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Fig. 1. RFLP patterns of PCR products amplified from the DNA of P.
westermani metacercariae (lanes 1-3 for both the diploid and triploid
forms; lanes 7-9 for the diploid form; lanes 10- 12 for the triploid
form) or P. miyazakii metacercariae (lanes 4 - 6). The ITS2 PCR prod-
ucts were untreated (lanes 1 and 4) or treated with endonucleases
SnaBlI (lanes 2 and 5) or BssSI (lanes 3 and 6). The 16S rDNA PCR
products were also untreated (lanes 7 and 10) or treated with endo-
nucleases SnaBI (lanes 8 and 11) or BsrDI (lanes 9 and 12). A 100-bp
DNA ladder marker was used to estimate the size of the fragments.

sis.

PCR amplification with the primer pair 3S and A28 gener-
ated single 520-bp products from the metacercarial DNA
samples. Electrophoresis of'the restriction enzyme-digested
products resulted in two species-specific RFLP patterns,
as previously described (4). Species identification of the
metacercariae was made based on the digestion patterns of
amplification products. Products that were digested with
SnaBlI to produce 2 fragments (about 420 bp and 100 bp) but
remained undigested with BssSI were identified as those of
P. westermani. Products that were undigested with SnaBI
but were digested with BssSI to produce 2 fragments (about
300 bp and 220 bp; Fig. 1) were identified as those of P.
miyazakii.

DNA samples prepared from P. westermani metacercariae
were further analyzed to determine the form, i.e., diploid
or triploid. PCR amplification of mitochondrial DNA with
the primer pair SP6-1 and T7-1 produced a single 840-bp
product. Restriction digestion of PCR products was used to
identify the diploid and triploid forms. Products that were
digested with SnaBI to produce 2 fragments (about 550 bp
and 290 bp) but remained undigested with BsrDI were iden-
tified as those of the diploid form. Products that remained
undigested with SnaBI but were digested with BsrDI to
produce 2 fragments (about 560 bp and 280 bp; Fig. 1) were
identified as those of the triploid form. The species and forms
identified by the RFLP analyses were verified by sequencing
of the respective PCR products.

Consequently, as shown in Table 1, most of the metacer-
cariae were identified as P. miyazakii (157 metacercariae from
36 positive crabs), while the others were P. westermani (3
metacercariae from 3 positive crabs and 9 metacercariae
from 5 positive crabs were of the diploid and triploid forms,
respectively). However, there were no mixed infections either
with P. miyazakii and P. westermani (diploid and/or triploid
forms) or with both forms of P. westermani in any crab ex-
amined in the present study.

Sawagani from Miyazaki Prefecture were also purchased
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at a retail fish market in Fukuoka City in April 2008 and were
examined for Paragonimus metacercariae. P. miyazakii meta-
cercariae (35 in total) were detected in 15 of 30 examined
crabs. This finding implies that Sawagani with Paragonimus
metacercariae that are responsible for human infections are
likely also sold in retail fish markets in areas other than To-
kyo.

The heat resistance of P. westermani metacercariae within
the crab hosts was investigated almost a century ago (8). The
Japanese mitten crab, Eriocheir japonicus, which played a
major role as the second intermediate host in spreading the
human infection of P. westermani at that time in Japan was
investigated (P. miyazakii metacercariae have never been iso-
lated from this crab species). It was shown that boiling in-
fected crabs at 55°C for 5 min killed all the metacercariae (8).
However, to the best of our knowledge, the conditions re-
quired to kill metacercariae of P. westermani and P. miyazakii
in Sawagani have not yet been well examined, although we
are currently investigating these conditions. Therefore, the
implementation of a health education campaign is recom-
mended throughout Japan to emphasize that Sawagani, even
those sold at retail fish markets, are potential sources of lung
fluke infection in humans. Special attention should be paid
to ethnic dishes that are prepared with uncooked Sawagani.

This study was supported in part by grants for Emerging
and Re-emerging Infectious Diseases from the Ministry of
Health, Labour and Welfare of Japan (H18-Shinko-ippan-008
and H20-Shinko-ippan-016).

This article appeared in the Infectious Agents Surveillance
Report (IASR), vol. 29, p. 284-285, 2008 in Japanese.
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Chapter 23

Genomic and Postgenomic Approaches to Understanding
the Pathogenesis of the Enteric Protozoan Parasite
Entamoeba histolytica

Kumiko NAKADA-TsukuUl AND TOMOYOSHI NOZAKI

EPIDEMIOLOGICAL OVERVIEW

Entamoeba histolytica is the causative agent
of intestinal amebiasis and infects approximately
50 million people each year, causing 100,000 deaths
annually (89). E. histolytica is a facultative pathogen
that exhibits various infection outcomes, ranging
from asymptomatic cases to more serious diseases.
The most common manifestations of symptomatic
amebic infections are dysentery and liver abscess,
but infections of the lung, heart, and brain may also
occur (55, 60). As with most diarrheal diseases, chil-
dren in poor and developing countries suffer most
from the morbidity and mortality of amebiasis.
Cohort studies in these nations highlight the seri-
ousness of amebiasis as a public health problem. In
Dhaka, Bangladesh, where diarrhea is thé leading
cause of childhood death, 55% of preschool chil-
dren studied prospectively had a new E. histolytica
infection during the 2 years of follow-up. The an-
nual incidence of amebic colitis is 2.2%, which is
comparable to the rate of Shigella dysentery (56). In
developed countries, amebiasis is most often found
in men who have sex with men and in people who
live in institutions for the mentally handicapped, as
well as travelers and immigrants from areas where
Shigella is endemic (76, 91, 112, 129). Furthermore,
it was recently reported that the incidence of ame-
biasis among female commercial sex workers has in-
creased and spread (91). The high amebiasis rates in
people who engage in male homosexual or bisexual
practices, and those who engage in the sex trade,
suggest that amebiasis is a sexually transmitted dis-
ease in these countries.

LIFE CYCLE, SYMPTOMS, AND
VIRULENCE MECHANISMS

E. histolytica has a simple life cycle consist-
ing of two stages: a proliferative motile trophozoite
form and an infective nonmotile dormant cyst stage.
After ingestion of infectious cysts in food or water
contaminated with fecal matter, excystation occurs
in the lumen of the small intestine and then the re-
sultant motile trophozoites colonize the colon. The
trophozoites encyst and are excreted in the feces. Al-
though the majority of infections remain asymptom-
atic, asymptomatic cyst carriers serve as the source of
amebic infections in other individuals. About 10% of
those infected develop amebic colitis characterized by
subacute watery or bloody diarrhea with associated
abdominal pains and weight loss (55, 60).

