
Entamoeba histolytica rhomboid protease 1 has a role in 
migration and motility as validated by two independent genetic 
approaches

Elena Rastew1, Laura Morf1, and Upinder Singh1,2,+

1Department of Internal Medicine, Stanford University School of Medicine, Stanford, CA

2Department of Microbiology and Immunology, Stanford University School of Medicine, Stanford, 
CA

Abstract

Rhomboid proteins represent a recently discovered family of intramembrane proteases present in a 

broad range of organisms and with increasing links to human diseases. The enteric parasite 

Entamoeba histolytica has evolved multiple mechanisms to adapt to the human host environment 

and establish infection. Our recent studies identified EhROM1 as a functional E. histolytica 

rhomboid protease with roles in adhesion to and phagocytosis of host cells. Since those studies 

were performed in a non-virulent strain, roles in parasite virulence could not be assessed. We 

focused this study on the comparison and validation of two genetic manipulation techniques: 

overexpression of a dominant-negative catalytic mutant of EhROM1 and knock down of EhROM1 

using a RNAi-based silencing approach followed by functional studies of phenotypic analyses in 

virulent parasites. Both the EhROM1 catalytic mutant and parasites with EhROM1 

downregulation were reduced in cytotoxicity, hemolytic activity, and directional and non-

directional transwell migration. Importantly, the role for EhROM1 in cell migration mimics 

similar roles for rhomboid proteases from mammalian and apicomplexan systems. However, the 

EhROM1 catalytic mutant and EhROM1 downregulation parasites had different phenotypes for 

erythrophagocytosis, while complement resistance was not affected in either strain. In summary, 

in this study we genetically manipulated E. histolytica rhomboid protease EhROM1 by two 

different approaches and identified similarly attenuated phenotypes by both approaches, 

suggesting a novel role for EhROM1 in amebic motility.
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1 Introduction

Intramembrane proteolysis mediated by rhomboid proteases was initially described in 

Drosophila (1–3). Rhomboid proteases belong to a family of seven transmembrane domain 

serine proteases harboring serine and histidine as a catalytic dyad (1, 3), which catalyze the 

release of membrane-bound substrates. Rhomboid proteases (ROMs) are conserved among 

all kingdoms of life (1, 4) and are known to control a wide range of biologically and 

medically important processes ranging from insulin resistance and type 2 diabetes by the 

mitochondrial rhomboid protease PSARL (5), mitochondrial dysfunction and Parkinson’s 

disease (6, 7), mitochondrial adaptation to stress (7, 8), shedding thrombomodulin and roles 

in wound healing by RHBDL2 (9), and ER – associated degradation and extraction of 

misfolded membrane proteins by the endoplasmic reticulum resident rhomboid protease 

RHBDL4 (10).

In parasitic species multiple rhomboid genes have been identified in Trichomonas vaginalis, 

Naegleria gruberi, Giardia lamblia, Leishmania major, Cryptosporidium parvum, Babesia 

bovis, Theileria spp., and Trypanosoma species (11). However, systematic studies to 

characterize the roles of these proteases have only been performed extensively in 

Toxoplasma gondii, Plasmodium spp. and Entamoeba histolytica (12–17), where these 

proteases are found to have multiple important roles. T. gondii contains six rhomboid 

proteases, one in the mitochondria, and five others that are expressed at different life cycle 

stages and localized in different cellular compartments. Roles of T. gondii proteases range 

from intracellular growth, maintenance of micronemal adhesin gradient (thus assuring 

directional gliding), apical attachment, and efficient host cell invasion (12–15, 18). Human 

and rodent malaria parasites, P. falciparum and P. bergehi, contain eight rhomboid genes 

with redundant and multiple roles in parasite development in the asexual blood stage 
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(ROM4, 6, 7 and 8) and in the mosquito or liver stage (ROM1, 3, 9 and 10). Moreover, 

ROM3 has a vital function in sporogony (19), ROM1 is important for proper formation of 

the Plasmodium parasitophorous vacuole (20), whereas ROM4 is involved in shedding of 

various surface adhesins. Shedding of the EBA175 adhesin is an essential event for sialic 

acid dependent invasion of red blood cells by the merozoite stage (12–14, 21) and removing 

extracellular adhesive domains of a transmembrane protein TRAP from sporozoite surface is 

essential for gliding motility and infectivity (22).

Entamoeba histolytica is an intestinal parasitic protozoan that causes colitis and liver 

abscess. E. histolytica is estimated to cause about 40,000 to 100,000 deaths annually 

worldwide (23)(24) and is ranked third as a cause of death among parasites (25). E. 

histolytica possesses several factors that influence tissue invasion including the surface N-

acetyl D-galactosamine-inhibitable lectin (Gal/GalNAc lectin) (26–28), cysteine proteases 

(29–31), pore-forming amoebapores (17, 32, 33) and saposin-like proteins (34). 

Additionally, phagocytosis (35) and motility are prominent pathological features of invasive 

amebiasis (36). Motility of E. histolytica pathogenicity is linked to its ability to destroy 

colonic epithelium and travel to extra-intestinal sites of infection and parasites with reduced 

motility are less virulent (35, 37, 38).

The genome of E. histolytica contains four genes annotated as rhomboid proteases, with 

only EhROM1 described to date as an active rhomboid protease (16, 17). Our previous data 

imply that EhROM1 functions as the sheddase for the amebic Gal/GalNAc lectin on the 

juxtamembrane site of the host cell (16). EhROM1 knockdown within the genetic 

background of the E. histolytica G3 strain revealed roles for EhROM1 in parasite adhesion 

and phagocytosis of host cells (17). However, since the E. histolytica G3 strain is inherently 

avirulent, studies on cytotoxicity could not be performed (32, 33).

