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ABSTRACT OF THE THESIS

MOLECULAR MECHANISMS OF CYTOTOXICITY INDUCED BY

RIBOSOME-INACTIVATING PROTEINS IN MAMMALIAN CELLS

BY JU-SHUN CHENG

Thesis Director:

Dr. Wendie S. Cohick

Ribosome-inactivating proteins (RIP) represent a family of plant and bacterial toxins

that inhibit protein synthesis and are cytotoxic to mammalian cells. Ricin is isolated from

seeds of the castor bean plant and has potential as a weapon of bioterrorism. Shiga-like

toxins (stx) are produced from enterohemorrahagic Escherichia coli strains, and

contamination of food by stx represents a substantial public health threat. Both ricin and

stx consist of A and B chains. The A-chain of each protein inactivates the ribosome by

cleaving an adenine from the ribosomal RNA. The B-chain of ricin (RTB) binds to

galactose binding sites on the cell surface while the pentameric B subunit of stx binds to

the cell surface receptor, globotriaosylceramide to facilitate cell entry. While both ricin

and stx inhibit protein synthesis and induce cell death, the molecular mechanisms that

il



underlie these effects are relatively unexplored. An ultimate goal of this research is to

produce recombinant mutant ricin A-chain (RTA) proteins to study the role of protein

synthesis inhibition in ricin-induced cytotoxicity. Therefore, we were interested in

establishing a mammalian cell culture model that was sensitive to RTA alone. The cell

line MAC-T, an immortalized, nontransformed epithelial cell line, was more sensitive

than Vero cells and HeLa cells in terms of the time it took to induce caspase-3/7

activation. While ricin induced higher caspase-3/7 activity than RTA at lower

concentrations (0.1 to 10 ng/ml), similar caspase activation was observed at

concentrations of 0.1 pg/ml with either protein. Ribosome depurination, protein synthesis

inhibition, and apoptosis were observed in MAC-T cells treated with RTA alone. RTA

alone also induced JNK and p38 MAP kinase activation in a time- and concentration-

dependent manner that preceded apoptosis. Inhibition of the JNK pathway by chemical

inhibitors or small interfering RNA reduced RTA-induced apoptosis. In contrast,

inhibition of the p38 MAP kinase pathway had little effect on RTA-induced apoptosis.

In summary, the major findings of this research are the establishment of the MAC-T

cell line as a sensitive cell culture model for future study of ricin and the finding that the

JNK pathway plays a major role in RTA-induced cytotoxicity.
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CHAPTER ONE

LITERATURE REVIEW

I. RICIN

Ricin is a plant toxin that inhibits protein synthesis and is lethal to humans. It is

classified by the Centers for Disease Control and Prevention as a Category B (second

highest priority) agent due to its high cytotoxicity, abundant availability, and relative ease

of production. Ricin is also listed by the Chemical Weapons Convention as a Schedule 1

controlled substance because of its potential for warfare purposes. Ricin can be

weaponized into a bioterrorism agent or used as a biochemical agent to contaminate food

and water (1). It is speculated that Bulgarian dissident Georgi Markov was assassinated

with an umbrella that pierced his leg with a pellet containing ricin.

Ricin is purified from the seeds of the castor bean plant, Ricinus communis, which

belongs to the family of Euphorbiacear. All parts of the plant are poisonous, but the

highest concentration of ricin is present in the seeds. The castor bean plant originated

from tropical and subtropical Africa but has spread to all climatic regions of the United

States, Asia, and Europe. The castor bean plant has a long history of being grown as an



ornamental plant and for its castor oil. Castor oil is used as a lubricant for engines, a base

for paints, raw material for pharmaceutical products, an additive for the food industry,

and is orally administrated as a folk remedy to induce bowel movement. Castor oil is

currently regulated by the US Food and Drug Administration as an over-the-counter

laxative medicine (2). Being a by-product of castor oil production, as much as 35,500

tons of ricin is theoretically produced per year before the detoxification process (3).

Several methods for ricin purification have been published in the literature and on the

internet, and can easily be obtained by the general public.

Structure and Availability of Ricin

Ricin is a type II ribosome-inactivating protein (RIP) consisting of two

polypeptide chains, an RNA N-glycosidase A-chain (RTA) and a galactose- or N-

acetylgalactosamine-specific lectin B-chain (RTB) (Fig. 1) (4). Heterodimeric ricin has a

molecular mass of 65 kDa, and its two chains are linked by a disulfide bond. The X-ray

structure of ricin has been solved, and crucial sites for substrate binding of ricin have

been identified by using site direct mutagenesis of residues (5). The molecular mass of

glycosylated RTA is approximately 32 kDa and RTB is 34 kDa. The active site sequence

in RTA is highly conserved across all RIPs. Ricin isolated from seeds of five horticultural



varieties of Ricinus communis was found by electrospray mass spectrometry to consist of

a series of glycosylated proteins, suggesting a large extent of heterogeneity for each

cultivar (6).

Transport by Retrograde Translocation

Ricin B-chain facilitates entry of ricin holoenzyme into the cell by binding to

carbohydrates of glycoprotein and glycolipid on the cell membrane (Fig. 1). Ricin is

internalized by clathrin-coated endocytosis; however, clathrin-independent endocytosis,

such as caveolae and macropinocytosis, has also been reported. After ricin enters the cell,

the majority of ricin is transported to early endosomes to be recycled to the membrane or

to late endosomes and lysosomes to be degraded (7). Using a sulfation assay, ricin was

shown to be transported from both early and late endosomes to the trans-Golgi network

where tyrosine sulfation of RTA occurs. Ricin is then translocated from the Golgi

apparatus to the endoplasmic reticulum (ER) and is glycosylated in the ER by

oligosaccharyl transferase. The KDEL sequence present on the C-terminus is required for

some RIPs to utilize retrograde translocation from the Golgi complex to the ER.

However, ricin does not contain the KDEL sequence, and the specific mechanism that

translocates ricin through the ER is unknown (8). RTA and RTB are separated in the ER



by disulphide isomerase, and RTA is translocated to the cytosol, where its ribosome

substrates are located (7, 9).

General Toxicity

Although ricin may be inactivated by heat, it is highly cytotoxic and lethal if

ingested, inhaled, or injected. The action of ricin poisoning varies depending on the

routes of exposure. The LDsg of ricin in mice is 22 mg/kg by ingestion; however, it is

estimated to be much lower at 3 to 5 pg/kg by intravenous injection or aerosol inhalation

(10). Monkeys and rodents exposed to 20 to 40 pg/kg ricin by aerosol inhalation

developed necrotizing airway lesions, interstitial edema, and pulmonary inflammation.

RTA is also responsible for inducing vascular leak syndrome in humans. A man who

committed suicide by intravenous and subcutaneous injection of ricin presented nausea,

vomiting, diarrhea, dyspnoea, vertigo and muscular pain. He died due to multi-organ

failure in spite of symptomatic and supportive intensive care for 9 hours in the hospital

(11). In another suicide case report, injection of ricin caused fever, nausea, vomiting,

dehydration, hypotension, hypoglycemia, gastroenteritis, circulatory collapse, multi-

organ failure, and death (12).



Treatment

Currently effective antidotes and vaccines for ricin intoxication are under

development. A recombinant ricin vaccine, RiVax, has two point mutations of YS80A (the

ribotoxic stress-inducing site) and V76M (the vascular leak syndrome-inducing site), and

is currently in clinical trials for safety evaluation (13). RiVax is formulated as a

lyophilized form to improve its stability and efficacy (14). Administration of RiVax

intramuscularly or intradermally protects mice from systemic and mucosal exposure of

ricin (15). Recently a retrograde translocation blocker was identified to protect mice from

lethal nasal exposure to ricin (16). A cell-based high-throughput screen was also used to

identify small molecule inhibitors against ricin (17). Some inhibitors are effective against

ricin by binding to the active sites of RTA (18).

Mechanisms of Cytotoxicity

A. Ribosomal RNA depurination

Most of the RTA that enters the cell is degraded by proteasomes in the cytosol but

a portion of RTA can escape degradation and reaches the ribosome. RTA irreversibly

removes a conserved adenine nucleotide from the sarcin-ricin loop within the eukaryotic

28S ribosomal RNA of the 60S ribosome subunit (19). RTA depurination has a very



strong salt sensitivity and achieves an unusually high k/K, of 10°-10'° M's " indicating
multiple electrostatic interactions with the ribosome (20). A single molecule of RTA
depurinates about 1500 mammalian ribosomes per minute in the cytosol, which leads to
protein synthesis inhibition (21).
B. Protein synthesis inhibition

Protein synthesis is inhibited by RTA at the translocation step of the elongation
cycle. Ribosome depurination blocks the GTP-dependent binding of elongation factor 2
(EF 2) or ADP-ribosyl-EF2 to the ribosome, however, the binding of aminoacyl-tRNA to
the ribosome was not affected by ribosome depurination (22, 23). It has generally been
assumed that ricin toxicity is due to this inhibition of protein synthesis, as evidenced by
the finding that ricin-induced apoptosis is prevented by cycloheximide, a protein
synthesis inhibitor. However 3-methyladenine, a specific inhibitor of autophagy also
inhibited ricin-induced cell death (24). It has been reported in yeast that nontoxic RTA
mutants still depurinate ribosomes and inhibit protein synthesis at a level similar to wild-
type RTA, suggesting that ribosome depurination is not sufficient for RTA-induced
cytotoxicity in all cases, at least in yeast (25).

C. Ribotoxic stress response



The ribotoxic stress response is characterized by activation of mitogen-activated

protein kinase (MAPK) pathways in response to ribosome depurination. The MAPK

family comprises the stress-activated protein kinases (SAPK; also known as c-jun N-

terminal kinases, or JNK, and the p38 MAP kinase signaling pathway), and the

extracellular signal-regulated kinase, ERK. Ultraviolet-B radiation and oxidative stressors

such as sodium arsenite or cadmium chloride also trigger the activation of JNK1 through

different mechanisms (26). It has been shown that ricin induces the ribotoxic stress

response; however, the exact mechanisms have not been determined. It has been

speculated that the MAPK signaling pathway may trigger the apoptotic response (27).