Several molecules that play fundamental roles
in the virulence of this parasite have been identified.
Among them are cell surface galactose/N-acetylgalac-
tosamine-specific lectins, cysteine proteases (CPs), and
amoebapores, which are involved in the interactions
between the host cells and bacteria, the destruction
of immune and nonimmune cells, and in the lysis of
ingested microorganisms, respectively (46, 107, 150).
Infections caused by E. histolytica trophozoites in-
volve motility and phagocytosis, which are central to
the pathogenicity of this parasite. Erythrophagocytosis
is one of the diagnostic criteria used to differentiate
E. histolytica from nonpathogenic species of amoeba
such as E. dispar. Studies have shown that an E. his-
tolytica cell line defective in phagocytosis exhibited
attenuated virulence, suggesting the critical role of
phagocytosis in disease causation (59, 96). Vesicular
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trafficking is also considered to play a pivotal role in
the pathogenesis of E. histolytica, as it is closely linked
to phagocytosis and the delivery of pathogenic factors
{92). Elaborate regulation of membrane rrafficking is
essential for the targeting of molecules necessary for
pathogenesis (e.g., lectin and CPs) to precise intracel-
lular compartments such as the surface membrane and
lysosomes. Regulation of such sophisticated traffick-
ing is multifaceted and partially achieved by the well-
studied Rab small GTPases. The diversification of CPs
and Rab are discussed in this chapter, in the context of
their diverse localization and function.

Encystation and excystation are fundamental pro-
cesses required for the transmission and development of
amebiasis; however, little is known about the molecular
mechanisms involved in stage conversion. This is mainly
due to the lack of in vitro encystation and excystation
systems in E. histolytica. To overcome this problem, the
related reptilian species E. inmvadens has been extensively
used as a model organism to study the mechanisms be-
hind encystation and excystation (43, 103).

MAJOR FINDINGS OF THE E. HISTOLYTICA
GENOME

Overview of the E. histolytica Genome Project

The E. histolytica genome project was initi-
ated in 2000 and continued at the Wellcome Trust
Sanger Institute (United Kingdom), The Institute for
Genomic Research, and the J. Craig Venter Institute
{United States), with the support of the Wellcome
Trust and the National Institute of Allergy and Infec-
tious Diseases. The draft genome of the E. bistolytica
reference strain HM-1:IMSS (HM-1), isolated from
a Mexican man with amebic dysentery in 1967, was
published in 2005 (74).

The current genome assembly is approximately
23.7 million base pairs (Mbp) in size. Only the draft ge-
nome based on the assembly of the shotgun reads was
published because of the highly repetitive nature and
low GC content (24.1%) of the genome. The currently
predicted genome size appears to be correct because this
overall size is similar to the data predicted from pulse-
field gel electrophoresis and reassociation kinetic exper-
iments (49, 50, 148). Fourteen chromosomes ranging
in sizes from 0.3 to 2.2 Mbp have been demonstrated
by pulse-field gel electrophoresis, and the genome was
predicted to be tetraploid (148). Neither a typical cen-
tromere nor telomeric repeats were found in the dara-
base; however, there is circumstantial evidence that the
chromosome ends may contain arrays of transfer RNA
{tRNA) genes (see section titled Insights Obtained from
the Sequencing of Related Entamoeba Species).
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Number of Genes and Gene Families

The current assembly predicts that the genome
contains 8,160 genes (NCBI, GENBABK), almost
1.5-fold more than the number of genes in Plasmo-
dium falciparum (5,268) or Saccharomyces cerevisiae
(3,538}, and close to that in Dictyostelinm discoideum
(12,500) (42, 48, 53). The average size of the protein
coding genes is 1,167 bp, and approximately 49% of
the genome consists of protein coding regions, The av-
erage length of the intergenic regions is 0.8 kb and the
gene density in E. histolytica (1.9 kbigene) is relatively
high compared to other protists (e.g., 4.3 and 2.5 kb/
gene in P. falciparum and D. discoidenm, respectively).
Approximately 32% of the predicted proteins showed
no homology to proteins with known functions. The
relatively large number of protein coding genes may
reflect the complexity of E. histolytica biology and be
due in part to the presence of large gene families (e.g.,
CPs and Rab small GTPases). Other expanded gene
families appear to be associated with the ability of the
parasite to sense and adapt to the environment within
the human host and its ability to ingest and incorpo-
rate nutrients. A novel class of approximately 90 trans-
membrane serine/threonine kinases (TMKs), predicted
to be involved in signal transduction, were discovered.
These TMKSs appear to be distributed in only a limited
lineage of organisms such as plants, animals, and cho-
anoflagellates (7, 74, 84). Conversely, the loss of genes
is also evident as a consequence of parasitism, and
this is most notable in the metabolic pathways such as
amino acid and nucleic acid biosynthesis (9, 74).

Gene Structure and Size

The majority of E. histolytica genes consist of only
a single exon, while as many as 25% of the genes ap-
pear to contain at least one intron and 6% contain two
or more introns (28). This may indicate that mRNA
splicing in E. histolytica is far less common compared
to the related protist D. discoideuns (42) or the malaria
parasite P. falciparum (48). Genes in E. histolytica are
surprisingly short because of the lack of introns, and
the predicted lengths of the proteins they encode are
also short. The average length of the predicted pro-
teins in E. histolytica is 389 amino acids (aa), which
is 129 aa and 372 aa shorter than those observed in
D. discoideum and P. falciparum, respectively. Protein
length distribution is most similar to that of the mi-
crosporidian Encephalitozoon cuniculi, which has a
very compact genome of 3 Mbp and <2,000 genes.
Since the average protein length is usually very well
conserved among eukaryotes, the reason for the sig-
nificantly shorter length of E. histolytica proteins is
unclear. In bacteria, reduced average protein lengths
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were suggested to reflect a reduced capacity for signal-
ing (151); however, this does not appear to be the case
for E. histolytica because it possesses an expanded
TMK gene family that is assumed to be involved in
intracellular signaling (7, 74, 84).

Common and Underrepresented
Functional Domains

The three most common domains found in the E.
bistolytica proteome are the Trp-Asp (WD) domain,
leucine-rich repeat domain, and protein kinase do-
main, which are also common in other organisms (28).
The domains or domain-containing gene families that
are unusually frequent in the genome may reflect the
unusual aspects of this parasite. For instance, the Rab
and Rho families, which are involved in the regulation
of vesicle trafficking and cytoskeleton rearrangement,
respectively, are among the most common domains in
E. bistolytica, while they are usually not among the 50
most common domains in other organisms.

Another notable feature of its domain organiza-
tion is the presence of unusual proteins containing both
Rho guanine nucleotide exchange factor and ADP ri-
bosylation factor GTPase activating protein {Arf-GAP)
domains, suggesting the direct interaction between the
regulators of vesicle budding and cytoskeleton rear-
rangement (141). Some domains thar are common in
the majority of other organisms are observed to be
rare or missing in E. histolytica. For example, most
mitochondrial carrier domain proteins (66, 98) are not
found in E. bistolytica, and its mitochondrion-related
organelle, the “mitosome,” has evolved uniquely for
its constituents and functions {85).