In this work, our main objective was to use two independent approaches for genetic 

manipulation of ROM1 a virulent parasite strain to allow studies of virulence-associated 

phenotypes. We overexpressed a catalytic site mutant of EhROM1 (to function in a 

dominant-negative manner) and achieved RNAi-based downregulation of ROM1 in a 

virulent E. histolytica strain. We demonstrate that both approaches designed to interfere with 

EhROM1 activity resulted in parasites with remarkably attenuated transwell migration, 

significantly reduced cytotoxicity, and defects in pinocytosis. In addition, our study 

highlights parasite migration as a novel functional property of amebic rhomboid proteases. 

Thus, EhROM1 has multi-factorial roles in E. histolytica pathogenesis as both motility and 

migration are prominent pathological features of invasive amebiasis (36).

2 Materials and Methods

2.1 Plasmid construction

The full-length coding region of EhROM1 (EHI_197460) was amplified by PCR from E. 

histolytica HM-1:IMSS genomic DNA using the following primers: 

TCCCCCGGGCATTCTCCACCACATAACAATATA (forward primer), 

GCCGCTCGAGTTAATTGCATTTTCCAACATTGAGTA (reverse primer) containing 

SmaI and XhoI restriction sites, and cloned into a Topo TA pCR®2.1 vector (Invitrogen, 

Rastew et al. Page 3

Exp Parasitol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



USA). In order to generate the EhROM1 catalytic mutant, the serine at the amino acid 

position 188 was substituted with alanine using the following primer: 

GCAACGAACCTGCAGCTCC. Site directed mutagenesis was performed to insert the 

desired mutations into the DNA motif using the Quikchange site directed mutagenesis 

protocol (Stratagene). Both, wild type and mutated version of EhROM1 were sub cloned 

into the pKT-3M vector (39) at the SmaI and XhoI (New England Bio Labs Inc., USA) 

restriction sites resulting in an N-terminal triple Myc tag fusion. Correct gene insertion was 

confirmed by sequencing. EhROM1 silencing was achieved by generation of antisense small 

RNAs by the “trigger” method described by Morf (40). In brief, the first 132bp of the 

EHI_197520 coding sequence to which large numbers of antisense small RNAs map is 

designated as a “trigger”-sequence. This trigger was fused with the full-length open reading 

frame of the EhROM1 gene and resulted in significant downregulation of EhROM1 gene 

expression.

2.2 Generation of stable parasite transfectants

Entamoeba histolytica HM-1:IMSS trophozoites were transfected with each construct 

(“trigger” T-EhROM1-s; “catalytic mutant” EhROM1-SA; or “EhROM1 overexpression” 

EhROM1-OX) as previously described (17, 39). Briefly, mid-log parasites were seeded into 

25 mm Petri dishes, sealed with parafilm and allowed to grow at 37°C for 24 h. Transfection 

mixture containing 15–20 μg of plasmid DNA and 20 μl of SuperFect (Qiagen, USA) in a 

total volume of 200 μl of M199 medium (Gibco, USA) was incubated for 10 min at room 

temperature (RT). Plated amoebae were washed with M199 medium, after which 2 ml of 

M199 supplemented with 15% heat-inactivated bovine serum (Sigma-Aldrich, USA) was 

added to the plate. The SuperFect-DNA mixture was pipetted onto the plated amoebae, the 

dishes sealed and incubated at 37°C for 3 h, iced and transferred to glass tube containing 

TYI-S-33 medium (41). Parasites were allowed to grow for 48 h before adding 2 μg/ml of 

G418 (Cellgro, USA). T-EhROM1-s stably transfected parasite line with the corresponding 

control cell line (trigger fused to a luciferase gene) at 6 μg/ml of G418 were obtained. 

EhROM1-OX and EhROM1-SA stably transfected parasite lines (with the corresponding 

control cell line overexpressing luciferase protein) were grown at 12 μg/ml G418 drug 

selection.

2.3 Western blot analysis

Protein expression was detected using western blot analysis as previously described (17). 

Lysates were prepared using log phase trophozoites. Trophozoites were iced, pelleted and 

washed in ice cold PBS, then resuspended in NETN lysis buffer (100 mM NaCl, 20 mM 

Tris pH 8.0, 1 mM EDTA, 0.2% NP-40) containing 50 μM E-64 and 1 x HALT inhibitor 

cocktail, incubated 10 min on ice, followed by centrifugation at 14,000 g for 10 min. The 

remaining pellets were dissolved in 8 M Urea solution. Lysates were applied to a 10–12% 

SDS-PAGE gel and transferred onto a nitrocellulose membrane. The membrane was blocked 

with 5% milk in PBS-T (PBS containing 0.1% Tween-20) and incubated with antibodies 

against Myc (mouse) (1:1000 dilution; Cell Signaling Technology, USA), EhROM1 (rat) 

(1:20 dilution; custom made by Harlan, USA), EhROM3 (rabbit) (1:500 dilution; custom 

made by Pierce Biotechnology, USA), and Actin (mouse) (MP Biomedicals 1:1000) 

followed by incubation with secondary mouse or rat horseradish peroxidase (HRP)-
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conjugated antibody (1:1,000 dilution; Cell Signaling Technology or Santa Cruz 

Biotechnology, USA) and developed using enhanced chemiluminescence (ECL Prime) (GE 

Healthcare, USA). Blots were either scanned on a Kodak Image Station 4000R or imaged on 

film and developed using a Kodak X-OMAT 2000 processor.