Cross-talk between the intrinsic apoptotic pathway and the p38 MAPK pathway occurs in

the murine macrophage cell line RAW264.7 treated with ricin (28). Ricin induces

interleukin 8 secretion by activating p38 MAPK in the human monocyte/macrophage cell

line, 28SC (29). Ricin activates all three MAP kinase superfamily members including p38

MAPK, JNK, and ERK in the macrophage cell line RAW264.7 (30). However, the role

of the SAPK pathways in ricin-induced apoptosis is not well-described.

D. Apoptosis

Studies from the 1980s showed that ricin lyses cells and induces DNA

fragmentation in a process similar to apoptosis (31). Recently, it was shown that ricin



induces mRNA levels of pro-inflammatory cytokines such as TNF-a in primary alveolar

macrophages and bone marrow-derived macrophages. The secretion of TNF-a results in

engagement of an apoptotic cascade that includes activation of both apical (caspase-8 and

caspase-9) and effector (caspase-3) caspases (32). Caspases mediate apoptosis by

cleaving aspartic acid residues and activating downstream effectors and substrates.

Cleaved (activated) caspase-3 cleaves poly (ADP-ribose) polymerase (PARP) which is

responsible for DNA repair. The 116 kDa PARP is cleaved into 89 and 24 kDa inactive

fragments, which makes PARP unable to repair DNA. PARP is a widely used marker of

apoptosis, and studies have shown that ricin induces apoptosis in terms of PARP cleavage

in human cervical cancer HeLa cells and myeloid leukemia U937 cells (33, 34). Over-

expressing Bcl-2, an anti-apoptotic protein, partially inhibits ricin-induced apoptosis in

the hepatoma cell line BEL7404 (35).

RTA/Immunotoxins

RIPs have been conjugated to antibodies, growth factors, hormones, and lectins to

target a selected cell type as anticancer agents (36). RTA can be conjugated to an

antibody to form an immunotoxin that is a potential candidate for cancer chemotherapy

(37). This hybrid molecule is cytotoxic to the target tumor cells that express the cell-

surface antigen. However, the effects of immunotoxins on target cells have only been



examined by measuring protein synthesis inhibition (38). Problems with this therapeutic

approach include findings that RTA-based immunotoxins cause vascular leak syndrome

which is characterized by hypoalbuminemia, peripheral edema with resultant weight gain,

and pulmonary edema in the most severe cases. RTA alone induces endothelial cell

permeability in human umbilical vein-derived endothelial cells, suggesting that the RTA

component of the immunotoxin molecule is responsible for vascular leak (39).

II. SHIGA-LIKE TOXIN 2 (Stx2)

Stx2, another type II ribosome-inactivating protein, is a bacterial toxin that is

produced by many strains of bacteria. Stx2 is composed of one 30 kDa enzymatic A-

chain which possesses N-glycosidase ability to inactivate the ribosome, and five 7 kDa B-

subunits which form a pentamer (40). The pentameric B-chains bind to the

globotriaosylceramide (Gb3) receptor in the glycolipid-enriched membrane domain to

facilitate cell uptake (41). Similar to ricin, Stx2 A-chain is transported from the ER to the

cytosol to inhibit protein synthesis by cleaving one adenine residue on the 28S ribosomal

RNA of the 60S ribosomal subunit (42). This depurination inhibits the binding of amino-

acyl-tRNA to the ribosome, leading to protein synthesis inhibition (40). Stx2 not only
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inhibits protein synthesis but also induces apoptosis and PARP cleavage in a caspase-

mediated manner (43).

The most common Stx2 is produced from enterohemorrahagic Escherichia coli

and is responsible for a large number of infections and death among children and the

elderly. One of its infamous serotypes is O157:H7 associated with hemorrhagic colitis

and hemolytic uremic syndrome which has complications including thrombocytopenia,

microangiopathic hemolytic anemia and renal failure (44). Contamination of milk, juice,

and vegetables with Stx2 has been reported. Stx2-producing E. coli also produce Stx2

variants Stx2c, Stx2d1, Stx2d2, Stx2e, Stx2f, and Stx2y (43).

Retrograde transport

After binding to the Gb3 receptor, Stx2 is taken up by the cell through clathrin-

mediated endocytosis. The lipid composition of the cell surface and the content of the

Gb3 receptor determine if cells are sensitive to Stx2. For example, bovine aortic

endothelial cells are less sensitive to Stx2 because they lack the globo-series neutral

component of the Gb3 receptor (45). After binding to the Gb3 receptor, Stx2 undergoes

retrograde translocation from the early endosomes to the Golgi apparatus. This

translocation is dependent on the GTP-binding protein Rab9, and Golgi-associated
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protein TGN38. In the Golgi apparatus, the A-chain is proteolytically cleaved by furin,

resulting in the generation of A; and A; chains linked by a disulfide bond. The A chains

are then transported from the Golgi apparatus to the ER lumen where A, is released

because of the reduction of the disulfide bond (46). Trafficking of Stx2 to the Golgi

apparatus and the ER are required for Stx2 to induce cytotoxicity. In HeLa cells, Stx

induces the formation of tyrosine kinase Syk and clathrin heavy chain complex. When

Syk is knocked down by siRNA or expressing a kinase dead mutant of Syk, Golgi

transportation of Stx was downregulated (47). Stx activates both JNK and p38 signaling

pathways in African green monkey kidney epithelial Vero cells and human myelogenous

leukemia cells (48, 49). When the p38 MAPK pathway is inhibited by chemical inhibitors

or siRNA, Stx-induces cytotoxicity and translocation to Golgi apparatus is reduced (50).

Understanding the mechanisms of retrograde translocation of Stx2 is crucial for the

development of safe and effective treatment to this public health threat (16).

Treatment

Currently, no effective and safe therapies for preventing or curing Stx2-induced

illness are available (51). Knowledge of the Stx2 structure and function will allow us to

develop preventive measures or to identify therapeutic targets for Stx2-induced toxicity.
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III. OBJECTIVES OF THE THESIS

In summary, ribosome-inactivating proteins (RIPs) are toxins produced from

various families of plants, fungi, algae, and bacteria. RIPs are cytotoxic to mammalian

cells, and currently effective antidotes and vaccines for their intoxication are under

development. RIPs inhibit protein synthesis by cleaving an adenine on the sarcin/ricin

loop within the 28S ribosomal RNA of the 60S ribosome subunit. Protein synthesis

inhibition has generally been assumed to be responsible for ricin-induced cytotoxicity.

However, nontoxic RTA mutants can still inhibit protein synthesis at a level similar to

wild-type RTA in yeast. Our ultimate goal is to investigate the relationship between

protein synthesis and cytotoxicity using recombinant mutant RTA in the mammalian

system. Therefore, the objectives of this work were to: (1) to establish a mammalian cell

culture model that is sensitive to exogenous RTA and (2) to investigate the role of SAPK

signaling pathways in RTA-induced cytotoxicity. An additional goal was to determine if

the ribosomal protein L3delta could inhibit the cytotoxicity of stx 1 and stx 2 in

mammalian cells.
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CHAPTER TWO

ROLE OF STRESS-ACTIVATED PROTEIN KINASE CASCADES IN RTA-

INDUCED CYTOTOXICITY

Introduction

Ricin is a type II ribosome-inactivating protein (RIP) present in seeds of the

castor plant, Ricinus communis (52). The Centers for Disease Control and Prevention

classify ricin as a Category B agent, its second highest priority, because it is extremely

toxic and moderately easy to produce and disseminate widely as a bioterrorism agent (1).

Ricin is composed of ricin-A-chain (RTA) and ricin-B-chain (RTB) which are linked by

a disulfide bond (53). RTB is a lectin that binds to galactose- or N-acetylgalactosamine-

containing glycolipids and glycoproteins on the cell surface. It facilitates cell entry of

ricin through endocytosis. Approximately 5% of ricin that is endocytosed is transported

by retrograde translocation to the trans Golgi network, through the Golgi apparatus, and

to the endoplasmic reticulum (ER) (7). After the reduction of the disulfide bond in the

ER, RTA reaches the cytosol and avoids proteasomal degradation because of its low

lysine content (54). RTA is an N-glycosidase that inactivates the ribosome by removing

an adenine from the sarcin/ricin loop of the 28S ribosomal RNA (55). This ribosome
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depurination prevents the binding of elongation factors to the ribosome and subsequently

inhibits protein synthesis (22).

Inhibition of protein synthesis has long been thought to be responsible for the

cytotoxicity of ricin as well as other type II RIPs; however, recent evidence suggests that

these proteins may activate cell death through other mechanisms (25, 56, 57). Ricin

activates the mitogen-activated protein kinase (MAPK) signaling pathways which

characterize the ribotoxic stress response (27). Some reports have speculated that the

MAPK signaling pathway may trigger apoptosis; however the relationships between

ricin-induced MAPK activation and apoptosis have not been well investigated. The

objectives of the present study were to investigate if exogenous RTA alone can induce

ribotoxic stress and apoptosis, and to determine if specific MAPK signaling pathways are

essential for the apoptotic action of RTA.

Materials and methods

Reagents: Dulbecco’s Modified Eagle’s Medium-high glucose (DMEM-H) and RPMI

medium 1640 were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS)

was purchased from Gemini Bio-Products (West Sacramento, CA). D-Glucose, insulin

solution from bovine pancreas, penicillin, streptomycin, gentamicin, phenol red (PR)-free
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DMEM and RTA were purchased from Sigma-Aldrich (St. Louis, MO). Ricin, RTA, and

RTB were purchased from Vector Laboratories (Burlingame, CA). Sodium bicarbonate,

JNK inhibitors SP600125, and p38 inhibitor SB239063 were purchased from EMD

Chemicals (Gibbstown, NJ). Falcon tissue culture plasticware (Becton, Dickinson and

Company, Franklin Lakes, NJ) was used unless otherwise indicated.