Transcriptional Machinery

Several unique features of the transcriptional
machinery of E. histolytica were recently discovered.
RNA polymerase 11 from E. histolytica is alpha-
amanitin-resistant (73). The alpha-amanitin binding
site in E. histolytica RNA polymerase 1I is highly di-
vergent as observed in the alpha-amanitin resistant
Trichomonas vaginalis (108). In addition, the carbox-
yl-terminal domain of the E. histolytica RNA poly-
merase I large subunit, which recruirs various RNA
processing/export and histone-modifying factors to
the transcription complex and serves as a platform to
couple mRNA metabolism and chromatin function
to transcription {16, 26, 27, 102) is highly divergent.

The core promoter of E. histolytica has an unusual
tripartite structure consisting of three conserved ele-
ments: a degenerated TATA box (GTATTTAAAG/C),
a unique core promoter element GAAC (GAACT), and
a putative initiator element (AAAAATTCA) (106, 123,

ASM_Fratamico_CH23.indd 323

124, 125). It is predicted that there are uniqgue DNA
binding proteins for the preinitiation complex that
recognizes these elements. E. histolytica possesses two
TATA-binding-motif-containing proteins in addition
to the TATA-binding protein (TBP), a subunit of the
TFID general transcription factor, which is required
for the recognition of the core promoter (58). Based on
these unique features of the E. histolytica transcription
machinery, it is not surprising that from among the
14 evolutionally conserved subunits of TFIID, only 6
(TBP-associated factors 1, S, 6, 10, 12, and 13) were
conserved. Histone acetyltransferase (HAT) activity
was previously reported in E. histolytica, and TBP-
associated factors 5, 6, 10, and 12 are components of
HAT complexes. However, not all of the components
of the HAT complexes have been identified (109). Ho-
mologues of some of the other general transcription
factors (TFII E, E and H), but not the large and small
subunits, have also been identified.

E. bistolytica has homologues to approximately
80% of the S. cerevisiae-splicing machinery (61). E.
histolytica mRNAs have short 5’ and 3’ untranslated
regions and possess 5’ capping and a 3’ poly-A tail,
as observed in other organisms (24, 70, 110, 140).
However, only 8 of the 18 cleavage and polyadeny-
lation specificity factor subunits in yeast have been
identified in E. bistolytica.

Translation

A general translation system is well conserved
in E. histolytica, except that tRNA genes are pres-
ent in various forms of arrays containing short tan-
dem repeats (sce the next section). All of the enzymes
necessary for the tRNA splicing system, which differ
from that of mRNA, were found as tRNA modifi-
cation enzymes. Two tRNAs (Ile and Tyr) in E. bis-
tolytica are predicted to be spliced. The majority of
ribosomal protein genes are well conserved, and only
the gene for the large subunit protein L41 has not been
identified. In eukaryotic translation systems, elonga-
tion factor (EF)-1 is activated upon GTP binding and
forms a ternary complex, EF-1 a/B/y or a/8/y, with
aminoacyl tRNAs and ribosomes. E. histolytica lacks
EF-1 8, a protein involved in the exchange of GDP
with the GTP of EF-1 a. In addition, eukaryotes typi-
cally have two polypeptide release factors, eRF1 and
¢RF3, both of which are present in E. histolytica.

UNEXPECTED FEATURES OF THE
E. HISTOLYTICA GENOME

The E. histolytica genome presents a number of
unexpected features (28, 74). This chapter will focus
only on several important pathways closely related to
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the parasite’s molecular epidemiology, biology, and
virulence. A more detailed description of its genome
is available elsewhere (28).

tRNA Array

One of the most unusual structural features of the
E. histolytica genome is the number and organization
of tRNA genes (29). More than 10% of the shotgun
sequence reads contained tRNA genes, which were
(with a few exceptions) organized in linear arrays.
Clark et al. identified 25 distincr arrays with unit sizes
ranging from 0.5 to 1.8 kb (29). These arrayed tRNA
genes were predicted to be functional because the 42
acceptor types were exclusively found in the arrays,
but not elsewhere in the genome. Three of these arrays
encode S RNA and one encodes what is thought to be
a small nuclear RNA., It was estimated that there are
abour 4,500 tRNA genes in the genome. Southern blot
analysis, using rare-cutting restriction endonucleases,
suggested that the tRNA genes are located at the ends
of the chromosomes and that these repeat units may
perform a structural role (29, 148). As shown in D.
discoidenm, where it was demonstrated that ribosomal
DNA functions as a telomere (42), the tRNA arrays in
E. histolytica may also have the same function (28).

Regions containing tRNA are often linked with
multiple short tandem repeats (STRs), and these STRs
exhibit substantial variations between E. histolytica
isolates. Recently, tRNA-linked STRs have been used
extensively in the genotyping of isolates (5). Alj et al.
reported that the genotypes of the isolates derived
from amebic liver abscess, diarrhea/dysentery, and
asymptomatic cases were different (2, 3), suggesting
the presence of a link between the tRNA-linked STR
pattern and the outcome of infection.

Expansion of Cysteine Proteases

E. histolytica shows an extraordinary capacity to
invade and destroy human tissues, and its main lytic
activity has been attributed to CPs. CPs are also im-
portant virulence factors of various infectious agents
and are the main proteolytic enzymes in many pro-
tozoon parasites (83, 117). The importance of CPs
in the pathogenicity of E. histolytica has been dem-
onstrated in several in vivo and in vitro studies (10,
47,62,71,77,78, 111, 119, 127). For example, CP§
overexpression led to an increase in cytopathic activ-
ity, as measured by in vitro monolayer disruption, and
a significant increase in amebic liver abscess forma-
tion was also observed in laboratory animals (135).