2.4 Adherence assays

Assays to assess adherence to healthy mammalian cells were performed using Chinese 

hamster ovary (CHO) cells as previously described (17). Briefly, 1×104 parasites and 2×105 

CHO cells were mixed together, centrifuged at 150×g for 5 min, and incubated on ice for 1 

hr. After incubation, the supernatant was removed, the remaining 100μl media gently 

resuspended, and a hemocytometer was used to count the parasites. Parasites with three or 

more attached CHO cells were considered positive for adhesion.

2.5 Cell monolayer destruction assay and hemolytic activity assay

Assays were carried out as previously described (42). Briefly, 5×104 trophozoites were 

placed on a confluent CHO cell monolayer, centrifuged for 5 min at 50 g and incubated for 2 

h at 37°C. Cells were fixed with 4% ultra-pure formaldehyde for 10 min and rinsed twice 

with PBS, followed by staining with 0.1% methylene blue (OmniPur, USA) diluted in 10 

mM borate buffer (pH 8.7) and washed three times with the same buffer. The dye was 

extracted by adding 1 ml of 0.1 M HCl at 37 C for 30 min. In order to measure the extracted 

dye, samples were diluted 1:10 with PBS and the absorbance at 650 nm was read in a 

spectrophotometer. The intact monolayer was set as 0% destruction and a syringe-lysed 

monolayer was set as 100% destruction and used as a blank.

Hemolytic activity assay was carried out as described (43) with some minor modifications. 

A total of 1.25×108 human erythrocytes were incubated for 1 h at 37 C with PBS washed 

1.25×106 of trophozoites (ratio 100:1) in a final volume of 1mL of PBS. After centrifugation 

for 5 min at 1000 g, 0.5 ml of the resultant supernatant was used to quantify released 

hemoglobin by determining the absorbance at 405 nm.

2.6 Transwell migration assays

For transwell migration assays parasites were grown to confluence in glass tubes. In order to 

monitor migration (without any addition of chemoattractant), cells were iced, pelleted and 

resuspended in complete TYI-S-33 medium (containing vitamins and serum) at a 

concentration of 5×105 cells/ml. To assay directed migration properties, cells were washed 

and resuspended in plain TYI-S-33 medium without addition of vitamins and serum. In both 

cases parasites (1.5×105) were added to the top of the transwell insert containing 8 μm pores 

(Costar, USA). Complete TYI-S-33 medium (1 ml) was placed in the bottom of the 

chamber. The 24 well plate was sealed with parafilm and placed in an anaerobic bag (Becton 

Dickinson, USA) for 3 h at 37°C. At the desired time point, the transwell inserts were 

removed and the parasites in the bottom chamber iced, transferred to Eppendorf tubes, 

centrifuged at 1,000 g for 5min, resuspended in 20 μl of TYI-S-33 and quantified with a 

hemocytometer.
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2.7 Red blood cell phagocytosis assays

Phagocytosis of hRBCs was assayed as previously published (44). Briefly, a total of 1×108 

hRBCs were incubated with 1×105 trophozoites in 0.2 ml of TYI-S-33 for 15 min at 37°C. 

Parasites and hRBCs were pelleted at 1,000 g for 2 min and resuspended twice in ice cold 

distilled water, ensuring lysis of all extracellular hRBCs. Ingested hRBCs were lysed in 

concentrated formic acid (88%, Sigma-Aldrich, USA) followed by recording absorbance at 

405 nm.

2.8 Pinocytosis assay

To assay fluid phase endocytosis (pinocytosis) trophozoites were iced and washed in 5ml of 

serum and vitamin free TYI-S-33 medium. A total of 1×105 cells were exposed to 5 mg/ml 

fluorescein isothiocyanate-dextran (FITC-Dextran; Sigma) in a final volume of 0.5 ml in 

serum and vitamin free TYI-S-33 for 15 min at 37°C. Parasites were collected by 

centrifugation at 1000 g for 2 min, washed twice in 1ml ice-cold PBS, and lysed by the 

addition of 0.2 ml of 2.5% (vol/vol) Triton X-100 in PBS. Total fluorescence of the samples 

(100 μl) was measured using 96-well plate fluorescence reader (Tecan Spectrafluor Plus) 

with excitation and emission wavelengths of 485 nm and 528 nm, respectively. 

Measurements were corrected for autofluorescence by using the zero minute sample.

2.9 Complement resistance assays

To assay resistance of parasites to human complement, a previously published protocol was 

followed with some modifications (45). Briefly, a total of 1×105 trophozoites were 

incubated in equal volume with 50 % normal human serum (NHS) in buffer containing: 1x 

PBS, 0.5 mM MgCl2, 1.25mM CaCl2 for 15–30 min at 37°C. As a control for cell viability, 

trophozoites were incubated with heat-inactivated NHS. Parasites were centrifuged at 1,000 

g for 5 min, resuspended in 50 μl of PBS and stained with 0.2% Trypan blue dye (Gibco) to 

assess cell viability. Dead cells stain blue, whereas viable cells exclude the dye. A total 

number of parasites and those that had excluded the dye were quantified. The average 

number of dead cells that resulted from the incubation with heat-inactivated NHS was 

subtracted from the average number of dead cells incubated with 50% NHS.

2.10 Statistical analysis

Comparison of data sets between control strains and their corresponding mutant strains were 

made using Students T-test. Data with a p-value p<0.05 were considered significant.

3 Results

3.1 Genetic manipulation of EhROM1 by generation of catalytic mutant and gene 
downregulation

Our previous studies demonstrated that EhROM1 knockdown (KD) parasites in the avirulent 

G3 strain had decreased host cell adhesion and erythrophagocytosis (17, 32, 33). 