Cell culture: The bovine mammary epithelial cell (MEC) line MAC-T was established

from primary bovine mammary alveolar cells immortalized by stable transfection of the

Simian virus 40 large T antigen. When MAC-T cells were injected into immunodeficient

mice, the mice did not grow tumors after 8 weeks, suggesting that MAC-T cells are not

transformed. In addition, when supplied with appropriate substratum and hormones they

can be induced to differentiate similar to primary MEC (58). Stock cultures of MAC-T

cells were routinely maintained in DMEM-H supplemented with 3.7 g/L sodium

bicarbonate, 5 pg/ml insulin from bovine pancreas, 10% FBS, 20 U/ml penicillin,

20 pg/ml streptomycin, and 50 pg/ml gentamicin. HeLa and Vero cells were kind gifts of

Dr. Tom Obrig, University of Virginia, Charlottesville, VA. Stock cultures of HeLa cells

and Vero cells were routinely maintained in RPMI medium 1640 supplemented with 10%

heat inactivated (56°C, 30 minutes) FBS or FBS, respectively, and antibiotics. All cells
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were passaged by trypsinization and maintained in a 37°C incubator with 5% CO..

Caspase 3/7 Assay: Caspase 3/7 activation was measured using the SensoLyte

Homogeneous AMC Caspase 3/7 Assay kit according to the manufacturer's protocol

(AnaSpec, Fremont, CA). This assay kit detects the fluorescence intensity of the amino

acid aspartic acid-glutamic acid-valine-aspartic acid-AMC which is the substrate of both

caspase 3 and 7. Cells were grown in 96-well flat clear bottom black polystyrene cell

culture-treated microplates (Corning, Corning, NY). Cells were grown in defined media

described above for stock cultures, with the exception that MAC-T cells were plated in

PR-free media. Cells were grown to confluence, washed twice with phosphate buftered

saline (PBS), and incubated in PR-free DMEM-H (MAC-T cells) or RPMI medium 1640

supplemented with antibiotics, 0.2% bovine serum albumin (BSA), and 30 nM sodium

selenite during the serum-free washout period. The spent media were aspirated and

replaced with serum-free media without additives and supplemented with antibiotics

+ treatments for various times. Caspase-3/7 substrate solution was added to each well to

lyse the cells without removing the media, and the microplate was incubated at room

temperature for one hour on an orbital incubator at 150 rpm. The microplate was kept

away from direct light and fluorescence intensity was measured at
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excitation/emission=360 nm/460 nm using a Synergy HT Multi-Mode Microplate Reader

(BioTek Instruments, Winooski, VT).

Ribosomal RNA depurination assay: Ribosomal RNA (rRNA) depurination was
analyzed by dual-primer extension as described previously (59). MAC-T cells were
grown to confluence in 60 mm cell culture dishes (Becton, Dickinson and Company),
serum-starved, and treated as described above for caspase assays. After treatment, MAC-
T cells were lysed in Trizol (Invitrogen), and total RNA was extracted using RNeasy
columns (Qiagen, Valencia, CA). RNA concentration was determined by using a Thermo
Scientific Nano Drop 1000 Spectrophotometer (Thermo-Fisher Scientific, Waltham MA).
RNA integrity was assessed by running RNA samples on an agarose gel stained with
ethidium bromide and checking 18S and 28S rRNA. Total RNA (2 pg) isolated from
MAC-T cells was hybridized with 10° cpm of two primers end-labeled with [y->*P]ATP
(Perkin-Elmer, Waltham, MA) using T4 kinase (Invitrogen). The depurination primer (5'-
AACAGATGGTAGTTTCACCCC-3") annealed 64 nucleotides (nt) 3’ of the depurination
site on the 28S rRNA and the 28S control primer (5-TTCACTCACCGTTACTGAGG-3")
annealed 99 nt 3’ of the 5’ end on the 28S rRNA. rRNA depurination was verified by the

synthesis of 64 nt product which was terminated at the depurination site. The end-labeled
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28S primer was diluted 1:4 with unlabeled 28S primer to conduct accurate quantification,
and the 99 nt products were used as an internal control. SuperScript II Reverse
Transcriptase (Invitrogen) was then used in the dual primer extension assay. Extension
products for the depurination and control fragments (64 nt and 99 nt, respectively) were
separated on a 7 M urea-5% polyacrylamide denaturing gel. The extent of rRNA
depurination was analyzed by scanning and quantifying the bands using a Storm

Phosphorlmager (GE Healthcare, Piscataway, NJ).

Protein Synthesis Assay: Confluent MAC-T cells were serum-starved, washed two times
with PBS, and incubated with methionine-free DMEM-H for 45 min prior to treatment.
Cells were incubated with 15 pCi [*>S]methionine (MP Biomedicals, Solon, OH) during
the last hour of treatment. Cells were washed two times with PBS and scraped into 5%
trichloroacetic acid (TCA). Samples were centrifuged for 15 min at 3600 rpm. Pellets
were washed three times with ice-cold 5% TCA and resuspended in 0.1 M NaOH.

Radioactivity was determined by scintillation counting (Beckman Coulter, Brea, CA).

Small interfering (si) RNA transfection: MAC-T cells were plated at 3 x 10* cells/cm” in
PR-free DMEM-H. The next day, cells were transfected in DMEM-H supplemented with

antibiotics with 88-172 nM siRNA (Thermo-Fisher Scientific) using GeneEraser (Agilent
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Technologies, Santa Clara, CA) according to the manufacturer's protocol. After 2.5 days,

cells were washed with serum-free media for 2 h, and incubated in PR-free DMEM-H

supplemented with antibiotics + treatments. After 6 h, cell lysates were collected and

analyzed by Western immunoblotting or caspase-3/7 assay.

Western immunoblotting: MAC-T cells were grown to confluence in 60 mm cell culture

dishes, serum-starved, and treated with RTA. After treatment, cell culture dishes were

placed on ice, and cells were washed with cold PBS. Cell lysates were collected in lysis

buffer (1% Triton X-100, 50 mM Hepes buffer without sodium, 80 mM B-

glycerophosphate, 2 mM ethylenediaminetetraacetic acid, 2 mM ethylene glycol

tetraacetic acid, 10 mM sodium fluoride, 0.1% sodium dodecyl sulfate (SDS), 2 mM

sodium orthovanadate, 2 mM phenylmethylsulfonyl fluoride, 10 ug/ml leupeptin, 10

pg/ml aprotinin, and 10 pg/ml trypsin inhibitor), incubated on ice for 30 min, and

centrifuged at 13000 g for 15 min at 4°C. Protein concentration was determined using a

Bradford protein assay (Bio-Rad Laboratories, Hercules, CA) using BSA as a standard.

Proteins were reduced and denatured by f-mercaptoethanol and SDS, respectively. Equal

amounts of protein were separated by SDS-polyacrylamide gel electrophoresis (PAGE)

under reducing conditions. SDS-PAGE gels were wet-transferred to Trans-Blot transfer
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medium nitrocellulose membrane (0.2um; Bio-Rad Laboratories), Immun-Blot

polyvinylidene fluoride (PVDF) membrane (0.45um; Millipore, Billerica, MA), or

Immobilon-P transfer (PVDF) membrane (0.2pum; Bio-Rad Laboratories). Membranes

were blocked in tris buffered saline (TBS) + 0.5% tween (TBS-T) with 5% non-fat dried

milk for one hour at room temperature, and then incubated with primary antibody

overnight at 4°C. Antibodies against poly(ADP-ribose) polymerase (PARP), INK, p38,

phospho-p38, cleaved caspase 3, cleaved caspase 7, and phospho-c-jun (Cell Signaling

Technology, Danvers, MA), phospho-JNK (Santa Cruz Biotechnology), actin (EMD

Chemicals) and HSP60 (Abcam, Cambridge, MA) were used to detect the corresponding

proteins. Membranes were washed with TBS-T, and then incubated with horseradish

peroxidase-conjugated secondary antibodies (anti-rabbit IgG and anti-mouse IgG; GE

Healthcare and Vector Laboratories, respectively). Membranes were again washed with

TBS-T, and incubated with Pierce enhanced chemiluminescence Western blotting

substrate (Thermo-Fisher Scientific) to detect peroxidase activity. Membranes then were

stripped with Restore plus Western Blot stripping buffer (Thermo-Fisher Scientific) and

reprobed with antibodies for total protein as loading controls. X-ray film development

was used for luminescence measurement.
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Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
staining: MAC-T cells were plated at a concentration of 1x10* cells/cm” on glass
chamber slides (Becton, Dickinson and Company). Confluent cells were serum-starved
for 16 h and then treated with RTA. After toxin treatment, cells were fixed with 4%
paraformaldehyde and permeabilized using 0.1% sodium citrate and 0.1% Triton X-100.
Cells were stained using the In Situ Cell Death Detection kit (Roche Diagnostics
Corporation, Indianapolis, IN) according to the manufacturer’s protocol. This kit
measures apoptosis by labeling fragmented DNA using tetramethylrhodamine-dUTP.
After counterstaining with Hoechst 33342 (Invitrogen), slides were examined under a

Nikon Eclipse E800 fluorescent microscope. Images were captured with ACT-1 software.

Statistical analysis: Data were analyzed by one-way ANOVA with Dunnett's Multiple
Comparison post-test or two-way ANOVA (with repeated measures where appropriate)

with Bonferroni post-tests using GraphPad Prism Software.