Homology searches using conserved active site re-
gions revealed that the E. histolytica genome contains
approximately 50 genes encoding CPs (28, 134). The
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majority of the CPs are structurally related to the C1
papain superfamily, while the others are more similar to
the C2 (calpain-like CPs), C19 (ubiquitinyl hydrolase),
C48 (Ulp1 peptidase), C54 (autophagin), and C65 (otu-
bain) families. Phylogenetic analysis of the 37 C1-family
members revealed that they represent three distinct clades
(A, B, and C), consisting of 13, 11, and 13 members,
respectively. Members of clades A and B correspond
to two previously described subfamilies, designated as
EhCP-A and EhCP-B, respectively (23). EhCP-A and
EhCP-B subfamily members are classical pre- and pro-
enzymes with an overall cathepsin L-like structure (15),
as indicated by the presence of an ERFNIN motif in the
pro region of at least 21 of the 24 EhCP-A and ERCP-B
enzymes. Interestingly, biochemical studies with purified
EhCP-A indicated a cathepsin B-like substrate specific-
ity (119). This is likely to be due to the postulated S2
pocker that corresponds to residue 205 in papain {15).
The EhCP-A and EhCP-B subfamilies differ in the length
of their pro regions and catalytic domains, and have dis-
tinct sequence motifs in the amino-terminal regions of
the mature enzymes (DWP vs. PCPN) (23).
Conversely, clade C (EhCP-C family) represents
a new group. EhCP-C family members are not pre-
pro enzymes, and these enzymes lack a hydrophobic
signal sequence and an identifiable pro region. In-
stead, the enzymes have a hydrophobic region located
11 to 28 aa from the amino terminus. This region is

"predicted to form transmembrane helices, suggesting

that these enzymes could be membrane associated.
As no homologue of the EhCP-C subfamily has been
found in other organisms, the specific roles of this
group of CPs remain unknown.

Family C2 is a group of calpain-like peptidases.
It contains several calcium-binding domains, and the
enzymes in this family participate in various cellular
processes, including remodeling of the cytoskeleton
and membranes, signal transduction pathways, and
apoptosis (65, 67, 101).

The members of family C54 are called autophagins
{EhAUTO1-4). EhAUTO members show significant
homology to Atg4, which is involved in the posttrans-
lational modification of Atg8 in other organisms. Since
Atg8, Atg3, and Atg7 are conserved in E. bistolytica,
it is conceivable that EhRAUTO1-4 are involved in au-
tophagy in E. histolytica (103, 104). Autophagy is a
mechanism for the degradation of intracellular proteins
and the removal of damaged organelles (64, 149).

The CPs that belong to families C19, C48, and
C65 are known to be involved in the degradation of
ubiquitin or the small ubiquitin-like modifier protein
(SUMO). Family C19 consists of CPs that are ubiquit-

- in-specific in humans (11, 12). Ulp1, which is synony-

mous to C48, is a member of a family of peptidases that
controls the function of SUMO (126). CPs in family

8/31/10 10:42:28 PM ]



CHAPTER 23

s PATHOGENESIS OF ENTAMOEBA HISTOLYTICA 325

C65 are called otubains, and these enzymes exhibit
isopeptidase activity that releases ubiquitin or SUMO
from polyubiquitin or poly-SUMO (14, 18, 44).

Expansion and Diversification of
Rab Small GTPases

Small GTP-binding proteins are ubiquitous mo-
lecular switches found in all eukaryotes. These proteins
are involved in various important cellular processes
including cell proliferation, cytoskeletal assembly, and
intracellular membrane trafficking. There are more
than 100 proteins in the Raslike superfamily. Based on
their structure and primary sequence, the members of
this superfamily are classified into five families: Ras,
Rho/Rac, Rab, Sar/Arf, and Ran (19, 130). Rab small
GTPases constitute the largest group of this superfam-
ily and are essential regulators of vesicular transport
pathways (90). Compared to unicellular eukaryotes,
multicellular organisms are expected to have a more
complex set of these regulators. Homo sapiens, Ara-
bidopsis thaliana, and Drosophila melanogaster, for
example, have 60, 29, and 29 Rab genes, respectively,
while S. cerevisiae has only 11 (100). Interestingly,
the E. histolytica genome contains more than 90 Rab
genes (115). About 75% of the genes are unique to E.
histolytica, while close to 25%, including the genes for
Rab 1, 2, 5, 7, 8, 11, and 21 subfamilies, have homol-
ogy higher than 40% with known Rab families found
in humans or yeast. Approximately 70% (64 genes) of
amebic Rab genes contain introns, and 23% (22 genes)
of amebic Rab genes contain 2—4 introns. Considering
that only 19% and 6% of the E. histolytica genes have
a single or multiple introns, respectively (28, 74), and
that the average size of amebic Rab genes is 702 bp,
which is shorter than the average size of all genes, ame-
bic Rab genes are extremely intron rich.

Several reports demonstrated a direct or indirect
role of individual Rab small GTPases in E. histolytica.
Among the multiple EhRab7 isotypes, EhRab7A is in-
volved in CP transport, most likely trafficking to the
lysosome, while EhRab11B is involved in CP secretion
(87, 88). EhRab$ and EhRab7A coordinately regulate
the formation and maturation of the prephagosomal
vacuole, a unique organelle in E. histolytica that is
formed during phagocytosis, and is likely involved in
the processing, activation, or storage of hydrolases
that are transported to the phagosome (116). E. his-
tolytica-specific EhRabA was initially suggested to be
involved in its motility and polarization rather than in
membrane trafficking (147). Recently, however, it has
been shown to be involved in the transport of Gal/
GalNac specific lectin (146).

In general, Rab small GTPases have unique
functions via their specific interactions with effector
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molecules. Interestingly, the majority of the Rab ef-
fectors found in other organisms, such as Rabaptin-5
for Rab5 or Rabring7 for Rab7, are not conserved in
E. bistolytica. Instead, it utdlizes a unique EhRab7A-
binding partner called the “retromer” complex, which
apparently consists of three components: EhVps26,
EhVps29, and EhVps35. EhRab7A binds to Eh-
Vps26 directly via its unique carboxyl terminus and
coordinately regulates CP transport (88). There is no
precedent for the interaction between Rab7 and the
retromer complex. Recently, it has been reported that
Rab7 interacts with the retromer complex via Vps3$
in mammals (113). It is of interest to investigate if
other effectors are conserved in both lower and higher
eukaryotes, considering that membrane trafficking ap-
pears to be highly divergent among eukaryotes.

INSIGHTS OBTAINED FROM
THE SEQUENCING OF RELATED
ENTAMOEBA SPECIES

Whole genome sequencing projects of other re-
lated Entamoeba species are currently under way. In
this section, we focus on the insights obtained from
comparing their genome information with that of
E. histolytica to understand the conservation and
unique evolution of the Entamoeba species. As repre-
sentative cases, we only discuss the analysis of repeti-
tive elements, CPs, and Rabs.