Localization of EhROM1 to the parasite surface and relocalization to phagocytic vesicles 

during phagocytosis (17) suggest that EhROM1 may be involved in other aspects of host-

parasite interaction. In order to overcome the limitation of the previous G3-based knock 
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down system and to study biologically relevant phenotypes in a virulent strain, we used two 

genetic approaches: generation and overexpression of a EhROM1 catalytic mutant, which 

should serve in a dominant negative fashion and downregulation of EhROM1 in a virulent 

strain using a newly developed RNAi-based method (40). Since the methods for gene 

silencing in E. histolytica are hampered by low knockdown efficiency (46), we focused this 

study on the comparison and validation of two genetic manipulation techniques followed by 

functional studies of phenotypic analyses.

E. histolytica rhomboid protease 1 possesses the catalytic motif (GASGG), which is highly 

conserved among rhomboid proteases and also contains a conserved catalytic dyad 

comprised of serine S188 and histidine H242, which are required for protease function (1). 

By substituting serine S188 with alanine, we generated a Myc-tagged EhROM1-SA catalytic 

mutant, which should function in a dominant negative fashion. Importantly, we have 

previously published that EhROM1 proteolytic activity was abolished with a catalytic serine 

to alanine mutant (syn-EhR1-SA), in an in vitro cleavage assay against Plasmodium 

adhesins BAEBL, Rh4, AMA1, and TRAP (16). Furthermore, similar approaches of 

catalytic mutants serving in a dominant negative manner have been successful in the 

mammalian mitochondrial rhomboid protease, PARL and in T. gondii (18, 47). E. histolytica 

wild type EhROM1 gene (EhROM1-OX) and the catalytic mutant EhROM1-SA were both 

cloned into a vector containing the E. histolytica cysteine synthase promoter, resulting in an 

N-terminal Myc-tag-protein fusion and ensuring the expression of each protein (39). 

EhROM1-SA stably transfected parasite line and two control cell lines (one overexpressing 

the luciferase protein and a second one with EhROM1 overexpression) were obtained at 12 

μg/ml of G418 drug selection. Since drug selection can affect the phenotypes tested, the 

same antibiotic selection was used for all cell lines. In our experience, parasites expressing 

luciferase largely behave similarly to wild type parasites (2), which encouraged us to use the 

luciferase overexpressing cell line as our principal control.

Overexpression of Myc-tagged EhROM1 and EhROM1-SA could be detected by Western 

blot analysis; the endogenous protein level of EhROM1 was low compared to highly 

overexpressed Myc-tagged EhROM1 and EhROM1-SA proteins (Figure 1A). Knockdown 

of EhROM1 was achieved according to an RNAi-based method recently developed by our 

group (40). In brief, the first 132bp of the EHI_197520 coding sequence, to which large 

numbers of antisense small RNAs map, is designated as a “trigger”-sequence. This trigger 

was fused with the full-length open reading frame of the EhROM1 gene. Transfection of E. 

histolytica HM-1:IMSS trophozoites with the silencing construct resulted in parasites with 

robust gene knock down of EhROM1 with undetectable mRNA as verified by northern blot 

analysis and RT PCR analysis; these parasites were named Trigger-EhROM1-silenced (T-

EhROM1-s) (40). Despite significant reduction of EhROM1 transcript level, expression of 

the closest homologous gene, EhROM2 (EHI_060330, with 56% sequence identity to 

EhROM1) was not affected, nor was a recoded EhROM1 targeted for silencing; both 

controls point to the specificity of EhROM1 silencing (40). T-EhROM1-s stably transfected 

parasite line and a corresponding control cell line T-luciferase-s (trigger silenced luciferase 

gene) at 6 μg/ml of G418 were obtained. We confirm a significant reduction of EhROM1 

protein level in the T-EhROM1-s cell line (Figure 1B).
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3.2 Downregulation of EhROM1 results in decreased parasitic cytotoxicity and hemolysis

The cytotoxic activity of E. histolytica is a multistep process and is a major contributor to 

the virulence phenotype of the parasite (27, 28, 48). The E. histolytica surface carbohydrate-

binding lectin is a key virulence factor (26) and is strongly implicated in contact-dependent 

cytotoxicity and host cell adhesion (27, 28). Our earlier data demonstrate that EhROM1 

functions as a sheddase for the amebic Gal/GalNAc lectin (16), suggesting that EhROM1 

may play a role in regulation of parasite cytotoxic activity. The previous knockdown of 

EhROM1 was performed in the avirulent G3 stain and thus cytotoxicity could not be 

assessed (17). To address the effect of EhROM1 on parasite cytotoxicity, we used the 

EhROM1-SA mutant and the T-EhROM1-s cell lines. Chinese hamster ovary (CHO) cell 

monolayer destruction assays and hemolysis of human red blood cells (hRBCs) were 

performed. Both the EhROM1-SA mutant and the T-EhROM1-s cell lines were significantly 

attenuated in their ability to destroy mammalian monolayers and to lyse erythrocytes (Figure 

2).

Overall, the level of monolayer destruction by parasites overexpressing the EhROM1-SA 

catalytic mutant was comparable to trophozoites with silenced EhROM1. EhROM1-SA 

cannot cleave amebic Gal/GalNAc lectin in an in vitro cleavage assay (16). Thus, the fact 

that EhROM1-SA affected parasite cytotoxicity, a phenotype regulated by the Gal/GalNAc 

lectin, is a consistent observation. Although both EhROM1 mutants were also similarly 

reduced in their hemolytic activity, parasites overexpressing the EhROM1-SA catalytic 

mutant displayed a greater defect in hemolysis than parasites with silenced EhROM1. 