Results

MAC-T cells are more sensitive to RTA than Vero or HeLa cells
It has previously been shown in our laboratory that a protein synthesis inhibitor,

anisomycin, induces apoptosis of MAC-T cells; therefore, we examined if RTA would
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induce apoptosis in MAC-T cells, since both proteins act on the ribosome. Other

mammalian epithelial cell lines, HeLa and Vero cells, were used to compare their

responsiveness to RTA. Since ricin can be used as a bioterror weapon that could

potentially be delivered by aerosolization to humans, mammalian epithelial cells have

been used to study its cytotoxicity. Caspase 3 and 7 are essential to the execution phase

of apoptosis, and their activities are commonly used as indicators of apoptosis. As shown

in Fig. 2A and 2B, 1 pg/ml RTA induced caspase-3/7 activity in a time-dependent

manner in MAC-T cells, suggesting that MAC-T cells are responsive to RTA. RTA

induced significantly higher caspase-3/7 activity in MAC-T cells compared to Vero cells.

RTA induced caspase-3/7 activity 12-fold over untreated controls at 4 h (P < 0.01) and

the increase was maintained at 14-fold through 6 h (P <0.01) in MAC-T cells (Fig. 2A).

While RTA induced a 7-fold increase in caspase-3/7 activity at 6 h in HeLa cells,

significantly higher caspase-3/7 activity was induced in MAC-T cells relative to HeLa

cells at both 4 and 6 h (p < 0.001, p < 0.05, respectively, Fig. 2B). Therefore, we used

MAC-T cells in this study since they are the most sensitive cell line compared to Vero

and HelLa cells.
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RTA and ricin induce similar maximal increases in caspase-3/7 activity in MAC-T

cells but ricin is more effective at lower concentrations

Once we identified that MAC-T cells represented a sensitive cell line to study ricin

action, MAC-T cells were treated with increasing concentrations of RTA alone or ricin

holoenzyme for 4 h. A delayed concentration-dependent increase in caspase-3/7 activity

was observed when MAC-T cells were treated with RTA compared to ricin. Ricin

induced significantly higher caspase-3/7 activity at low concentrations (0.0001 — 0.01

pg/ml) compared to RTA (p < 0.05, Fig. 3); however, no differences in caspase-3/7

activity were observed between ricin and RTA at higher concentrations (0.1 to 10 pg/ml).

These data suggest that RTA enters the cell with a lower efficiency relative to ricin in the

absence of RTB, but ultimately is able to induce a similar degree of caspase-3/7

activation at higher concentrations.

RTA from Vector Laboratories induces caspase-3/7 activity less efficiently than

RTA isolated from Sigma while RTB has no effect

To determine if MAC-T cells responded similarly to RTA obtained from different

suppliers, MAC-T cells were treated with RTA from Sigma and Vector Laboratories.

Both sources of RTA induced caspase-3/7 activity in MAC-T cells; however, the increase
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in caspase activation after 4 h of treatment was significantly greater in cells treated with

RTA from Sigma relative to Vector Laboratories (Fig. 4A). To determine if this

difference was related to a difference in the dose-response curve, MAC-T cells were

treated with increasing concentrations of RTA for 6 h. There was no significant

difference between the two forms of RTA in terms of caspase-3/7 activity at relatively

high concentrations (1 and 10 pg/ml); however, RTA obtained from Sigma had

significantly higher caspase-3/7 activity relative to RTA obtained from Vector

Laboratories at 0.01 to 0.1 pg/ml of RTA (P <0.001, Fig. 4B). Additionally, 10 pg/ml

RTB was unable to induce caspase-3/7 activity in MAC-T cells over a 6-h treatment.

These data suggest that RTA obtained from Sigma induces apoptosis more efficiently

than the RTA obtained from Vector Laboratories and that RTB alone has no biological

effect in the cell.

RTA from Sigma is not contaminated with RTB

One possibility for the enhanced responsiveness of cells to Sigma RTA at lower

concentrations was that it contained some RTB, which could facilitate cell entry. As

shown in Fig. 5, western immunoblot analysis showed that neither RTA from Sigma nor

RTA from Vector Laboratories contained RTB (Fig. 5A). Conversely, no RTA was
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observed in RTB (Fig. 5B). Two bands of glycosylated RTA were observed, and were

seen at approximately 29 and 32 kDa.

One hour of exposure to RTA induces similar caspase-3/7 activity compared to

exposure over the entire treatment interval

For this experiment, MAC-T cells were treated with RTA for the entire treatment

interval, as in previous experiments, or RTA was removed after 1 h, cells were rinsed,

and media were replaced with serum-free media for the remaining time. Interestingly,

there were no differences in caspase-3/7 activity between cells exposed to RTA for 1 h

compared to the entire treatment interval (Fig. 6).

RTA depurinates the a-sarcin/ricin loop of 28S rRNA and inhibits protein synthesis

To further examine cytotoxicity of RTA in MAC-T cells, we analyzed ribosome

depurination and protein synthesis. Total RNA was isolated from MAC-T cells, and

depurination of rRNA was examined by dual-primer extension assay. A depurination

primer was used to measure the extent of rRNA depurination, and the 28S rRNA primer

was used to measure the total amount of 28S rRNA in the primer extension reaction. The

extent of ribosome depurination was quantified by densitometry and normalized by the
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total amount of 28S rRNA. Ribosome depurination was observed in the MAC-T cells
which were treated with either 0.1 or 1 pg/ml RTA. The highest level of ribosome
depurination was observed with 1 pg/ml RTA after 6 h of treatment (Fig. 7A). Although
ribosome depurination was relatively similar at 6 h for both concentrations tested, there
were differences between the two concentrations at 2 and 4 h (5% vs. 42%, 51% vs. 89%,
respectively, Fig. 7B). Inhibition of protein synthesis is associated with ribosome
depurination. Therefore, the protein synthesis status was investigated by [*°S]-methionine
incorporation. Results were similar to ribosome depurination; 1 pg/ml RTA inhibited
protein synthesis approximately 50% by 2 h, with maximal inhibition observed at 4.5 h.
RTA maximally inhibited protein synthesis at 4.5 h for both concentrations tested, but
there were significant differences between the two concentrations at 2 h (91% vs. 50%)

and at 3 hours (77% vs. 4%, Fig. 8).

Caspase-3/7 cleavage, PARP cleavage and TUNEL staining indicate that RTA
effectively induces apoptosis

To gain further insight into the ability of RTA to induce apoptosis in MAC-T cells, we
investigated a broader spectrum of molecular assays. Since the SensoLyte Homogeneous

AMC Caspase-3/7 Assay kit detects a shared fluorogenic substrate, Ac Asp-Glu-Val-
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Asp-AMC, from both caspase 3 and caspase 7, this assay cannot distinguish between

activation of these two caspases. In order to determine which caspase was activated by

RTA in MAC-T cells, we performed Western immunoblotting using specific antibodies

for their cleaved forms. RTA induced caspase 3 and 7 cleavage in a time- and

concentration-dependent manner with RTA treatment (Fig. 9A). Caspase 3 has been

reported to cleave PARP which is involved in DNA repair and is used as a marker of late-

stage apoptosis. Similar to the caspase 3 and 7 cleavage data, 1 pg/ml RTA induced

PARP cleavage at 4 h. In addition, an interesting observation was the similar PARP

cleavage observed when cells were exposed to RTA for only 1 h compared with the

entire treatment interval (Fig. 9B). As shown in Fig. 10, TUNEL staining was also

observed. Disintegrated nuclei were observed after 4 h exposure of 1 ng/ml RTA.

The JNK signaling pathway plays a major role in RTA-induced apoptosis

Since ricin activated both the JNK and p38 signaling pathways, we were interested in

determining which of these pathways were involved in RTA-induced apoptosis. Ricin

activated JNK1, JNK2 and p38 within 1 h of treatment compared to RTA alone. While

RTA alone had no effect at this time point, RTA did activate these signaling molecules at

2 h (Fig. 11A). Both JNK and p38 MAPK pathways maintained their activation through
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8 h of treatment with either holoenzyme or RTA (Fig. 11B). To examine the roles of

specific signaling pathways in apoptosis, specific signaling molecules were inhibited

using chemical inhibitors. Using the JNK pathway inhibitor SP600125, c-jun

phosphorylation was reduced by approximately 50%; however, a total knockdown in p38

phosphorylation was observed with the p38 inhibitor SB239063 (Fig. 12). When the INK

signaling pathway was inhibited by SP600125, RTA induced significantly lower caspase-

3/7 activity compared with that observed with an intact INK signaling pathway.

However, in the presence of the p38 signaling pathway inhibitor, SB239063, RTA

induced similar levels of caspase-3/7 activity (Fig. 13A). A similar pattern was observed

with RTA-induced caspase 3 cleavage via Western immunoblotting; JNK inhibition

decreased the ability of RTA to induce caspase 3 activation but not p38 inhibition (Fig.

13B). In contrast, inhibition of either the JNK or p38 signaling pathway had a significant

influence on RTA-induced PARP cleavage.

Transfection with small interfering (si) RNA was used to verify the results of the

inhibitor studies. Transfection of siRNA specific to JNK2 or p38a knocked down both

phosphorylated and total protein expression of JNK or p38 respectively (Fig. 14A). In the

presence of JINK2 siRNA, either 0.1 or 1 ug/ml RTA induced significantly less caspase-

3/7 activity compared to p38a siRNA (Fig. 14B). Similar results were observed with
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PARP cleavage; inhibition of the JNK signaling pathway reduced the ability of RTA to

induce PARP cleavage (Fig. 14C). Collectively, our data suggest that the JNK signaling

pathway plays a more important role than p38 pathway in mediating RTA-induced

apoptosis.

