






 56

histolytica cells are constantly and necessarily undergoing cell division (8) because they 

are single-celled organisms.   Therefore, it is also feasible that “conventional” signal 

cascades downstream of PIP3, seen in mammalian cells, may not operate identically in E. 

histolytica.  Perhaps the role of PI3Ks in cell survival is less important in cells that 

seemingly possess high steady state levels of PIP3.  Furthermore, at least one study has 

demonstrated that the PI3K/Akt pathway can promote apoptosis mediated by Fas-FasL 

(21).  In this case, inhibition of PI3K, as in the GFP-PH
BTK

 cells, might actually increase cell 

survival signals.  Studies such as these demonstrate that the context and mechanism of 

cell death is important for understanding the potential role for PI3K-related signaling. 

 It is important, then, to address the mechanism of death induced by MTZ.  The 

long-standing paradigm of the mechanism of action is that MTZ is activated by a cell’s 

metabolic activities.  Specifically, it has been reported that PFOR reduces Fdx, which, 

reduces NAD+ or MTZ to its active form (32).  The nitro group of MTZ is reduced to a 

nitroradical anion, which can be further reduced to a nitrosoimidazole (19), which then 

binds to proteins and DNA, causing irreversible damage to the cell (32).  However, 

several recent studies have shown that like mammalian cells, single celled eukaryotes, 

including D. discoideum and Giardia lamblia (7), Trypanasoma (42), and E. histolytica 

(31, 40), undergo a program of cell death.  PCD in these organisms can be induced by 

stimuli such as starvation, reactive oxygen species, or drugs (7), including MTZ (7).  A 

2004 study demonstrated that MTZ induced PCD phenotypes such as cell shrinkage and 

DNA fragmentation in the protozoan parasite, Blastocystis hominis (24).  It now seems 
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to be accepted that these organisms indeed undergo PCD; however, it is not well-

understood whether the type of PCD is best characterized as apoptosis, autophagy, or a 

novel type of PCD, primarily because the molecular machinery involved in these 

processes remains largely uncharacterized in this group of organisms (7).   

In addition to the relatively recent discovery that MTZ can induce PCD in B. 

hominis, new data has emerged that is important for understanding the complete 

picture of MTZ activation and resistance.  First, it has been demonstated that activated 

MTZ does not randomly bind to proteins in E. histolytica.  Instead, MTZ reproducibly 

binds to enzymes such as SOD, thioredoxin reductase, and thioredoxin, and to thiol 

containing compounds such as cysteine (19).  Second, it has been demonstrated that 

recombinant E. histolytica thioredoxin reductase can reduce MTZ in vitro (19); these 

authors obtained similar results when they tested recombinant T. vaginalis thioredoxin 

reductase (18, 19).  Therefore, metabolic pathways besides PFOR/Fdx may be involved 

in MTZ activation.  Third, it has been noted that bacterial nim (nitroimidazole 

reducatase) genes may be capable of detoxifying MTZ by adding a nitroso group to the 

drug, which is later reduced to a non-toxic amine.  E. histolytica and T. vaginalis also 

harbor nim genes, and a recent study demonstrated that expression of recombinant 

protozoal NIMs could induce MTZ resistance in E. coli (26).  Although expression levels 

of these genes did not correlate with MTZ resistance in either parasite, it is interesting 

that E. histolytica may indeed be capable of evading killing by MTZ, even without 

metabolic changes.   
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MTZ resistance has been characterized in T. vaginalis, Giardia lamblia, and E. 

histolytica, primarily by studying laboratory-induced resistant strains (36).  Not 

surprisingly, metabolic changes were observed in MTZ resistant Trichimonas vaginalis 

and Giardia.  For example, PFOR and Fdx I were downregulated fivefold and sevenfold, 

respectively, in MTZ-resistant Giardia (reviewed in (36)).   The levels of PFOR and Fdx 

also decreased in MTZ laboratory strains of T. vaginalis (36).    Likewise, a MTZ-resistant 

laboratory strain of E. histolytica displayed metabolic changes: MTZ-resistant E. 