Other Entamoeba Species and Genome Projects

Whole genome sequencing data of E. dispar, E.
moshkouskii, E. invadens, and E. terrapinae are par-
tially available. E. dispar is a nonpathogenic sibling of
E. histolytica, first reported in 1925, and often used to
verify whether potential virulence factors discovered in
E. histolytica are indeed involved in pathogenesis. E.
histolytica and E. dispar are considered to be closely
related species on the basis of extensive genetic, immu-
nological, and biochemical analyses {37, 128, 132). E.
moshkovskii was originally isolated from sewage sam-
ples in Moscow and was thought to be a free-living en-
vironmental strain {139); however, recent studies have
shown the occasional detection of E. moshkovskit
in humans (6, 32, 45, 57, 99, 131). E. moshkovskii
trophozoites grow at room temperature, are osmotol-
erant, and resistant to emetine. These characteristics
clearly distinguish E. moshkouskii from E. histolytica
and E. dispar (30, 31). On the other hand, E. invadens
and E. terrapinge are pathogenic and commensal
parasites of reptiles (51) and do not cause disease in
humans. E. invadens remains an important model
for encystation and excystation because an in vitro
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system to induce encystation in E. bistolytica has not
yet been established (43). The genome databases for E.
dispar, E. invadens, and E. bistolytica are available at
http://pathema.jcvi.org/cgi-bin/Entamoeba/Pathema
HomePage.cgi. The shotgun reads of E. moshkovskii
and E. terrapinae are available at http:/fwww.sanger
.ac.uk/Projects/Protozoal.

COMPARATIVE GENOMICS OF DIFFERENT
ENTAMOEBA SPECIES

Comparative Genomics of Repetitive Element
Among E. bistolytica, E. dispar, and E. invadens

The Entamoeba genome is littered with trans-
posable elements (TEs). TEs play an important role
in nuclear architecture, genome stability, gene ampli-
fication, and altered gene regulation (13, 105, 121,
122). TEs are conventionally classified into two broad
classes, I and II. Class I elements (or retrotransposons)
are mobilized through an RNA intermediate, while
class II elements (or DNA transposons) transpose di-
rectly via a DNA intermediate. Class I elements have
two subclasses, the non-long terminal repeat (LTR)
retrotransposons, which include long and short inter-
spersed elements (LINEs and SINEs), and the LTR ret-
rotransposons. There are three well-separated LINEs
foundin E. histolytica (EhLINE1-3) and E. dispar (Ed-
LINE1--3), wheteas E. invadens has only one EiLINE
(13, 28, 75). Eh/EdLINE1-3 show 70% to 86% mu-
tual identity (75, 121), suggesting that they may have
emerged from the common ancestor of E. histolytica
and E. dispar after the speciation of E. invadens. Phy-
logenetic analysis of the reverse transcriptase consen-
sus sequence of LINEs from these three species also
supported this scenario (75). After the speciation of E.
invadens, a single LINE most likely duplicated giving
rise to the two separate lineages of Eh/EALINE1, Eh/
EdLINE2, and Eb/EdLINES in the ancestral organism
of E. bistolytica and E. dispar. The fact that E. in-
vadens predominantly possesses class II transposons,
while E. histolytica and E. dispar genomes are rich in
class I repeats also supports the difference in the evo-
lution of transposons between these species (105).

Three SINEs were found in E. histolytica
(EhSINE1-3) and E. dispar (EdSINE1-3), but not
in E. invadens (13, 75). Shire and Ackers identified
EdSINE1 as a homologue of EhSINE3. Although the
origin of EdSINE1/EhSINES3 is not clear, dot plot align-
ments and phylogenic analysis of E. dispar SINE1 and
E. bistolytica SINE3 (122) indicated that these SINEs
originated as a chimeric element in the common ances-
tor of E. bistolytica and E.dispar (75).

LINEs and SINEs affect the human genome via
multiple mechanisms such as spreading in the genome
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and shuffling the sequence via transduction (97). They
affect gene expression by providing alternative pro-
moters, splicing and polyadenylation sites, and by het-
erochromartinization (97). Microarray and Northern
blot analyses show that the expression of LINEs and
SINEs was altered in E. dispar and an E. bistolytica
nonvirulent variant, the Rahman strain (79). The ex-
pression levels of LINE1 and LINE3 were significantly
lower in E. dispar and the E. histolytica Rahman strain
than in the highly virulent E. bistolytica HM-1; IMSS
strain. Additionally, two SINEs were not transcribed
in E. dispar (79). Notably, while E. histolytica isolates
showed variations in EhLINE expression, virulent E.
histolytica strains always exhibited higher expression
levels of EhLINE]1 and EhLINE3 than nonvirulent
species and strains. SINEs also function as stress sen-
sors in the silkworm (63), but it remains to be deter-
mined whether the Entamoeba SINEs are involved in
this process.

E. histolytica possesses two class Il TEs (EMULE
and Hydargos) and two novel TEs (EhERE1 and 2)
that do not belong to class I or class II (75). There
are no homologues of EhERE2 in E. dispar and E.
invadens. Since DNA repeats mediate genomic rear-
rangements in prokaryotic organisms, which alter
the expression of virulence-associated genes (54), it is
tempting to speculate that the acquisition and expan-
sion of elements such as ERERE2 may play a role in
the acquisition of pathogenicity traits in E. bistolytica.
For instance, such elements may promote genomic
rearrangements or alter the function or expression of
genes involved in processes such as cell attachment and
evasion of the host immune response. The leucine-rich/
BpsA-like gene family, for instance, which encodes for
potential plasma membrane receptors and may interact
with the host’s fibronectin molecules (36), is frequently
associated with TEs {41 out of 114 of these genes) (13,
75). This observation suggests the possible contribu-
tion of TEs to the pathogenicity of E. histolytica.

Comparative Genomics of Cysteine Proteases in
E. bistolytica and E. invadens

CPs are one of the most important class of deter-
minants of virulence in E. histolytica. To understand if
the repertoire of CPs is conserved among Entamoeba
species, the E. invadens genome database was searched
for CP genes that belong to the C1 family (134;
Escueta-de Cadiz et al., unpublished data). All of the
E. invadens C1 family CPs (EiCPs) were categorized
into A, B, and C subfamilies based on their conserved
domains (ERFNIN and DWR for CP-A, ERFNIN
and PCNC for CP-B, and HSICP for CP-C) and also
by phylogenetic analysis (Fig. 1). E. invadens has 19
CP-A, 17 CP-B, and 10 CP-C genes (Table 1). Some
of the CP-A subfamilies have extensively diverged in
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Figure 1. Phylogenetic analysis of CPs from E. histolvtica and E. invadens. Phylogenetic analysis of CPs from the C1 family of
E. histolytica and E. invadens was performed using CLUSTAL W. Trees were drawn using MEGA4. The consensus phyloge-
netic trees of the CP-A, CP-B, and CP-C families are shown. The numbers at the nodes represent the bootstrap values for 1,000
iterations shown in percentages. The scale bar indicares 0.1 or 0.2 substitutions at each amino acid position.
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Table 1. CPs from E. histolytica and E. invadens®