Discussion

The major goal of this study was to investigate the effects of exogenous RTA on

apoptosis in a non-transformed epithelial cell line and to determine the role of mitogen

activated protein kinase pathways in this response. The analyses of 28S rRNA

depurination and protein synthesis inhibition showed that RTA alone could enter MAC-T

cells and arrive at the ribosome fairly rapidly to elicit these effects. Additionally, we

observed that the MAPK pathways p38 and JNK were activated, indicating that ribotoxic

stress was induced. Ribotoxic stress is defined as the activation of MAPK pathways in

response to ribosomal damage. It is also induced by agents such as short-wavelength UV

light, the tumor promoters arsenite and palytoxin, hyperosmotic shock, proinflammatory

cytokines, or withdrawal of a trophic factor (27). In order to determine which of these

pathways were more important in apoptosis in response to RTA, chemical inhibitors and

siRNAs were used to inhibit activation of each pathway. We demonstrated that the JNK
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pathway plays a more important role than the p38 MAPK pathway in RTA-induced

apoptosis.

The nontransformed mammalian epithelial cell line MAC-T has served as a useful

cell culture system in our laboratory for ribotoxic stress and apoptotic studies (60);

therefore, we hypothesized that the MAC-T cell line would be a suitable cell culture

system for studying RIP-induced cytotoxicity. We first measured activation of the

executioner caspases 3 and 7 in RTA-treated MAC-T, HeLa, and Vero cells.

Surprisingly, we observed apoptotic activation in MAC-T cells with the treatment of

RTA in the absence of RTB within 2 to 4 h. Our data showed that MAC-T cells were

more sensitive to RTA than HeLa or Vero cells. It has been reported that in human

umbilical vein-derived endothelial cells, human embryonic kidney 293 and HeLa cells,

RTA alone induces very low levels of cytotoxicity (39, 61). Although we showed that

RTA activated very little apoptosis in Vero cells, we observed that another RIP, Shiga-

like toxin 2 (Stx2) did activate apoptosis as well as depurination in these cells (see

Chapter three). The cell type specificity of RIP surface receptors may explain the

observed differences in susceptibility to different RIPs, as the pentamer of Stx2-B-chain

binds to the globotriaosylceramide (Gb3) receptor on the cell membrane (62). MAC-T
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cells may contain a surface protein that is not present on Vero cells that allows the RTA

chain to bind and enter the cells in the absence of RTB.

RTB facilitates entry of ricin holoenzyme into cells by binding to the glycolipid

or glycoprotein on the cell membrane, and RTA contains the enzymatic activity that

irreversibly inactivates the ribosome (7). Although it is generally accepted that RTB is

required for ricin holoenzyme to induce cytotoxicity, a few research groups have reported

the comparison between RTA and ricin holoenzyme in other cell lines. In HeLa cells,

33.4 nM of recombinant RTA was needed to inhibit protein synthesis 50% compared to

3.3 pM of ricin holoenzyme within 6 h (63). In Vero cells, 200 ng/ml of recombinant

RTA inhibited 50% of protein synthesis compared to 1 to 2 ng/ml of ricin holoenzyme

(64). In the human T-leukemia cell line CEM, an immunotoxin consisting of RTA needed

more time to inhibit protein synthesis by one order of magnitude compared to ricin

holoenzyme (60 h vs. 2 h) (38). Accordingly, these data indicate that RTA alone inhibits

protein synthesis relatively ineffectively in many cell lines compared to ricin

holoenzyme. It was proposed that RTA may enter these cells by fluid phase mechanisms

in the absence of RTB-binding to the cell membrane (65). When HEK293 and HeLa cells

were treated with RTA and RTB-expressing recombinant adenovirus together, a higher

degree of cell death was observed relative to that treated with RTA alone (61). These data
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agree with the present work, which showed that RTA and ricin holoenzyme exhibited

different dose-response curves in terms of their ability to activate caspase-3/7 in MAC-T

cells. We showed that a high concentration of RTA alone induced apoptosis relative to a

low concentration of ricin holoenzyme (0.0001 — 0.01 pg/ml), which represented an

approximate 1000-fold difference. It was also reported that fluid phase uptake of RTA

and pokeweed antiviral protein (PAP) are similar and essentially homogeneous (65). PAP

is a single chain RIP and thus has no specialized mechanism to enter cell membranes.

The mannose receptors on the cell membrane of macrophages were identified to be

involved in entry of ricin (66). However, while the present study highlights the validation

of a suitable cell culture system for analyzing RTA-induced cytotoxicity, we have not

determined if MAC-T cells possess mannose receptors. This study utilized multiple

methods for quantitating apoptosis, including caspase-3/7 activation, PARP cleavage, and

TUNEL assay. Overall, the results provided convincing evidence that RTA induces

cytotoxicity in the absence of RTB, which may have implications for developing

therapies against ricin intoxication.

The cytotoxicity of RTA has been characterized by inhibition of protein synthesis,

inhibition of cell proliferation, or trypan blue staining (9). Few studies have actually

investigated the effects of ricin or RTA on apoptosis in relation to signaling mechanisms.
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Overall, we found that the JNK pathway played a greater role in RTA-induced caspase

activation and apoptosis compared to p38 MAP kinase pathway. In contrast, significantly

lower ricin-induced apoptosis was observed in the presence of a p38 MAP kinase

inhibitor in the murine macrophage-like cell line RAW264.7; however, the effects of

JNK pathways on ricin-induced apoptosis were not examined (28). Several studies have

examined the role of SAPK pathways in ricin induction of proinflammatory markers such

as TNF-a and interleukin-1/8 (29, 30, 67). Ricin induces activation of p38, JNK, and

ERK signaling pathways, as well as TNF-o mRNA levels in a murine

monocyte/macrophage cell line (29). When these MAPK pathways are knocked-down

with chemical inhibitors, TNF-o mRNA levels are not increased in response to ricin.

They also observed p38, INK, and ERK phosphorylation in the kidney of ricin-treated

mice (30). Similarly, a significant decrease in the ricin-induced proinflammatory

response was observed in the presence of a p38 MAP kinase inhibitor in human primary

airway epithelial cells (68). The p38 MAPK pathway is required for ricin to induce

interleukin-8 expression in the human monocyte/macrophage cell line 28SC (29).

Collectively, the p38 MAPK pathway plays an important role in proinflammatory gene

expression induced by ricin.
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Ricin toxicity may arise from intoxication due to multiple administration routes,

including ingestion, injection, or inhalation (1). Therefore, it is not surprising that ricin

poisoning is characterized by death due to multiorgan failure or cardiovascular collapse.

In a rat model system with ricin aerosol inhalation, ricin induced destructive

inflammatory damage in the lung (12). When mice were exposed to ricin, epithelial

necrotic and apoptotic cells were observed in the intestine (69). Our understanding of the

interactions between ribotoxic stress, SAPK pathways, and apoptosis still remains vague

due to the complexity of the mechanism. Identifying the molecular components of ricin

intoxication in a mammalian cell model will provide information needed to develop

effective therapies against ricin poisoning.

In this study, a nontransformed epithelial cell culture system which is sensitive to

RTA alone has been established for future mechanistic research. Additionally, these data

suggest that the JNK pathway plays an important role in apoptosis which is induced by

RTA. Identification of potential links between ribosome depurination and apoptosis are

important for success in detailing molecular mechanisms of ricin toxicity in mammalian

systems. Future studies using the differences between ribosome depurination and

cytotoxicity of mutant RTA selected by mutagenesis may bring insight into the



relationship between ribotoxic stress, SAPK pathways, and apoptosis in mammalian

cells.
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CHAPTER THREE

EFFECT OF RIBOSOMAL PROTEIN L3 DELTA ON CYTOTOXICITY OF

SHIGA-LIKE TOXINS

Introduction

The shiga-like toxin (Stx) family contains Shiga-like toxin 1 (Stx1) and Shiga-like

toxin 2 (Stx2) which are produced by bacteria (70). The most common Stx is produced

from enterohemorrahagic Escherichia coli and is responsible for many incidences of food

borne infectious disease and death occurring in the United States. Stx causes diarrhea,

hemorrhagic colitis, and hemolytic uremic syndrome (HUS). The young and the elderly

are the most susceptible to the HUS for which no effective treatments are available (71).

Stx belongs to a family of ribosome-inactivating proteins (RIP) which includes ricin and

pokeweed antiviral protein (PAP). Stx is composed of one Stx-A-chain and pentameric

Stx-B-chains which are associated non-covalently. Stx-B-chains bind to the

globotriaosylceramide receptor on the cell membrane and facilitate cell uptake of the

toxin. Stx undergoes retrograde translocation to the Golgi apparatus where the catalytic

A-chain is cleaved by furin to generate an active Stx-A; and Stx-A, fragments (72). Stx-

A, and Stx-A, remain associated by a disulfide bond and are then translocated to the
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endoplasmic reticulum (ER). In the ER, the disulfide bond is reduced and Stx A; is

released to the cytosol. Stx-A-chain possesses N-glycosidase activity which cleaves an

adenine from the highly conserved sarcin/ricin loop on the 28S ribosomal RNA of the

large ribosomal subunit (40). This depurination interferes with the binding of amino acyl-

tRNA and the binding of elongation factor 2 to the ribosome, leading to protein synthesis

inhibition. Stx also induces apoptosis in a caspase-mediated manner in mammalian cells

(73).

Stx2 inhibits protein synthesis in a rabbit reticulocyte lysate but not in E. coli

lysates or wheat germ, while PAP inhibits protein synthesis equally among all kingdoms

(74). It has been suggested that this variation in sensitivity to rRNA may be due to the

difference in the interaction between the specific RIP and ribosomal proteins. It has been

shown that in yeast PAP binds to ribosomal protein L3, a highly conserved protein

located at the peptidyltransferase center, in order to depurinate the ribosome (75).

Additionally, a chromosomal mutant of yeast, which expressed mutant L3, prevented

PAP from binding to and depurinating the ribosome.