histolytica cells showed increased expression of SOD and peroxiredoxin.  PFOR activity 

was not reduced, but the expression level of Fdx 1 was reduced, similar to MTZ resistant 

Giardia (36).  Both Giardia and T. vaginalis have alternate metabolic pathways that can 

be utilized to generate energy, but that do not activate MTZ (36); it is believed that E. 

histolytica has no alternative metabolic pathways, and that this phenomenon has 

prevented clinical MTZ resistance.  If E. histolytica has no mechanism to circumvent MTZ 

activation metabolically, how is it possible to induce MTZ resistance, even under 

laboratory conditions?  How do changes in levels of SOD and peroxiredoxin allow for 

MTZ resistance in E. histolytica?  The activation of MTZ is clearly not as straightforward 

as once believed, and activation mechanisms may differ among cell types.   

Besides metabolic changes that fail to activate drugs such as MTZ, cells can 

utilize many mechanisms to evade chemotherapeutic agents.  For example, cells can 

prevent drug uptake, actively excrete drugs, circumvent drug targets, or increase the 

efficiency of repair caused by drug damage (6).  To this end, we tested some of these 
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mechanisms in the MTZ resistant GFP-PH
BTK

 cells.  We tested the cells for MDR activity, 

and found that three different E. histolytica mutants had statistically significant MDR 

activity as compared to WT cells (Fig. 2.3).  Because we did not observe MTZ resistance 

in all three mutants, we do not believe that MDR activity caused the MTZ-resistant 

phenotype observed in the cells expressing GFP-PH
BTK

.  It is possible that long-term 

exposure to selectable markers, G418 and hygromycin, or the inducing antibiotic, 

tetracycline, triggered the MDR activity observed in these cells.  It has been reported 

that transient exposure to drugs, even those that are not considered substrates of Pgp 

pumps, can induce the expression of Pgp and MDR genes in human cancer cell lines (9, 

10).  Although not directly relevant to this study, this phenomenon should be 

considered when treating mutant E. histolytica cell lines with drugs.  We also looked for 

metabolic changes observed in other laboratory strains of MTZ resistant E. histolytica 

(e.g., levels of SOD).  We observed minimal changes in SOD levels by western blot (Fig. 

2.4).  Although the presence of a second, smaller band in the “wildtype” lane suggests 

that levels of SOD in cells expressing GFP or GFP-PH
BTK

 may be slightly altered in 

comparison to WT cells, the fact that this band was absent from both transgenic cell 

lines indicates that this difference was not responsible for the MTZ resistance observed 

in the cells expressing GFP-PH
BTK

.  However, we have not yet examined the possibility 

that levels of other enzymes known to be altered in MTZ resistant E. histolytica, such as 

peroxiredoxin, were perturbed in the cells expressing GFP-PH
BTK

.   
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Given that MTZ can induce PCD in B. hominis, and since PI3Ks play a role in PCD 

signaling pathways in other cell types, we next examined the possibility that MTZ 

induced PCD in WT E. histolytica cells (Figs. 2.5 and 2.7).  We observed no obvious 

changes in DNA condensation or cell size in four hours of incubation in MTZ, the time 

point at which differences in killing percentages caused by MTZ were observed using 

trypan blue staining (See Appendix D).  However, after 18 hours in MTZ, these 

phenotypes were extremely noticeable (Fig. 2.5).  We observed several different nuclear 

staining patterns.  In some cases, the DNA in the nucleus appeared condensed, and 

other times, the nucleus displayed a web-like staining pattern.  We often observed a 

prominent ring around the nucleus.  Several cells were observed with combinations of 

these phenotypes.  In contrast, the majority of cells incubated with an equivalent 

volume of PBS (diluent control) for 18 hours displayed round, condensed nuclei.   We 

also observed a statistically significant drop in cell size after 18 hrs in MTZ; the MTZ-

treated cells were approximately half the size of the PBS control-treated cells (Fig. 2.7).  