E. histolytica E. invadens Y%identity to Protein  Active Conserved morifs

EhCP Accession No. EiCP  Accession No. Eh homologue length site

CP-A ' ERFNIN DWR RGD

EhCP-A1  XP_650156

EhCP-A2  XP 650642 FEiCP-A2a EIN_036980 65(A2), 61(A1), S7(A7) 313  QCHN ERFNVN DLR -
EiCP-A2b  EIN_172350  60{A2), §5(Al), 54(A7) 319 QCHN ERFNVN DLR -
EiCP-A2¢  FIN_168460  57(A2), 54(Al), S0(A7) 315 QCHN ERFNVN DLR -
EiCP-A2d  EIN_151430 57(A2), 53{A1), S1A7) 315 QCHN ERFNVN DLR -
EiCP-A2e EIN_013830  35(A2), S3{Al), S1(A7) 304 QCHN ERFNVN DLR -
EiCP-A2f  EIN_105250  58(A2), 55(Al), S1(A7) 247 QCHN - DLR -

EhCP-A3  XP_653254 FEiCP-A3a EIN_233190 70({A3) 306 QCHN ERYNVT DWR -
EiCP-A3b  EIN_085960 69(A3) 306 QCHN ERYNVT DWR -
EiCP-A3c  EIN_253450 65(A3) 306 QCHN ERYNVT DWR -
EiCP-A3d  EIN_120520 65(A3) 306 QCHN ERFNVN DWR
EiCP-A3e EIN_192250 41(A3) 1157 Q-HN  ERFNVQ DYT -

EhCP-A4 XP_656602

EhCP-AS5 XP_650937  EiCP-A5a FIN_118870  63(AS), 54(A4), 55(A6) 314 QCHN ERFNVN DWR -
EiCP-ASb  EIN_184910  61(AS), 58(A4), 57(A6) 214 —HN  ERFNVN - -

EhCP-A6  XP_657364

EhCP-A7  XP_648996

EhCP-AS8 XP_657446  FEiCP-A8a  EIN_0356350 57(AB) 319 QCHN ERFNVN DWR -
EiCP-A8b  EIN_224330 46{A8) 322 QCHN ERFNVN DWR -

EhCP-A9 XP_655675  EiCP-A9 EIN_038430 42{A9) 323 QCHN ERFNVN DWR -

EhCP-A10 XP_651147 EiCP-A10 EIN_241400 75(A10) 421 QCHN  ERFSIN DFR -

EhCP-A11 XP_651690  EiCP-Alla EIN_218930 40(A11) 318 QCHN ERFNVD DMR -
EiCP-A11b EIN_19057 36{A11) 328 QCHN  ERYNVS DLR -

EhCP-A12 XP_653823

EhCP-Al13  not annorared

CP-B ERFNIN PCNC RGD

EhCP-BI  XP_651581

EhCP-B2 AAO03568 EiCP-B2 EIN_0352180 40(B2) 399 QCHN ERFNFN  PCNC -

EhCP-B3 XP_656747  EiCP-B3 EIN_051660 S1(B3) 493 QCHN  EKFNIN PCNC -

ELCP-B4 XP_648501

EhCP-BS XP_652671  EiCP-B5 EIN_176790 42(B3) 453 QCHN  ERFKIN PCNC -

EhCP-B6 XP_652465  EiCP-Bé EIN_292720 46{B6) 333 QCHN - PCNC -

EhCP-B7  XP_650400 EiCP-B7  EIN_241340 41(B7) 733 -C-N ERFSYN  PCNC -

EhCP-B8  XP_651049 ) .

ERCP-B9 XP_652993  EiCP-B9 EIN_152250 55(B9) 307 QC-N  ERFNIN PCNC -

EhCP-B10 XP_648306

EhCP-B11  XP_648013
EiCP-BA EIN_184830 365 QCHN  ERFNIN PCNC -
EiCP-BB EIN_199850 488 QCHN  ERFNIN PCNC -
EiCP-BC EIN_277820 506 QCHN  ERFEIN PCNC RGD
EiCP-BD EIN_050320 494 QCHN NRFSIS PCNC -
EiCP-BE EIN_114990 644 QCHN ERFTIN PCNC RGD
EiCP-BF EIN_103270 662 QCHN  QKFSIN PCNC RGD
EiCP-BG EIN_315880 762 QCHN ERFKCN PCNC RGD
EiCP-BH EIN_140010 1006 QCHN QRFSVN PCNC RGD
EiCP-BI EIN_245400 1041 QCHN QRFSIN PCNC RGD
EiCP-B} EIN_210450 187 —HN - - RGD
EiCP-BK EIN_162840 149 —HN - - -

CP-C HSICP RGD

EhCP-C1  XP_654453  EiCP-C1  EIN_161500 60(C1) 569  QCHN HSICP -

EhCP-C2  XP_656632 EiCP-C2  EIN_112080 68(C2) 566 QCHN HSICP RGD

ELCP-C3 XP_655128  EiCP-C3 EIN_135460 75(C3) 582 ECRN HSLCP -

EhCP-C4  XP_655800  EiCP-C4 EIN_108920 63(C4) 436 QCH- - -

EhCP-C5  XP_654800

EhCP-Cé XP_651353  EiCP-Cé EIN_051150 64(C6) 552 QCH- HSLCP -

EhCP-C7  XP_657273

EhCP-C8  XP_655479  EiCP-C8  EIN_(039050 64(C8) 642 QCHN HSICP RGD

EhCP-C9  XP_655011  EiCP-C9  EIN_110280 68(C9) 535  QSHN HSICP -

Continued on following page
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Table 1. Continned
E. histolytica E. invadens %identity to Protein  Active a d morif
EhCP Accession No. EiCP  Accession No. Eh homologue length site onserved motifs
CP-C HSICP RGD
EhCP-C10 XP_654829 EiCP-C10 EIN_240210 60{C10), 39.9({C3) 360 QCHN HSLCP -
EhCP-C11 XP_648083 EiCP-C11 EIN_248160 38(C10) 541 - VSRCF -
EhCP-C12 XP_65082%  EiCP-C12 EIN_109530 39(C11} 497 - ISYCG -
EhCP-C13 XP_656556

9The E. invadens genome database (htep://pathema.jevi.org/cgi-bin/Entamoeba/PathemaHomePage.cgi) was searched using E. histolytica CPs as query se-
quences. All potential E. invadens CPs were retrieved and analyzed with all E. histolytica CPs (Fig. 1). E. invadens CPs were annotated based on phylogenetic
inferences and their pexcentage identity to the corresponding E. bistolytica homologues. For the annoration of E. histolytica CPs, see {133).