Since PAP and Stx are both ribosome inactivation proteins targeting the same

substrate, the ribosome, an N-terminal fragment of yeast ribosomal protein L3 (L3A99),

corresponding to the first 99 amino acids of L3, was proposed to play a role in Stx-
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induced cytotoxicity. It has also been shown in tobacco plants that co-expression of

L3A99 with PAP prevented PAP-induced ribosome depurination (76). In addition,

expression of Stx1 A-chain (Stx1a) or Stx2 A-chain (Stx2a) induced cytotoxicity in yeast

(Tumer, unpublished). Stx1a and Stx2a, which are the active N-glycosidase subunits of

Stx, have molecular weights of 32 kDa and 33 kDa, respectively. The nucleotide

sequence of Stx1a and Stx2a shares 57% homology. Despite the low level of homology

between them, Stx1 and Stx2 have similar secondary structures (77). Co-expression of

L3A99 with Stx1a or Stx2a in yeast resulted in an inhibition in the lethality of both toxins

(Tumer, unpublished). The objectives of the present study were to examine the role of

L3A99 in Stx-induced ribosome depurination and apoptosis in mammalian cells.

Materials and methods

Reagents: RPMI medium 1640 was purchased from Invitrogen (Carlsbad, CA). Fetal

bovine serum (FBS) was purchased from Gemini Bio-Products (West Sacramento, CA).

Penicillin, streptomycin, and gentamicin were purchased from Sigma-Aldrich (St. Louis,

MO). Stx2 was purchased from List Biological Laboratories (Campbell, CA). Falcon

tissue culture plasticware (Becton, Dickinson and Company, Franklin Lakes, NJ) was

used unless otherwise indicated.
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Cell culture: HeLa and Vero cells were kind gifts of Dr. Tom Obrig, University of

Virginia, Charlottesville, VA. Stock cultures of HeLa cells and Vero cells were routinely

maintained in RPMI medium 1640 supplemented with 10% heat inactivated (56°C, 30

minutes) FBS or FBS, respectively, and antibiotics. All cells were passaged by

trypsinization and maintained in a 37°C incubator with 5% CO,.

Caspase 3/7 Assay: Caspase 3/7 activation was measured using the SensoLyte

Homogeneous AMC Caspase 3/7 Assay kit according to the manufacturer's protocol

(AnaSpec, Fremont, CA). Cells were grown in 96-well flat clear bottom black

polystyrene cell culture-treated microplates (Corning, Corning, NY). Cells were grown to

confluence, washed twice with phosphate buffered saline (PBS), and incubated in RPMI

medium 1640 supplemented with antibiotics, 0.2% bovine serum albumin (BSA), and

30 nM sodium selenite during the serum-free washout period. The spent media were

aspirated and replaced with serum-free media without additives and supplemented with

antibiotics =+ treatments for various times. Caspase-3/7 substrate solution was added to

each well without removing the media, and the microplate was incubated at room

temperature for one h on an orbital incubator at 150 rpm. The microplate was kept away

from direct light and fluorescence intensity was measured at excitation/emission=360
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nm/460 nm using a Synergy HT Multi-Mode Microplate Reader (BioTek Instruments,

Winooski, VT).

Ribosomal RNA depurination assay: Ribosomal RNA (rRNA) depurination was
analyzed by dual-primer extension as described previously (59). Vero cells were grown to
confluence in 60 mm cell culture dishes (Becton, Dickinson and Company), serum-
starved, and treated as described above for caspase assays. After treatment, cells were
lysed in Trizol (Invitrogen), and total RN A was extracted using RNeasy columns
(Qiagen, Valencia, CA). RNA concentration was determined by using a Thermo
Scientific Nano Drop 1000 Spectrophotometer (Thermo-Fisher Scientific, Waltham MA).
RNA integrity was assessed by running RNA samples on an agarose gel stained with
ethidium bromide and checking 18S and 28S rRNA. Total RNA (2 pg) isolated from cells
was hybridized with 10° cpm of two primers end-labeled with [y->>P]JATP (Perkin-Elmer,
Waltham, MA) using T4 kinase (Invitrogen). The depurination primer (5'-
CACAGATGGTAGCTTCGCCCC-3') annealed 73 nucleotides (nt) 3’ of the depurination
site on the 28S rRNA and the 28S control primer (5'- TTCACTCGCCGTTACTGAGG-
3") annealed 99 nt 3’ of the 5" end on the 28S rRNA. rRNA depurination was verified by

the synthesis of 73 nt product which was terminated at the depurination site. The end-
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labeled 28S primer was diluted 1:4 with unlabeled 28S primer to conduct accurate

quantification, and the 99 nt products were used as an internal control. SuperScript II

Reverse Transcriptase (Invitrogen) was then used in the dual primer extension assay.

Extension products for the depurination and control fragments (73 nt and 99 nt,

respectively) were separated on a 7 M urea-5% polyacrylamide denaturing gel. The

extent of rRNA depurination was analyzed by scanning and quantifying the bands using a

Storm Phosphorlmager (GE Healthcare, Piscataway, NJ).

Western immunoblotting: Vero cells were grown to confluence in 60 mm cell culture

dishes, serum-starved, and treated with Stx2. After treatment, cell culture dishes were

placed on ice, and cells were washed with cold PBS. Cell lysates were collected in lysis

buffer as described in chapter two, incubated on ice for 30 min, and centrifuged at 13000

g for 15 min at 4°C. Protein concentration was determined using a Bradford protein assay

(Bio-Rad Laboratories, Hercules, CA) using BSA as a standard. Proteins were reduced

and denatured by B-mercaptoethanol and SDS, respectively. Equal amounts of protein

were separated by SDS-PAGE under reducing conditions. Gels were wet-transferred to

Trans-Blot transfer medium nitrocellulose membrane (0.2um; Bio-Rad Laboratories),

Immun-Blot PVDF membrane (0.45um; Millipore, Billerica, MA), or Immobilon-P



42

transfer (PVDF) membrane (0.2um; Bio-Rad Laboratories). Membranes were blocked in
tris buffered saline (TBS) + 0.5% tween (TBS-T) with 5% non-fat dried milk for one h at
room temperature, and then incubated with primary antibody overnight at 4°C.
Antibodies against poly(ADP-ribose) polymerase (PARP), JNK, p38, and phospho-p38
(Cell Signaling Technology, Danvers, MA), phospho-JNK (Santa Cruz Biotechnology,
Santa Cruz, CA), , V5 (Invitrogen), and akt (Millipore) were used to detect the
corresponding proteins. Membranes were washed with TBS-T, and then incubated with
horseradish peroxidase-conjugated secondary antibodies (anti-rabbit IgG and anti-mouse
IgG; GE Healthcare and Vector Laboratories, respectively). Membranes were again
washed with TBS-T, and incubated with Pierce enhanced chemiluminescence Western
blotting substrate (Thermo-Fisher Scientific) to detect peroxidase activity. Membranes
then were stripped with Restore plus Western Blot stripping buffer (Thermo-Fisher
Scientific) and reprobed with antibodies for total protein as loading controls. X-ray film

development was used for luminescence measurement.

Transfection: Vero cells were plated at 4 x 10* cells/cm? in RPMI 1640 medium
supplemented with 10% FBS and antibiotics in 96-well flat clear bottom black

polystyrene microplates. The next day, cells were transfected in RPMI 1640 medium
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supplemented with antibiotics with 0.2 pg total plasmid DNA using Turbofect in vitro

Transfection Reagent (Fermentas Life Sciences, Glen Burnie, MD) according to the

manufacturer's protocol. After 22 hours, caspase 3/7 activity was measured using the

SensoLyte Homogeneous AMC Caspase 3/7 Assay kit according to the manufacturer's

protocol (AnaSpec, Fremont, CA). For detection of transfected proteins, Vero cells were

plated in 6-well polystyrene plates and transfected as described above with 4 pg total

DNA. After 22 hours, cells lysates were collected and analyzed by Western

immunoblotting.

Statistical analysis: Data were analyzed by one-way ANOVA with Dunnett's Multiple

Comparison post-test or two-way ANOVA (with repeated measures where appropriate)

with Bonferroni post-tests using GraphPad Prism Software.

Results

Stx2 induces caspase-3/7 activity in Vero and HeLa cells

Vero cells represent a sensitive cell line to study Stx-induced cytotoxicity, although other

cell lines also respond to Stx2 with varying sensitivities, including HeLa cells (78-80).

Therefore, Vero and HeLa cells were used as cell culture models to study Stx2-induced

apoptosis. To determine if exogenous Stx2 induced apoptosis in Vero and HeLa cells, we
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measured caspase-3/7 activation. Caspase 3 and 7 are essential to the execution phase of
apoptosis, and their activities are commonly used as indicators of apoptosis. As shown in
Fig. 15, increasing concentrations of Stx2 induced caspase-3/7 activity in Vero and HeLa
cells. 1 pg/ml Stx2 induced significantly higher caspase-3/7 activity in Vero cells
compared to HeLa cells (10-fold and 5-fold, respectively, p < 0.05); however, differences
in caspase-3/7 activation observed between cell types at lower concentrations (0.001 to
0.01 pg/ml) were not significant. These data suggested that Vero cells are more sensitive
to Stx2 than HeLa cells at higher concentrations of the toxin.

To determine the time course of caspase activation by Stx2 in Vero cells, Vero
cells were treated with 0.1 pg/ml Stx2 and caspase-3/7 activity was measured for the
indicated times. Stx2 induced caspase-3/7 activity 5-fold relative to untreated controls at
6 h in Vero cells (Fig. 16A). Greater increases in caspase activation were observed when
cells were treated for longer time intervals. Stx2 induced caspase-3/7 activity 31- and 73-
fold relative to untreated controls at 12 and 16 h, respectively, as shown in Fig. 16B,
while treatment for 24 h increased caspase activation approximately 100-fold. This high-

level of Stx2-induced caspase-3/7 activation was maintained through 36 h (Fig. 16C).