While this study may not be comprehensive enough to definitively identify MTZ as a PCD 

stimulus in E. histolytica, we have shown evidence that this is the case.   

In order to identify connections between inhibition of PI3K signaling and MTZ-

induced PCD, we repeated the microscopic study using cells expressing GFP-PH
BTK

.  

Surprisingly, as compared to WT cells treated with MTZ, we observed no differences in 

maintenance of nuclear integrity or stability of cell size when GFP-PH
BTK

 cells were 

treated with MTZ for 18 hours (Figs. 2.6 and 2.7).  There are several possible reasons 
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why we may have observed no “protection” from MTZ-induced PCD in GFP-PH
BTK

 cells.  

First, our characterization of PCD used microscopic observation of nuclei to distinguish 

untreated and treated cells.  While this was a straightforward method to distinguish 

between cells with vastly different phenotypes, this method does not easily distinguish 

between subtle changes in cells.  Furthermore, there was a difference of only 10% in the 

population of WT vs cells expressing GFP-PH
BTK

 that were killed by MTZ.  Although 

statistically significant, this relatively small difference may not be immediately obvious 

by microscopic examination of a population of cells.  In addition, it has been reported 

that any program of cell death is somewhat heterogeneous among any given cell 

population (22), further confounding microscopic observations of an entire population 

of cells.  Second, changes in levels of MTZ-induced death, calculated by live:dead counts 

of cells stained with trypan blue,  were recorded after a four hour incubation period.  It 

is possible that after 18 hours, which is presumably “late” in a PCD program, there is less 

of a difference in WT cells and those expressing GFP-PH
BTK

.  In other words, it is possible 

that inhibition of PI3K signaling simply delays the initiation of a PCD program: late stages 

may appear similar in both types of cells.  Therefore, it may be necessary to use a 

molecular approach that can detect cellular “apoptotic” changes at earlier stages of PCD 

in order to discern differences among the cell lines.  Furthermore, other programs of cell 

death, including autophagy, should be explored.  Entamoeba invadens utilizes 

autophagy during encystation (27), and others have shown that both DNA damaging 
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drugs (such as MTZ) (15) and reactive oxygen species (48) can induce autophagy in 

mammalian cells.  

Cells expressing GFP-PH
BTK

 may also be protected from MTZ via undetermined 

metabolic changes or by a novel mechanism that was not explored in this study.  A study 

using whole genome microarrays found that E. histolytica cells exposed to NO or H2O2 

displayed several changes in gene expression; however, the majority of responding 

genes corresponded to hypothetical proteins with unidentified function, suggesting that 

the amoeba possesses novel pathways for responding to nitrosative and oxidative stress 

(39).  Therefore, microarray analysis of cells expressing GFP-PH
BTK

 may help elucidate 

the MTZ resistance mechanism in this cell line.  Additionally, in-depth characterization 

of the metabolism of cells expressing GFP-PH
BTK

 may be necessary to understand its 

MTZ resistance mechanism. Interestingly, treatment of E. histolytica with MTZ caused 

the up- and down-regulation of genes involved in lipid metabolism (35), so it is not 

unreasonable to expect that a lipid kinase could play a role in the mechanism of action 

of MTZ.     