Overexpression of wild type EhROM1 did not result in increased cytotoxicity compared to 

the control strain (data not shown). Reduced cytotoxicity is reminiscent of the severely 

impaired invasion noted with genetic manipulation of the T. gondii rhomboid protease 

TgROM4 (15), which is important for shedding of MIC2 a microneme adhesive protein 

essential for efficient Toxoplasma invasion (49).

3.3 Downregulation of EhROM1 results in parasites with strongly reduced directed and 
non-directed transwell migration

E. histolytica motility is required to destroy colonic epithelium and parasites with reduced 

motility are less virulent (35, 37, 38). The decreased cytotoxicity of both EhROM1 mutants 

prompted us to further investigate whether their motility was also impaired. Therefore we 

monitored the ability of parasites to migrate through 8μm pores of transwell inserts. In 

previous studies, no significant defect in transwell migration was noted in ROM (KD) 

parasites compared to parental G3 strain (17). Those studies used 5-chloromethylfluorescein 

diacetate (CMFDA) cell tracker dye to label parasites. This dye impairs the general fitness 

of trophozoites and thus may have negatively impacted motility. In the current study we 

measured transwell migration directly by counting parasites that had migrated through the 

pores as has been described in other studies involved in migration analysis of surface 

proteases (9, 50). Using the direct counting approach, the data indicate that parasites 

overexpressing catalytic mutant, EhROM1-SA, and trophozoites with silenced EhROM1 

resulted in severely (~90%) diminished ability to migrate through the transwell inserts 

compared to control parasites (Figure 3A and 3B). Precedence for rhomboid proteases with 

similar roles in migration has been noted. Downregulation of mammalian rhomboid protease 
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RHBDL2 resulted in dramatically impaired transwell migration along with impaired 

cutaneous wound healing process (9). Conditional knock out of T. gondii TgROM4 resulted 

in parasites with greater adherence, but impaired motility and cell entry (15), whereas 

Plasmodium TRAP (the presumptive ROM4 substrate in vivo) rhomboid cleavage site 

mutants were defective in TRAP shedding and displayed slow, staccato gliding motility and 

reduced in sporozoite infectivity (22). Similarly the strongly impeded migration phenotype 

associated with EhROM1 manipulation may be due to impaired cleavage and function of the 

Gal/GalNAc lectin, which is an EhROM1 substrate (16).

In addition to examining non-directional transwell migration, we also assayed directional 

migration properties towards a nutrient source by placing rich medium on the bottom 

chamber while the parasites are in a nutrient-poor upper chamber. This approach should 

provide preliminary insights as to whether rhomboid protease EhROM1 might be involved 

in regulation of directed movement or chemotaxis. Via its interaction with the Gal/GalNAc 

lectin, EhROM1 might be involved in cell signaling and chemotaxis. Blazquez et al. 

previously reported that E. histolytica trophozoites blocked for Gal/GalNAc lectin signaling 

were inhibited in their oriented movement towards tumor necrosis factor (51). We assayed 

the directed migration of both EhROM1 mutants by monitoring their ability to move through 

8μm pores from plain to rich medium. Both the catalytic mutant and the trigger knockdown 

EhROM1 strain were strongly diminished in their ability to migrate through the transwell 

inserts in response to a nutrient gradient compared to control cells (Figure 3C and 3D). 

Overall, directionally oriented movement was less affected compared to non-oriented 

movement from plain medium to plain medium. Parasites overexpressing the catalytic 

EhROM1-SA mutant were almost completely inhibited in non-oriented transwell movement, 

and were reduced by ~80% in their directed migration towards nutrient rich medium. 

Trophozoites with silenced EhROM1 were reduced by ~90% attenuation with non-oriented 

movement, and were reduced ~70% in their directed migration towards nutrient rich 

medium (Figure 3). There was overall greater migration of wild-type parasites in response to 

the chemotaxis stimulus (completed medium) compared to migration in plain medium, 

indicating that the chemotaxis stimulus functioned as expected (data not shown). In 

summary, parasites with EhROM1 genetically manipulated were strongly impeded in their 

ability to cross a transwell filter membrane. Reduction in motility was noted in TgROM4 

conditional knock out parasites, which were unable to process surface adhesins resulting in 

disoriented twirling movement and impeded gliding motility (15).

3.4 Overexpression of EhROM1-SA mutant had no effect on erythrophagocytosis in 
contrast to T-EhROM1-s parasites, which had reduced erythrophagocytosis

Erythrophagocytosis is a phenotype associated with amebic virulence (36). In our previous 

studies it was shown that G3 parasites with downregulated EhROM1 were reduced in their 

ability to ingest red blood cells (17). Here we aimed to investigate whether we could 

confirm this previously observed phenotype, given the earlier observed defect in 

cytotoxicity. E. histolytica trophozoites were co-incubated with human RBC, and ingested 

erythrocytes were measured by recording hemoglobin absorbance at 405 nm after lysing the 

parasites. Parasites overexpressing the catalytic EhROM1-SA mutant (Figure 4A) and 

parasites overexpressing wild-type EhROM1 (Supplementary Figure 1C and data not 

Rastew et al. Page 9

Exp Parasitol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shown) did not have any significant changes in their phagocytic ability compared to 

controls. Mutation of the catalytic serine, which is essential for protease function might thus 

be dispensable for other EhROM1 functions (i.e. signaling), thus resulting in no impact on 

erythrophagocytosis. Parasites with silenced EhROM1 displayed a moderate defect (~20%) 

in erythrophagocytosis similar to previous results in G3 parasites with downregulated 

EhROM1 (17) (Figure 4B), implying that EhROM1 might only have a secondary or indirect 

impact on phagocytosis.