E. invadens. EiCP-2A and EiCP-A3 consist of six and
five members, respectively, while EiCP-AS5, A8, and
A11 have two isotypes each. EhCP-Al, A2, and A7
belong to a single well-supported clade, as inferred
from phylogeny. EhCP-A4, A5, and A6 also show
monophyly. While all of the CP-A family proteins
present in E. histolytica, except for CP-A12 and A13,
are conserved in E. invadens, a group of members
that belong to CP-B and CP-C, CP-B1, B4, BS, B10,
B1t, C5, C7, and C13, are missing in E. invadens, Of
the 11 CP-B members found in E. histolytica, 5 are
not conserved in E. invadens, but it has instead 11
additional species-specific CP-B members, EiCP-BA
to BK. The CP-C family is an E. histolytica-specific
CP family uniquely found in this organism (28, 134).
Of 13 E. histolytica CP-C family members, 10 are
conserved in E. invadens. These data are consistent
with the premise that the CP-A and CP-C members
are involved in shared and housekeeping roles in Ez-
tamoeba, while CP-B members, particularly EiCP-BA
to BK may have unique species-specific roles in E.
invadens. It is tempting to speculate that some CP-B
members may be involved in host-specificity.

Comparative Genomics of E. histolytica and
E. invadens Rab Small GTPases

To understand the conservation and/or unique
evolution of vesicular trafficking between Entamoeba
species, the E. invadens genome database was
thoroughly searched for Rab small GTPases. The
E. invadens genome encodes 85 putative Rab genes,
comparable to the number in E. bistolytica. Putative
E. invadens Rab genes were grouped based on their
similarity to their E. histolytica homologues and phy-
logenetic inferences {Fig. 2 and Table 2). Similar to
E. histolytica, the Rab1/8, 2, 5, 7, and 11 families
were conserved in E. invadens, with the exception
of Rab2C. In addition, Rab21 is not conserved in
E. invadens. Among the Rab genes that were exclu-
sively found in E. histolytica, but missing in other
organisms {EhRabA-P and EhRabX1-36), 24 Rab
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genes including EhRabCé, D2, 12, M2, P2, X4~9,
X13, X15, X18, X20, X21, X24, X26, X27, X28,
X32, X33, X35, and X36 are not conserved in E.
invadens. Conversely, some Rab subfamilies includ-
ing EhRab3, 7G, C3, X11, X17, X22, X31, and X34
have expanded and consist of two to four members.

Seven EiRabs {(EiRabZ1-7) that show low simi-
larity to E. bistolytica Rab genes were considered
to have uniquely evolved in E. invadens. EiRabD1
is unusually long (744 aa) and is predicted to have
an extension at its amino terminus. Only 54% of the
E. histolytica-specific solitary Rab genes (EhRabA, B,
H, and X1 to X36) that show low (< 40%) mutual
identity to the Rab genes from human, yeast, and
other Rab members of E. histolytica are conserved
in E. invadens. Conversely, the majority (84%) of
E. histolytica Rab genes that form subfamilies are
conserved, suggesting shared house-keeping roles for
these Rab subfamilies in Ertamoeba species. Phago-
some-associated Rab genes in E. histolytica that were
previously demonstrated by proteomics (EhRabl, 3,
7A-E, 8, 11B-D, B, C13, and X17) are conserved in
E. invadens (81, 94, 95). This suggests that the mo-
lecular mechanisms of vesicular trafficking involved
in phagocytosis are conserved between these two
Entamoeba species.

APPLICATIONS

After the E. histolytica genome was determined
in 2005, a number of studies exploiting postgenomic
“omics” approaches have been reported. These stud-
ies included comparisons of the transcriptomes be-
tween virulent E. histolytica strains, which included
clinical isolates, and attenuated or avirulent E. fis-
tolytica strains. Transcriptional analyses of tropho-
zoites derived from axenic cultures, animal intestines,
and liver abscesses, as well as the heat shock responses
in E. bistolytica, have also been reported (34, 41, 52,
79, 80, 120, 134, 143, 144, 145). Furthermore, a
number of proteomic studies have been published,
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Figure 2. Phylogenetic aralysis of Rab genes from E. histolytica and E. invadens. Phylogenetic analysis was performed as described in the
legend of Fig. 1. An overview of the whole phylogenetic tree is shown on the left, while magnified portions (A-D) of the tree are shown

separately on the right.
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Table 2. Rab genes from E. histolvtica and E. invadens”

E. histolytica E. invadens % Identiry to Protein Missi . C-terminal
EhRab Accession No. EiRab Accession No.  Eh homologue length SSING TEgIons peptides

EhRablA XP_651336 EiRablA EIN_104660 83 207 CXXX
EhRab1B XP_649033 EiRabl1B EIN_033160 75 208 CXCX
EhRab2A XP_649924 EiRab2A EIN_200080 37 217 -
EhRab2B XP_649335 EiRab2B EIN_277910 84 211 -
EhRab2C XP_656786
EhRab35 XP_655377 EiRab3s EIN_277000 3 194 XXCC

EiRab5B EIN_051650 50 188 Xcce
EhRab7A XP_649196 FiRab7A EIN_112310 91 205 XXCC
ELRab78B XP_656820 EiRab7B EIN_202680 88 206 XXCC
EbRab7C XP_652334 EiRab7C EIN_094230 68 213 XXCC
EbRab7D XP_651915 EiRab7D EIN_133760 80 200 XXCC
EbRab7E XP_651202 EiRab7E EIN_148860 7 206 XXCC
EhRab7F XP_650338 EiRab7F EIN_235870 65 206 XXCC
EhRab7G XP_656477 EiRab7Gl EIN_015310 62 197 XXCC

EiRab7G2 EIN_299020 61 193 XXCC
EhRab7H XP_653414 EiRab7H EIN_288760 46 203 XXCC
EhRab71 XP_649308 EiRab7l EIN_196420 66 206 XCCX
EhRab8 XP_653051 EiRab8 EIN_252640 48 202 XXCC
EhRab8B XP_652309 EiRabgB EIN_149010 7 207 XXCC
EhRabl1A XP_647948 EiRabl1A EIN_165880 82 208 XXCC
EhRabl1B XP_652776 EiRab11B EIN_108540 74 213 XXCC
EhRabl1C XP_649609 EiRab11C EIN_014150 71 222 XXCC
EhRabl{D XP_652598 EiRab11D EIN_050950 65 211 XXCC
EhRab21 XP_651927
EhRabA XP_652258 EiRabA EIN_280980 85 198 XXXC
EhRabB XP_652994 EiRabB EIN_110330 69 198 XXCC
EhRabCl1 XP_656355 EiRabCl EIN_058650 81 198 XXCC
EhRabC2 XP_6533593 EiRabC2 EIN_0943%0 81 206 XXCC
EhRabC3 XP_652352 EiRabC3A EIN_093190 89 207 XXCC