Fortunately, MTZ resistance is clinically rare in E. histolytica (3-5).  However, no 

vaccine is currently available (14), and despite the development of new 

chemotherapeutics (1, 2), MTZ remains the drug of choice for amoebiasis.  Therefore, it 

is important to completely understand the mechanisms of action of MTZ in E. 

histolytica.  It is tempting to assume that changes in metabolism identified in Giardia 

and Trichimonas represent the primary resistance mechanisms for MTZ in all organisms, 
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and that the absence of such metabolic changes in E. histolytica indicates that MTZ 

resistance will not be a problem. However, Samuelson has stressed that there are 

significant metabolic differences among MTZ-susceptible parasites (32).  This seems to 

be due in part to lateral gene transfer from multiple bacteria.  For example, 

Methanosarcina barkeri seems to be the source of E. histolytica Fdx, while Desulfovibrio 

desulfuricans possesses a Fdx most like that of Giardia.  In addition, MTZ activation and 

inactivation takes place in the cytosol of E. histolytica, but takes place in the 

hydrogenosome in T. vaginalis (32).  The microenvironments of these reactions may 

subtly alter the mechanism of action of MTZ and any associated resistance mechanisms.  

Finally, MTZ resistance varies with regard to environmental oxygen conditions: clinically 

MTZ-resistant strains of T. vaginalis have been identified that are only resistant in 

aerobic conditions.   

Despite the potentially complex nature of MTZ resistance, it is important to 

understand why overexpression of PH
BTK

 domains in E. histolytica could increase MTZ 

resistance.  Assuming inhibition of PI3K signaling in this cell line is responsible for the 

phenotype, new MTZ mechanisms related to this pathway may be discovered.  To the 

best of our knowledge, we have shown for the first time that inhibition of PI3K can 

induce MTZ resistance, and that MTZ can induce PCD in E. histolytica.  Most importanty, 

this cell line represents the possibility that relatively minor changes in gene expression 

could lead to clinically MTZ resistant strains of E. histolytica. 
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Future Studies 

 In order to completely understand the involvement of PI3K signaling in MTZ 

resistance in E. histolytica, we will need a better understanding of these individual 

pathways.  For example, what are the interacting partners of PI3K and its product, PIP3, 

in E. histolytica?  Assuming the AKT pathway is conserved in E. histolytica, what happens 

to MTZ resistance if AKT signaling is disrupted?  Is the PI3K pathway in E. histolytica 

related to a program of PCD?  Which proteins are involved in the putative PCD pathway?  

What is the timeline of PCD in E. histolytica?  Does treatment with MTZ alter PCD 

pathways?  Do cells expressing GFP-PH
BTK

 have changes in the PCD pathway or changes 

in metabolic pathways that might prevent activation of MTZ?   Are E. histolytica cells 

expressing GFP-PH
BTK

 resistant to other imidazole drugs?  While answering each of these 

questions will be a complex process, the results will be important for addressing any 

future problems with MTZ resistance in E. histolytica, and possibly other protozoans, 

and will be critical for the development of new amoebiasis therapies.  
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Appendix A 

Localization of PIP3 in E. histolytica using a GST-PH
BTK

 PIP3 biosensor and a PIP3 antibody 

 

Figure A.1. PIP3 predominantly localizes to the plasma membrane in WT E. histolytica.   

WT E. histolytica cells were stained with purified recombinant (Ai) GST (control) or (Aii) 

GST-PH
BTK

 protein and a fluorescent anti-GST antibody.  Corresponding DIC images are 

also shown (Aiii, Aiv).  Cells incubated with GST did not exhibit staining, while cells 

incubated with GST-PH
BTK

 showed uniform staining of the plasma membrane (data 

collected by Y.A. Byekova).  B. WT E. histolytica cells were also stained with a 

commercially available antibody to PIP3 and a secondary fluorescent anti-mouse 

antibody.  Similar to the cells stained with GST-PH
BTK

, the periphery of the cells was 

uniformly decorated with PIP3 antibody (Bi).  This pattern was observed in nearly all of 

the cells (Bii), but no staining was observed in cells incubated only with the secondary 

antibody (Biii).  Corresponding DIC images are also shown (Biv, Bv, Bvi) (data collected 

by R.R. Powell).  Together, these data suggest that GST-PH
BTK

 is a valuable tool for 

assessing PIP3 localization in E. histolytica cells.  