3.5 Downregulation of EhROM1 results in parasites with significantly reduced pinocytosis

Fluid-phase endocytosis or pinocytosis is important for amebic nutrient acquisition (52) and 

has been described as one of E. histolytica virulence functions (53, 54). Since the ability to 

ingest human RBCs by parasites overexpressing catalytic EhROM1-SA mutant differed 

from that of parasites with downregulated EhROM1, we aimed to examine whether there 

were any differences in fluid-phase endocytosis. Trophozoites were exposed to fluorescein 

isothiocyanate-conjugated dextran as a fluid-phase marker and the fluorescence of the 

ingested dextran was assessed. Both independently generated EhROM1 mutants were 

similarly diminished in their ability to ingest dextran. Parasites overexpressing mutant 

EhROM1-SA were reduced by ~50% in their pinocytosis ability and trophozoites with 

downregulated EhROM1 displayed a moderate but significant defect of ~40% compared to 

the control cell line (Figure 4C and 4D). This implies that a direct involvement of EhROM1 

protease activity is required for function within the endocytosis pathways in contrast to 

phagocytosis.

3.6 Downregulation of EhROM1 has no significant effect on complement resistance

E. histolytica is known to employ numerous strategies to avoid lysis by the host complement 

system (55–59). One of these processes is surface receptor capping, which is induced by the 

presence of antibodies against parasite surface proteins and results in their polarization and 

release from the parasite (45, 56). The amebic Gal/GalNAc lectin is one of the proteins 

targeted to the cap for release (45, 56). In our previous work we observed relocalization of 

EhROM1 during surface receptor capping to the cap, suggesting that EhROM1 may 

facilitate E. histolytica escape from the host cellular immune response. However G3-ROM 

(KD) parasites formed caps that were morphologically indistinguishable from G3 parasites 

and no change in complement resistance was noted (17). We assessed the newly generated 

EhROM1 mutants and their susceptibility to human complement. Complement resistance 

was measured by incubating EhROM1-SA mutant and T-EhROM1 silenced parasites with 

human serum for 15 or 30 min followed by trypan blue staining to assess parasite viability. 

No significant changes in parasite viability compared to control cell lines were noted (Figure 

4E and 4F). The general viability of EhROM1-SA parasites was higher (~50% survival) 

compared to T-EhROM1-s parasites (~20% survival).

4 Discussion

Intramembrane proteolysis mediated by rhomboid proteases is conserved in a range of 

organisms from bacteria to mammals with roles in bacterial quorum sensing, initiation of 

cell signaling events, regulation of mitochondrial homeostasis, and dismantling of adhesion 
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junctions of parasitic protozoa (1, 4). We used two methods of genetic manipulation of the 

E. histolytica rhomboid protease gene, EhROM1, to demonstrate that this protein has effects 

on multiple aspects of amebic virulence. Overexpression of a catalytically inactive EhROM1 

mutant mimicked the phenotype obtained by downregulation of EhROM1. Both parasite 

strains were similarly attenuated in their ability to destroy mammalian cell monolayer, 

hemolyze erythrocytes, ingest a fluid-phase marker and migrate through transwell chambers 

(summarized in Table 1). The diversity of defects identified using these approaches implies 

that EhROM1 may not be restricted to one substrate and that substrate profiling should be 

pursued in future studies.

Overall, the data suggest complex roles of rhomboid protease EhROM1 in ameba-host 

interactions. Similarly complex phenotypes were described for EhMSP-1, a surface 

metalloprotease involved in regulation of amebic adherence, with additional effects on cell 

motility, monolayer destruction, and phagocytosis (50). In a previous study the knock down 

of EhROM1 in the G3 strain resulted in decreased adherence to healthy mammalian cells but 

not towards apoptotic cells (17), suggesting that EhROM1 may directly or indirectly impact 

signaling during the adhesion process. The cytoplasmic domain of the Gal/GalNAc lectin 

contains an integrin-like motif, which regulates signaling and plays roles in adherence and 

virulence (60). Downregulation of EhROM1 results in decreased adherence (17), which 

might be due to impaired cleavage and function of the Gal/GalNAc lectin leading to reduced 

cytotoxicity towards cell monolayers and also in strongly impeded transwell migration. A 

conditional knock out of T. gondii rhomboid protease TgROM4 results in parasites unable to 

process surface adhesins (e.g. AMA1), displaying disoriented twirling movement and 

impeded gliding motility (15). Robust gliding motility and efficient invasion requires 

constant disengagement of Plasmodium TRAP from the sporozoite surface and extracellular 

matrix (or host cell receptors) by a rhomboid protease (22). Interestingly, in COS cell assays 

TRAP is effectively cleaved by wild type EhROM1 but not by a catalytic mutant (16), 

implying EhROM1 may have a role in regulating motility. Apicomplexan motility is a 

substrate-dependent form of locomotion, which occurs by gliding and that does not involve 

significant change in cell shape, in contrast to the crawling motility of ameba (61). However 

both modes of motility are similarly engaged to move across substrates and to actively 

invade host cells, since non-motile Plasmodium parasites fail to invade host cells (22) 

whereas amebic trophozoites are less virulent (35, 37, 38).

There is also growing body of evidence indicating that mammalian rhomboid proteases are 

involved in cell migration with implications for wound healing and cancer (9, 62). 