Stx2 depurinates the a-sarcin/ricin loop of 28S rRNA
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To further examine cytotoxicity of Stx2 in Vero cells, we analyzed ribosome

depurination. Total RNA was isolated from Vero cells, and depurination of ribosomal

RNA (rRNA) was examined by dual-primer extension assay. A depurination primer was

used to measure the extent of rRNA depurination and the 28S rRNA primer was used to

measure the total amount of 28S rRNA in the primer extension reaction. Ribosome

depurination was observed after 6 h exposure to 0.1 pg/ml RTA and was maintained

through12 h; however, ribosome depurination was decreased at 18 h (Fig. 17). No

depurination was observed in untreated control cells.

Stx2 activates JNK and p38 signaling pathways in Vero cells

Stx2 activated INK1, INK2, and p38 signaling pathways within 2 h of treatment

in Vero cells (Fig. 18). JNK activation was maintained through 6 h while p38 activation

was decreased at 6 h. PARP is a DNA repair molecular and PARP cleavage is used as a

marker of late-stage apoptosis. Stx2 did not induce PARP cleavage until 6 h of treatment.

Transfection of Stx induces apoptosis in Vero cells

In tobacco plants, co-expression of L3A99 with PAP prevented PAP-induced

ribosome depurination (76). Since PAP and Stx are both ribosome inactivation proteins
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targeting the same substrate, the ribosome, we investigated if co-expression of L3A99

with the A-chain of Stx1 or Stx2 could reduce the cytotoxicity induced by Stx in Vero

cells. As shown in Fig. 19, bands were detected when cells were transfected with the

different plasmids. A band that migrated close to the expected molecular weight of 11

kDa L3A99 was observed in cells transfected with L3A99 alone. A second band of higher

MW was also observed, suggesting that the larger molecular weight band might be a

dimmer. With transfection of Stx1a alone, a lower MW band was observed, but this was

not the predicted size of Stx1la, suggesting that degradation of Stx1a may have occurred.

With transfection of Stx2a alone, a faint band was observed at the correct size, though a

higher band was also detected. When cells were co-transfected with L3A99 and Stx1a,

the two bands of L3A99 and a single band of Stx1a were observed. Surprisingly, while

three bands presented in co-transfection of L3A99 and Stx1a, two bands of L3A99 were

not observed with co-transfection of L3A99 and stx2.

We next determined if transfection of these DNA plasmids induced caspase 3/7

activity. As shown in Fig. 20, transfection with either vector or L3A99 alone showed

very low caspase-3/7 activity. Surprisingly, a low level of caspase-3/7 activity was also

observed in Vero cells transfected with Stx1a. Transfection of Stx2a alone induced

caspase-3/7 activity compare to vector or L3A99; however, co-transfection of L3A99 and
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Stx2 showed a similar level of caspase-3/7 activity relative to Stx2a alone (Fig. 20).

Collectively, our date suggest that co-expression of L3A99 and Stx2a did not prevent

Vero cells from Stx-induced caspase-3/7.

While we had proposed that L3A99 might have a protective effect on Stx-induced

apoptosis, L3A99 and Stx were transfected at the same time in Vero cells. Therefore, we

examine the ability of exogenous Stx2 to induce apoptosis in Vero cells which were

expressing L3A99. As shown in Fig. 21, exogenous Stx2-induced caspase-3/7 activities

were similar in Vero cells in the presence or absence of L3A99; indicating expression of

L3A99 did not inhibit Stx2-induced apoptosis.

Discussion

In the present study, we have investigated the effect of L3A99, a truncated

fragment of the L3 ribosomal protein, on Stx-induced apoptosis. Expression of L3A99

did not inhibit Stx-induced apoptosis in Vero cells. Preliminary data from our

collaborator showed that L3A99 conferred Stx-induced cytotoxicity in yeast (Tumer,

unpublished); however, our results from a mammalian epithelial cell culture system did

not correlate with their findings. Vero cells have been routinely used in our laboratory to

examine the action of another RIP, ricin, and bioactivity of exogenous Stx2 was
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demonstrated by caspase-3/7 activation, ribosome depurination, JNK pathway activation,

p38 MAK pathway activation, and PARP cleavage. For the expression experiments, we

have optimized the transfection conditions such as cell density, incubation time, and

transfection reagent/DNA ratio. DNA quality was also assured to yield the highest

transfection efficiency. However, we were experiencing difficulties in expressing L3A99,

Stx1, and Stx2, as well as identifying them despite V5 tag. In the case of co-expression of

L3A99 and Stx2, the expression of L3A99 and Stx2 were diminished compared to some

level of expression of L3A99 or Stx2 alone.

Moreover, we have optimized the condition of co-expression of L3A99 with

Stx1a or Stx2a which is the active subunit of Stx. L3A99 did not play a relevant role of

Stx2-induced caspase-3/7 activation whether Vero cells were treated exogenously or

transfected with Stx2. The limitation of the experiment is that we are not certain that the

level of L3A99 is sufficient to cause bioactivity. The data from this study is inconclusive

and needed to be investigated in depth to advance our knowledge of the Stx-induced

apoptosis and the potential therapeutic interventions.
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CHAPTER FOUR

CONCLUSIONS OF THE THESIS

The relationship between protein synthesis and cytotoxicity induced by ribosome-

inactivating proteins (RIPs) in mammalian systems is still unclear. Our long-range goal is

to investigate this relationship using recombinant ricin A-chain (RTA) mutants that are

deficient in their ability to either inhibit protein synthesis or apoptosis. To be able to

accomplish this goal, we have established a nontransformed epithelial cell culture system,

MAC-T, that is sensitive to RTA in the absence of ricin B-chain. We have demonstrated

that RTA alone induces apoptosis, depurinates ribosomes, inhibits protein synthesis, and

activates MAPK pathways in MAC-T cells. Moreover, we have observed that the

inhibition of the JNK pathway by chemical inhibitors or JNK2 siRNA reduces apoptosis

induced by RTA. We also determined that the JNK pathway plays a major role in RTA-

induced apoptosis in MAC-T cells. Additionally, Stx2 also induced apoptosis,

depurinated ribosomes, and activated MAPK pathways in Vero cells. However, a

truncated fragment of the L3 ribosomal protein did not play a relevant role in Stx-induced

apoptosis. Knowledge of the relationship between ribosome depurination and apoptosis is

important for developing treatments against RIP intoxication in mammalian systems.
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Figure 1. Retrograde translocation of ricin. From Audi et al., 2005 (1).
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Figure 2. Comparison of RTA-induced caspase-3/7 activation in MAC-T, Vero and
HeLa cells. (A) Confluent MAC-T (white bars) and Vero (gray bars) cells were serum-
starved for 16 h prior to treatment with 1 pg/ml RTA for the indicated times. (B)
Confluent MAC-T (white bars) and HeLa (gray bars) cells were serum-starved for 2 h
prior to treatment with 1 ug/ml RTA for the indicated times. Apoptosis was measured
using the fluorescent SensoLyte Homogeneous AMC Caspase 3/7 Assay kit (AnaSpec).
Bars represent mean + S.E. of three experiments. Data are relative to caspase 3/7 activity
in the absence of RTA. Data were analyzed by two-way ANOVA with repeated measures
with Bonferroni post-tests. *P < 0.05; **P < 0.01; ***P <0.001 for Vero or HeLa cells
vs. MAC-T cells. Adapted from Jetzt, Cheng, Tumer and Cohick; 2009 (81).
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Figure 3. Comparison of RTA- and ricin holoenzyme-induced caspase-3/7 activation.

—
"

Confluent MAC-T cells were serum-starved for 16 h before treatment with RTA or ricin
holoenzyme for 6 h. Apoptosis was measured using the fluorescent SensoLyte
Homogeneous AMC Caspase 3/7 Assay kit (AnaSpec). Bars represent mean + S.E. of
four experiments. Data are relative to caspase-3/7 activity in the absence of RTA. White
bars, RTA; gray bars, ricin holoenzyme. Data were analyzed by two-way ANOVA with
Bonferroni post-tests. *P < 0.01; **P <0.001 for RTA vs. ricin holoenzyme. Adapted
from Jetzt, Cheng, Tumer and Cohick; 2009 (81).



53

25 - %
g"‘" 20 — o
£ 1
s g 18- [

7 -
22 10-
8 -
rﬁv
°© L loe [
2 4 6
] Time (hour) anw
. 15 1 * k%
"’E.ﬁ‘ o wAE ~—
EE-“]' o FHE
-2 —_ I M &
-
22 5.
L
6
7, lnm [lne
102 1071 1 10

Concentration (ng/ml)

Figure 4. RTA obtained from Sigma induces caspase-3/7 activity more efficiently
than RTA obtained from Vector Laboratories. (A) Time course of apoptotic response
to RTA obtained from different suppliers. Confluent MAC-T cells were serum-starved for
16 h prior to treatment with 1 pg/ml RTA for the indicated times. RTA obtained from
Sigma (white bars) or Vector Laboratories (gray bars). (B) Apoptotic response to
increasing concentrations of RTA obtained from different suppliers, as well as RTB. Cells
were serum-starved for 16 h prior to treatment with RTA from Sigma (white bars), RTA
from Vector Laboratories (gray bars), or RTB (black bars) for 6 h. Apoptosis was
measured using the fluorescent SensoLyte Homogeneous AMC Caspase 3/7 Assay kit
(AnaSpec). Bars represent mean = S.E. of at least three experiments. Data are relative to
caspase 3/7 activity in untreated control cells. Data were analyzed by two-way ANOVA
with repeated measures with Bonferroni post-tests. *P < 0.05; **P < 0.01; ***P <0.001

for time (panel A) or concentration (panel B) comparisons.
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Figure 5. RTA is not contaminated with RTB regardless of source. RTA was separated
by SDS-PAGE and immunoblotted with antibody against RTB (A) or RTA (B).
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Figure 6. Effect of RTA on caspase-3/7 activation when cells are exposed to RTA for
the first h of treatment compared to the entire time. Confluent MAC-T cells were
serum-starved for 16 h prior to treatment with 1 pg/ml RTA for the indicated times.
Apoptosis was measured using the fluorescent SensoLyte Homogeneous AMC Caspase-
3/7 Assay kit (AnaSpec). White bars; RTA was removed after 1 h of treatment and
replaced with SF media; gray bars, RTA remained in the culture media the entire
treatment time. Bars represent mean + S.E. of at least three experiments. Data are relative
to caspase-3/7 activity in the absence of RTA. Data were analyzed by two-way ANOVA