  

Data from Figure A.1 Part A appears in the August 2008 Clemson University Biological 

Sciences MS Thesis by Y.A. Byekova entitled “Characterization of phosphatidylinositol 

(3,4,5)-trisphosphate subcellular localization during endocytosis in Entamoeba 

histolytica.” Data from Figure A.1, Parts A and B, are part of the upcoming publication: 

Byekova, Y. A., R. R. Powell, B. H. Welter, and L. A. Temesvari. 2009. Localization of 

phosphatidylinositol (3,4,5)-trisphosphate to phagosomes in Entamoeba histolytica 

achieved using GST- and GFP-tagged lipid biosensors. Infect Immun. 

doi:10.1128/IAI.00719-09. 
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Appendix B 

Construction and validation of an E. histolytica cell line expressing GFP 

 

Figure B.1. Construction and validation of an E. histolytica cell line expressing GFP. 

In order to construct an E. histolytica cell line that expressed GFP, we used PCR to 

amplify EGFP (enhanced GFP) from a commercially available plasmid, pEGFP-N1 

(Clontech).  The amplified DNA was subcloned into the pCR2.1 TOPO plasmid vector 

(Invitrogen, Carlsbad, CA), and was subsequently ligated into the E. histolytica 

expression vector, pGIR209, which encodes a tetracycline (tet) operator and confers 

G418 resistance (2).  A. Log phase E. histolytica cells were stably transfected as 

described (4) with pGIR209 harboring GFP, in addition to a second plasmid, pGIR308, 

which encodes a tet repressor, and confers hygromycin resistance (2).  The dual plasmid 

system (gift of Dr. W.A. Petri, University of Virginia, Charlottesville, VA) allows for tet-

inducible expression of exogenous proteins in E. histolytica (2).  Expression of exogenous 

proteins was induced by the addition of 5 µg/mL tet to the culture medium for 24 hours.  

B. Expression of GFP was verified by western blot analysis of E. histolytica cell lysates as 
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described (3).  WT cells (B1) and cells induced to express GFP (B2) were incubated with 

mouse anti-GFP antibodies (Invitrogen).  Cells expressing GFP harbored a unique protein 

band of approximately 30 kDa, corresponding to the predicted size of GFP.  C. 

Expression of GFP was also verified using live cell imaging.  WT E. histolytica cells or cells 

induced to express GFP were chilled to remove them from the glass, centrifuged, and 

washed twice in PBS to reduce background fluorescence caused by components in the 

culture medium.  Cells were resuspended in a solution of glycerol:PBS (1:1), mounted in 

a Lab-Tek coverglass slide (Nalge Nunc International, Rochester, NY), and observed using 

a Zeiss LSM 510 confocal microscope.  Background fluorescence was observed in WT 

cells (Ci, Ciii; fluorescence images in left panels, DIC images in right panels), while cells 

induced to express GFP (Cii, Civ; fluorescence images in left panels, DIC images in right 

panels) displayed high fluorescence intensity when observed at microscope settings 

identical to those used to image WT cells.  Together, these data suggest that the E. 

histolytica cell line expressing GFP is authentic.  

 

E. histolytica cells expressing GFP were constructed and validated by R.R. Powell. E. 

histolytica cell lines expressing GFP-PH
BTK

 (cell line constructed by Y.A. Byekova) (1) or 

EhRabA-Q84L (cell line constructed by B.H. Welter) (4) were constructed using similar 

techniques and the same dual plasmid system.  Data from Figure B.1, Part B is part of 

the upcoming publication, reference #1, listed below.    
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Appendix C 

Measurement of endocytosis and adhesion in cells expressing GFP-PH
BTK 

 

Figure C.1.  Measurement of endocytosis and adhesion in cells expressing GFP-PH
BTK

. 