Downregulation of mammalian rhomboid protease RHBDL2 resulted in dramatically 

impaired transwell migration of keratinocyte cell lines (9). Moreover, the fact that oriented 

movement was strongly impeded in trophozoites inhibited for Gal/GalNAc function and also 

that genes encoding Gal/GalNAc lectin were upregulated during chemotaxis and involved in 

cytoskeleton dynamics (51) matches our previous results as Gal/GalNAc lectin being a 

substrate of EhROM1 (16).

Our data represent the first study of a rhomboid protease in an extracellular human parasite. 

Although intriguing functional diversity has been described for rhomboid proteases across 

evolution (63), to date little is known about roles of rhomboid proteases in phagocytosis or 
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pinocytosis. However mutants of mitochondrial rhomboid protease PARL are impaired in 

mitophagy, a process known as autophagic removal of damaged mitochondria, suggesting 

that defects in mitophagy may be an underlying mechanism of Parkinson’s disease (47). 

Interestingly, endocytic events that are important for the nutrient uptake rely on cholesterol 

containing lipid raft membranes enriched with heavy and light subunits of Gal/GalNAc 

lectin (52, 53). Cholesterol depletion results in reduced pinocytosis and adhesion to host 

cells as a likely consequence of lectin loss (52, 53) suggesting that EhROM1 might be 

transiently targeted to lipid rafts where it interacts with the Gal/GalNAc lectin.

Parasites with silenced EhROM1 match the phenotype of reduced erythrophagocytosis noted 

previously in the G3 strain (17). The difference in phenotype between the EhROM1-SA 

mutant and downregulated EhROM1 in erythrophagocytosis could be explained by the fact 

that the intact endogenous copy of EhROM1 is sufficient to overcome or compensate for the 

dominant negative suppression. Alternatively, rhomboid proteases often “share” substrates 

with other proteases such as metalloproteases (64) such that only inhibition of background 

cleavage would reveal the target of rhomboid protease. According to our data, mutation of 

the catalytic serine, which is absolutely essential for the protease function such as various 

substrate shedding, is most likely dispensable for EhROM1 signaling function. 

Catalytically-inactive rhomboid -like proteins (called iRhoms) still retain their important 

biological roles despite their lack of protease activity in such diseases as inherited condition 

tylosis with esophageal cancer (62) or indirectly impact tumor necrosis factor signaling by 

direct interaction with a disintegrin and metalloprotease called ADAM (64, 65)

The genome of E. histolytica contains four genes annotated as rhomboid proteases (17). In 

addition to EhROM1, EhROM3 (EHI_029220) has the catalytically important serine (S133) 

and histidine (H179) residues and thus might share substrate redundancy and functionally 

compensate for down regulation of EhROM1. Although neither ROM2 (EHI_060330) or 

ROM4 (EHI_128190) possesses active site residues required for protease function, we 

cannot rule out that they also contribute to signaling events, as data for catalytically inactive 

rhomboid proteases are emerging (62, 66).

5 Conclusion

In this study we genetically manipulated E. histolytica rhomboid protease EhROM1 by two 

different approaches and identified similarly attenuated phenotypes by both approaches. Our 

work provides confirmation of a new and effective RNAi-based gene silencing technique 

that overcomes the limitation of low knockdown efficiency in E. histolytica. Additionally, 

our data shed light on the complexity and importance of intramembrane proteolysis for 

multiple aspects of virulence in a medically important parasite. The intriguing diversity of 

phenotypes implies that EhROM1 may not be restricted to only one substrate target but may 

be similar to other rhomboid proteases, which possess multiple or overlapping targets. In 

summary, we highlight the unexpected role for EhROM1 in cell motility noted. Further 

studies are needed to fully identify the rhomboid proteases targets that impact parasite 

motility and chemotaxis.
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HIGHLIGHTS

1. Catalytic mutant and gene downregulation of Entamoeba rhomboid protease 1

2. ROM1 has roles in numerous aspects of parasite biology, including virulence

3. New roles in parasite migration and motility noted for ROM1

4. ROM1 role in cell migration mimics roles in mammalian and apicomplexan 

systems
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Figure 1. Protein levels of endogenous EhROM1 (untransfected), overexpressed Myc-tagged 
EhROM1, EhROM1-SA, and T-EhROM1-s in E. histolytica HM-1:IMSS trophozoites
(A) Western blot analysis of wild type (WT) untransfected cells and parasites 

overexpressing Myc-EhROM1 or Myc-EhROM1-SA with the antibody against EhROM1 

resulted in positive signal at the predicted size of 34kDa. Signal against Myc-tag was only 

present in parasites overexpressing Myc-EhROM1 or Myc-EhROM1-SA protein. Blots were 

probed with antibodies to EhROM1 (1:20), Myc (1:1000), and EhROM3 (1:500) as a 

loading control. Coomassie stain was used as an additional loading control. (B) Western blot 

analysis of EhROM1 resulted in positive signal at the predicted size of 34kDa in the control 

strain T-luciferase-s and strongly reduced signal in the T-EhROM1-s strain. Blots were 

probed with antibodies to EhROM1 (1:20) and Actin (1:1000) as a loading control. The 

control strain is trigger-silencing of the luciferase gene and all parasites are maintained at 6 

μg/ml G418 drug concentration.
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Figure 2. Overexpression of EhROM1-SA and downregulation of EhROM1 in E. histolytica 
trophozoites result in reduced cytotoxicity and hemolytic activity
(A and B) Cytotoxicity was measured by placing a total of 0.5×105 trophozoites on a 

confluent CHO cell monolayer for 2h at 37°C, followed by fixation, staining with 0.1% 

methylene blue, dye extraction, and spectrophotometric determinations at 650 nm. 

