl 

phosphites as well as to find suitable deprotection conditions to deliver finally the pCys target.  

 

A6.3 Methods 

Production and purification of S87C ANG variant and its FLAG fusion was performed as 

previously described.
44

  

A6.3.1 Formation of O,O-bis(2-cyanoethyl) phosphorothiolate ester S87C ANG protein  

A solution of Ellman´s modified S87C ANG protein 1 (8.3 mg/mL) in 50 mM Tris-HCl buffer 

(pH 7.5) (10 µL) was prepared. A solution of phosphite 2c (0.14 mg, 0.58 µmol, 100 eq) in 

MeCN (10 µL) was added. Final protein concentration was 4.15 mg/mL. The reaction mixture 

was incubated at room temperature for 2 h and measured afterwards by LC-MS.  

A6.3.2 Protein analysis  

Proteins samples were dissolved in water (0.28 mg/mL) and analyzed by a reversed-phase 

capillary liquid chromatography system, Acquity UPLC System (Waters), coupled to an ESI-

TOF unit LCT Premier (Waters Micromass Technologies). LC separations were performed on 

BEH300 C4 column (1.7 µm x 2.1 x 150 mm) at an eluent flow rate of 0.3 mL/min using a 

gradient of 2–50% B in 10 min. Mobile phase A contained 0.1% formic acid in water, and 

mobile phase B contained 0.1% formic acid in MeCN. 
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Figure A6.1 
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Figure A6.1 Site-selective synthesis of phosphothiolate ester ANG protein 

The Ellman’s disulfide S87C ANG protein (red ribbon) was reacted with phosphite triesters (2a-

c) to produce a phosphorothiolate ester ANG.   
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Figure A6.2  

A 

B 

C 
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Figure A6.2 Spectra of the reaction crude of protein 1 and phosphite 2c 

A. ESI-spectra 

B. Zoom in of the [M + 15H
+
]
15+

 ESI-spectra 

C. Same spectrum as B with the external addition of protein 1 
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