Few cells expressing GFP-PH
BTK

 were observed engulfing erythrocytes (1); therefore, this 

endocytic process was assessed quantitatively in cells expressing GFP-PH
BTK

, WT cells, 

and a control cell line expressing GFP. A. Cells expressing GFP-PH
BTK

 displayed inhibited 

erythrophagocytosis.  Red blood cell uptake levels in cells expressing GFP-PH
BTK

 were 

approximately 20% of WT levels, an extremely significant difference (***, P < 0.001) 

(data collected by Y.A. Byekova).  Because ligand binding is an important first step in 

phagocytosis, inhibited erythrophagocytosis can be attributed to reduced adhesion of 

red blood cells to the E. histolytica membrane.  B. Adhesion of erythrocytes to the 

surface of E. histolytica cells was quantified.  No significant differences were observed 

among the three cell lines, suggesting that expression of GFP-PH
BTK

 did not alter cell 

adhesion (quantification performed by R.R. Powell).  In order to determine if multiple 
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endocytic trafficking pathways were disrupted in cells expressing GFP-PH
BTK

, uptake of 

two additional endocytic markers, FITC-dextran and FITC-holo-transferrin (FITC-HTf), 

was assessed.  It has been reported that uptake of red blood cells, dextran, and the iron-

bound protein, HTf, relies on different endocytic machinery (2).  Because FITC and GFP 

exhibit similar excitation and emission spectra, individual “Time 0” blank samples were 

collected for individual cell lines and were subtracted from subsequent fluorescence 

readings.  C. Pinocytosis of fluid-phase was not inhibited in cells expressing GFP-PH
BTK

 

(measurements performed by Y.A. Byekova).  D. Uptake of FITC-HTf was significantly 

inhibited in cells expressing GFP or GFP-PH
BTK

 as compared to WT cells (data obtained 

by R.R. Powell).  However, the two GFP-expressing cell lines displayed no significant 

differences in FITC-HTf uptake levels as compared to one another.  Although we cannot 

rule out the possibility that expression of GFP-PH
BTK

 inhibits uptake of FITC-HTf, we do 

not favor this explanation because control cells expressing GFP also exhibited reduced 

uptake of this endocytic marker.  It is possible that, similar to increased activity of 

multidrug resistance pumps (see Chapter 2), long-term exposure to selection agents, 

G418 and hygromycin, affected uptake of FITC-HTf.  Together, these data suggest that 

PI3Ks likely play a role in erythrophagocytosis, but not related adhesion events and 

other endocytic processes, in E. histolytica.      

 

Data from Figure C.1, Parts A and C, appears in the August 2008 Clemson University 

Biological Sciences MS Thesis by Y.A. Byekova entitled “Characterization of 

phosphatidylinositol (3,4,5)-trisphosphate subcellular localization during endocytosis in 

Entamoeba histolytica.” Data from Figure C.1, Parts A, B, and C is part of the upcoming 

publication, reference #1, listed below.  
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Appendix D 

Microscopic examination of E. histolytica cells after a four hour metronidazole 

incubation 

 

Figure D.1. WT E. histolytica cells and cells expressing GFP-PH
BTK 

did not display altered 

nuclear morphology after four hours in MTZ. 
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Cells were incubated with PBS (A, B, C, G, H, I) or MTZ (D, E, F, J, K, L) for four hours and 

stained with Hoescht (A, D, G, J) and propidium iodide (B, E, H, K) as described in 

Chapter 2. DIC images are also shown (C, F, I, L).  WT cells and cells expressing GFP-PH
BTK

 

exhibited similar nuclear morphology after incubation in PBS or MTZ.  Nuclear 

fragmentation and condensation (J) was occasionally observed in both types of cells 

after 4 hours in MTZ; however, most of the nuclei were round and staining was 

consistent throughout the nuclei. Interestingly, the overall morphology of the cells was 

affected after 4 hours in MTZ.  Both WT cells and cells expressing GFP-PH
BTK

 were round 

in overall appearance (F, L) as compared to the amoeboid morphology displayed by cells 

incubated in PBS (C, I). Data collected by R.R. Powell. 

 

   

 