with repeated measures with Bonferroni post-tests.
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Figure 7. RTA induces ribosome depurination in a time- and concentration-
dependent manner in MAC-T cells. (A) Confluent MAC-T cells were serum-deprived
for 16 h prior to treatment with RTA for the indicated times. Total RNA was analyzed by

a dual-primer extension assay with primers designed to recognize sequences downstream
of the depurination site and the 5’ end of the bovine 28S ribosome. (B) Depurination was
quantified and normalized against total 28S RNA. Bars represent mean £+ S.D. of two
experiments. Adapted from Jetzt, Cheng, Tumer and Cohick; 2009 (81).
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Figure 8. RTA inhibits protein synthesis in a time- and concentration-dependent

manner. Confluent MAC-T cells were serum-starved for 16 h prior to incubation in
methionine-free media for 45 min prior to treatment with RTA for the indicated times.
[35S]methionine was added to cells during the last hour of RTA treatment. Total protein
synthesis was determined by [35S]methionine incorporation. Bars represent mean + S.E.
of three experiments. White bars, 0.1 pg/ml RTA; gray bars, 1 pg/ml RTA. Data were
analyzed by two-way repeated measures ANOVA with Bonferroni post-tests. *P < 0.05;
*4P <0.01 for 0.1 pg/ml vs. 1.0 ug/ml RTA. Adapted from Jetzt, Cheng, Tumer and
Cohick; 2009 (81).
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Figure 9. RTA induces cleavage of caspase-3/7 and PARP. (A) Confluent MAC-T cells
were serum starved for 16 h prior to addition of glycerol (G) or RTA, 0.1 or 1 ug/ml for

the indicated times. Cell lysates (30 pg total protein) were separated by SDS-PAGE and
immunoblotted. Figure is representative of three separate experiments. (B) Cells were
serum-starved for 18 h prior to addition of glycerol (G) or 1 pg/ml RTA (R*, RTA was
removed after 1 h of treatment and replaced with SF media; R, RTA remained in the
culture media the entire treatment time). Cell lysates (50 pg total protein) were separated
by SDS-PAGE and immunoblotted. Bands at 119 and 89 kDa represent intact and cleaved
PARP, respectively. Figure is representative of 2 separate experiments. The caspase 7
antibody recognizes the 20 kDa subunit, while the caspase 3 antibody recognizes two
cleaved species; the 17 kDa subunit and the 19 kDa subunit which contains the
prodomain. Adapted from Jetzt, Cheng, Tumer and Cohick; 2009 (81).
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Figure 10. RTA induces TdT-mediated dUTP nick end labeling (TUNEL) staining in
a time-dependent manner. MAC-T cells were plated on glass chamber slides and grown
to confluence. Cells were serum-starved overnight and treated with 1 pg/ml RTA for 2, 4,
and 6 h. Nuclei were stained with Hoechst 33342 (left panel), and ricin-induced DNA
strand breaks were detected using TUNEL staining (right panel). Adapted from Jetzt,
Cheng, Tumer and Cohick; 2009 (81).
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Figure 11. RTA and ricin holoenzyme activate JNK and p38 in MAC-T cells. (A)
Confluent MAC-T cells were serum-starved for 16 h prior to treatment with glycerol (G),
1 pg/ml RTA (A) or ricin holoenzyme (R) for the indicated times. (B) Cells were serum
starved for 16 h before treatment with 0.1 and 1pg/ml RTA for the indicated times. For
each experiment, total cell lysates (30 pg) were immunoblotted with phospho-specific
antibodies, then membranes were stripped and reprobed with antibodies for total protein.
Blots are representative of 2—3 separate experiments. Adapted from Jetzt, Cheng, Tumer
and Cohick; 2009 (81).
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Figure 12. Chemical inhibitors inhibit the JNK and the p38 pathways. Confluent
MAC-T cells were serum-starved for 16 h before treatment with RTA + inhibitor for 4 h.
Total cell lysates (30 ug) were separated by SDS-PAGE, immunoblotted and quantified
by densitometry. Bars represent mean + S.E. of three separate experiments. A
representative blot is shown on the left. Adapted from Jetzt, Cheng, Tumer and Cohick;
2009 (81).
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Figure 13. Effect of chemical inhibition of JNK1/2 and p38 signaling pathways on
RTA-induced caspase activation and PARP cleavage. Confluent MAC-T cells were
serum-starved for 16 h before treatment with RTA =+ inhibitor for 4 h. (A) Apoptosis was
measured using the fluorescent SensoLyte Homogeneous AMC Caspase 3/7 Assay kit
(AnaSpec). Bars represent mean = S.E. of three separate experiments for SP600125

(50 uM) and five separate experiments for SB239063 (30 uM). White bars, DMSO
control; gray bars, inhibitor. Data were analyzed by two-way ANOVA with Bonferroni
post-tests. *P < 0.001 for treatment with inhibitor vs. treatment without inhibitor. (B)
Total cell lysates (30 pg) were separated by SDS-PAGE, immunoblotted, and quantified
by densitometry. Bars represent mean + S.E. of five separate experiments. Data were
analyzed by one-way ANOVA with Dunnett's Multiple Comparison post-test. *P < 0.05;
**#P <0.01; indicates difference from RTA alone. A representative blot is shown on the
left. Adapted from Jetzt, Cheng, Tumer and Cohick; 2009 (81).
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Figure 14. siRNA inhibition of JNK2 but not p38a decreases RTA-induced caspase
3/7 activation and PARP cleavage. MAC-T cells were transfected with siRNA and
treated with 1 pg/ml RTA for 4 or 6 h. (A) Total cell lysates were separated by SDS-
PAGE and immunoblotted. Blots are representative of two separate experiments. (B)
Apoptosis was measured using the fluorescent SensoLyte Homogeneous AMC Caspase
3/7 Assay kit (AnaSpec). Bars represent mean = S.E. of six separate experiments. Data
were analyzed by two-way ANOVA with Bonferroni post-tests. *P < 0.05; **P < 0.01;
NS =P >0.05. (C) Immunoblots probed with PARP antibody were quantfied by
densitometry and normalized using HSP60. White bars, scramble control; gray bars,
JNK2 siRNA; black bars, p38a siRNA. Bars represent the mean + S.E. of three separate
experiments. Data were analyzed by one-way ANOVA with Dunnett's Multiple
Comparison post-tests. *P < 0.05; **P < 0.01; indicates difference from RTA alone.
Adapted from Jetzt, Cheng, Tumer and Cohick; 2009 (81).
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Figure 15. Comparison of Stx2-induced caspase-3/7 cleavage in HeLa and Vero cells.
Confluent HeLa (white bars) and Vero (gray bars) cells were serum-starved for 2 h prior
to treatment with Stx2 for 6 h. Apoptosis was measured using the fluorescent SensoLyte
Homogeneous AMC Caspase 3/7 Assay kit (AnaSpec). Bars represent mean = S.E. of
three experiments. Data are relative to caspase 3/7 activity in the absence of Stx2. Data
were analyzed by two-way ANOVA with repeated measures with Bonferroni post-tests.
*P <0.05; for HeLa vs. Vero cells.
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Figure 16. Effect of Stx2 on caspase-3/7 activation in Vero cells. Confluent Vero cells

were serum-starved for 2 h prior to treatment with 0.1 pg/ml Stx2 for the indicated times.

Apoptosis was measured using the fluorescent SensoLyte Homogeneous AMC Caspase

3/7 Assay kit (AnaSpec). Bars represent mean = SD of triplicates in one experiment.
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Figure 17. Effect of Stx2 on depurination in Vero cells. Confluent Vero cells were
serum-deprived for 2 h prior to treatment with 0.1 ug/ml RTA for the indicated times.
Total RNA was analyzed by a dual-primer extension assay with primers designed to
recognize sequences downstream of the depurination site and the 5’ end of the 28S

ribosome.
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Figure 18. Stx2 activates JNK, p38, and PARP cleavage in Vero cells. Confluent Vero
cells were serum-starved for 2 h prior to treatment with 0.1 pg/ml Stx2 for the indicated
times. For each experiment, total cell lysates (30 ug) were immunoblotted with phospho-
specific antibodies, then membranes were stripped, and reprobed with antibodies for total

protein. Blots are representative of two separate experiments.
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Figure 19. Co-expression of L3A99, Stx1a, or Stx2a in Vero cells. Vero cells were
transfected with DNA codins for V5 tagged-L3A99, Stx1a, or Stx2a using Turbofect
(Fermentas) according to manufacturer’s protocol. Total cell lysates (30 pug) were
separated by SDS-PAGE and immunoblotted with V5 antibody. Blots shown are two
separate experiments.
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Figure 20. Effect of co-expression of Stx A-chain and L3A99 on caspase-3/7 activity

in Vero cells. Vero cells were transfected with plasmid DNA using Turbofect (Fermentas)

according to manufacturer’s protocol. Apoptosis was measured using the fluorescent

SensoLyte Homogeneous AMC Caspase-3/7 Assay (AnaSpec). Bars represent

mean = S.E. of 5 experiments.
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Figure 21. Effect of L3A99 expression on Stx2 with caspase-3/7 activity in Vero cells.

Vero cells were transfected with DNA using Turbofect (Fermentas) according to
manufacturer’s protocol and treated with Stx2 for 6 h. Apoptosis was measured using the
fluorescent SensoLyte Homogeneous AMC Caspase-3/7 Assay (AnaSpec). Bars represent

triplicates of one experiment.
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