Overexpression of EhROM1-SA as well as downregulation of EhROM1 resulted in parasites 

with decreased ability to destroy CHO cell monolayer. *p-value <0.001 control versus 

EhROM1-SA; *p-value <0.039 control versus T-EhROM1-s. (C and D) Hemolytic activity 

was measured by incubating human erythrocytes with trophozoites in 100:1 ratio for 1h and 

released hemoglobin quantified at the absorbance of 405 nm. Overexpression of EhROM1-

SA and downregulation of EhROM1 resulted in parasites with decreased hemolytic activity. 

*p-value <0.0005 control versus EhROM1-SA; *p- value <0.018 control versus T-

EhROM1-s. The results represent the mean and standard deviations of three to five 

independent experiments and are expressed as the percentage of the control strain 

destruction level or hemolytic activity. The control cell line is one that is overexpressing (A 

and C) or silencing (B and D) the luciferase gene. The G418 drug concentration in (A and 

C) is at 12μg/ml and in (B and D) is at 6μg/ml.
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Figure 3. Overexpression of EhROM1-SA and downregulation of EhROM1 in E. histolytica 
trophozoites result in dramatically decreased motility and chemotaxis
Motility and chemotaxis were measured by assessing the number of parasites that migrated 

through the transwell chamber. A total of 1.5×105 parasites were added to the upper 

chamber of a transwell system and allowed to migrate into the lower chamber for 3 h at 

37°C. Overexpression of EhROM1-SA and downregulation of EhROM1 resulted in 

parasites with strongly diminished migration properties (A and B) and chemotaxis (C and D) 

though the transwell compared to the control. The average of three independent experiments 

is shown with standard deviation. Data are shown as a percentage of control strain motility 

or chemotaxis. The control cell line is overexpressing (A and C) or silencing (B and D) the 

luciferase gene. The G418 drug concentration in (A and C) is at 12 μg/ml and in (B and D) 

at 6 μg/ml. Motility: *p-value <5×10−6 control versus EhROM1-SA; *p-value <2×10−6 

control versus T-EhROM1-s; Chemotaxis: *p-value <1.2 ×10−5 control versus EhROM1-

SA; *p-value <0.02 control versus T-EhROM1-s. Cartoon represents transwell migration 

chamber with vertical bars representing plain TYI-S-33 media; horizontal bars represent 

TYI-S-33 media completed with serum and vitamins.
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Figure 4. Downregulation of EhROM1 results in differing phenotypes in erythrophagocytosis 
between EhROM1-SA and EhROM1 knock down but comparable defects of both EhROM1 
mutants in pinocytosis with no significant effect on complement resistance
Erythrophagocytosis was measured by incubation 1×105 trophozoites with 1×108 hRBC for 

15 min at 37°C, followed by lysis of extracellular hRBC and measurement of ingested 

erythrocytes at 405 nm. No significant changes in phagocytosis of hRBC noted in E. 

histolytica strains that overexpressed mutant EhROM1-SA compared to control (A), but 

parasite cell line T-EhROM1-s displayed a moderate defect in erythrophagocytosis (B) *p-

value <0.005 control versus T-EhROM1-s parasites; The results represent the mean and 

standard deviations of three to four independent experiments and are expressed as the 

percentage of the control strain erythrophagocytosis level. Pinocytosis (C and D) is assayed 

by incorporation of fluorescein isothiocyanate-dextran by 1×105 trophozoites and total 

fluorescence with wavelengths of 485 nm and 528 nm is measured. Parasites overexpressing 

mutant EhROM1-SA protein (C) and EhROM1 knock down mutant (D) were reduced in 

their ability to incorporate dextran.*p-value <0.007 control versus EhROM1-SA parasites; 

*p-value <0.01 control versus T-EhROM1-s parasites; The average of three independent 

experiments is shown with standard deviation. Data are shown as a percentage of control 

strain pinocytosis. Complement resistance was measured by incubation of 1 × 105 

trophozoites in equal volume with 50 % normal human serum (NHS) 15–30 min at 37°C (E 
and F). As a control for cell viability, trophozoites were incubated with heat-inactivated 

NHS and stained with 0.2% Trypan blue dye to assess cell viability. The average number of 

dead cells resulting from the incubation with heat-inactivated NHS was subtracted from the 

average number of dead cells incubated with 50% NHS. No significant changes in 

complement resistance in parasite cell lines EhROM1-SA (E) and T-EhROM1-s (F) were 

noted compared to control. The average of three independent experiments is shown with 

standard deviation. Data are shown as a percentage of killed parasites. The control cell line 

is overexpressing (A, C, E) or silencing (B, D, F) the luciferase gene. The G418 drug 

concentration in (A, C, E) is at 12 μg/ml and in (B, D, F) is at 6 μg/ml.
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Table 1

Summary of phenotypes observed in Entamoeba histolytica HM-1: IMSS parasites with silenced EhROM1 

expression (T-EhROM1-s) versus parasites over-expressing the EhROM1-SA gene (EhROM1-SA).

Phenotype EhROM1-SA T-EhROM1-s

Cytotoxicity ++ ++

Hemolytic activity ++ ++

Erythrophagocytosis − +

Pinocytosis ++ +

Motility +++ +++

Chemotaxis +++ ++

Complement resistance − −

+++ strong defect, ++ considerable defect, + moderate defect, − no change

Exp Parasitol. Author manuscript; available in PMC 2016 July 01.