EiRabC3B EIN_089560 54 213 XXCC
EhRabC4 XP_656897 EiRabC4 EIN_072390 57 200 XXCC
EhRabC3 XP_654231 EiRabC5 EIN_014860 73 204 XXCC
EhRabC6 XP_654710
EhRabC7 XP_652882 EiRabC7 EIN_217920 70 201 XXCC
EhRabC8 XP_651035 EiRabC8 EIN_168870 61 190 XXCC
EhRabD1 XP_652887 EiRabD1 EIN_184580 61 744(190) XXCC
EhRabD2 XP_655208
EhRabF1 XP_651799 EiRabF1 EIN_239370 68 201 CXXX
EhRabF2 XP_651513 EiRabF2 EIN_106040 61 192 XXCC
EhRabF3 XP_655210 EiRabF3 EIN_112540 70 188 XXCC
EhRabF4 XP_654217 EiRabF4 EIN_239300 65 192 XXCC
EhRabF5 XP_656060 EiRabF3 EIN_228360 85 196 XXXC
EhRabH XP_637074 EiRabH EIN_156660 78 217 XXCC
EhRabI1 XP_655925 EiRabll EIN_014210 65 204 XXCC
EhRabl2 XP_654235
EhRabK1 XP_652298 EiRabK1 EIN_311490 81 210 XXCC
EhRabK2 XP_649362 EiRabK2 EIN_243000 63 200 XXcC
EhRabK3 XP_651827 EiRabK3 EIN_028700 37 226 XXCC
EhRabK4 XP_648284 EiRabK4 EIN_059050 40 227 XXCC
EhRabL1 XP_651210 EiRabL1 EIN_081690 55 202 swithch 1 XXCC
EhRabL2 XP_648952 EiRabL2 EIN_061000 52 210 XCCX
EhRabM1 XP_652833 EiRabM1 EIN_054310 73 213 XXCC
EhRabM2 XP_652253
EhRabM3 XP_651723 EiRabM3 FIN_052610 7 174 switch 1 XXCC
FEhRabN1 XP_652702 EiRabN1 EIN_136950 71 201 CXXX
EhRabN2 XP_649426 EiRabN2 EIN_054510 68 199 XXXC
EhRabP1 XP_651771 EiRabP1 EIN_298880 59 205 switch 1 CXXX
EhRabP2 XP_656067 i
EhRabX1 XP_650791 EiRabX1 EIN_299880 49 167 -
EhRabX2 XP_650041 EiRabX2 EIN_134920 57 193 -
EhRabX3 XP_655050 EiRabX3 EIN_135850 47 - 340 -
EhRabX4 XP_651716 .

Continned on following page
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Table 2. Continued

E. histolytica E. invadens % ldenrity to Protein Missi . C-terminal
EhRab Accession No. EiRab Accession No,  Eh homologue length S3ing regions peptides

EhRabX$5 XP_657472

EhRabX6 XP_652555

EhRabX7 XP_654103

EhRabX8 XP_649911

EhRabX9 XP_654197

EhRabX10 XP_656920 EiRabX10 EIN_160760 45 193 switch 1 CXXX

EhRabX11 XP_655922 EiRabX11 EIN_014910 84 209 XXCC
EiRabX11B EIN_059070 77 209 XXCC
EiRabX11C EIN_092300 44 205 -

EhRabX12 BAD82860 EiRabX12 EIN_252860 48 208 switch I XXCC

EhRabX13 XP_653656

EhRabXi4 XP_657126 EiRabX14 EIN_260390 36 228 XXCC

EhRabX15 XP_649287

EhRabX16 XP_655529 EiRabX16 EIN_051300 47 214 XXCC

EhRabX17 XP_656536 EiRabX17 EIN_072650 68 197 CXXX
EiRabX17B EIN_212470 57 197 switch 1 CXXX
EiRabX17C EIN_107380 51 208 switch I CXXX

EhRabX18 XP_649285

EhRabX19 XP_654968 EiRabX19 EIN_288570 46 226 box 2 XXCC

EhRabX20 XP_652547

EhRabX21 XP_650747

EhRabX22 XP_655103 EiRabX22 EIN_134610 68 187 XXCC
E9RabX22B EIN_075570 65 184 switch 1 XXCC
EiRabX22C EIN_136400 62 197 XXCC

EhRabX23 XP_650671 EiRabX23 EIN_241550 7 202 XXcC

EhRabX24 XP_656866

EhRabX25 XP_653064 EiRabX25 EIN_243640 64 189 XXCC

EhRabX26 XP_657341

EhRabX27 XP_650814

EhRabX28 XP_647919

EhRabX29 XP_656310 EiRabX29 EIN_051680 64 198 box 2, switch I CXXX

EhRabX30 XP_651921 EiRabX30 EIN_148610 54 210 CXXX

EhRabX31 XP_648905 FiRabX31 EIN_127810 7 189 XXCC
EiRabX31B EIN_262240 62 191 XXCC
EiRabX31C EIN_19219%0 42 170 box 1, switch I XCXC
EiRabX31D EIN_197670 43 170 box 1, switch I XCXC

EhRabX32 XP_651095

EhRabX33 XP_655812

EhRabX34 XP_650332 EiRabX34 EIN_281740 68 204 box 2, box 3 CXXX
EiRabX34B EIN_202640 63 200 CXXX

EhRabX35 XP_649164

EhRabX36 XP_657040
EiRabZ 1 EIN_050800 204 XXCC
EiRabZ2 EIN_289320 200
EiRabZ3 EIN_192430 205 XXcCC
EiRabZ4 EIN_297180 205 XXCC
EiRabZ3 EIN_039070 203 XXCC
EiRabZ6 EIN_051060 187 XXCC
EiRabZ7 EIN_058330 207 XXCC

“A systematic search was made to retrieve Rab genes from E. bistolytica and E.
phylogenetic trees of E. bistofytica and E. invadens Rab genes are shown in Fig,

nvadens. All hits were analyzed as described in the legend of Table 1. The
2. E. invadens Rab genes were annotated based on phylogenertic inferences

and their percentage identity 1o the corresponding E. histolytica homologues. For the annotation of E, histolytica Rab genes, see {114).

including comparisons of the protein profiles of
whole E. histolytica trophozoites between wild-type
and metronidazole-resistant strains, and between
virulent and avirulent strains, and for organelle pro-
teomes using isolated phagosomes (17, 33, 35, 68,
69, 81, 94, 95, 137).
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In this section, new aspects in the molecu-
lar pathogenesis of amebiasis discovered through
transcriptomics will be discussed. Insights into the
developmental reguiation of CPs and Rab small
GTPases during encystation are also discussed as
examples of transcriptomic approaches to under-
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stand the biology and pathogenesis of this group of
enteric protozoa.

Transcriptome Analysis of E. histolytica CP

Several transcriptomic studies using whole ge-
nome microarrays of E. histolytica demonstrated
that EhCP-A1, A2, and AS were the most abundant
transcripts in axenically grown HM-1 trophozoites,
while ERCP-A6, A10, A11, B2, C4, and CALP1 were
only expressed at moderate levels (80, 134). Gilchrist
et al. compared the transcriptomes of HM-1 tro-
phozoites derived from the mouse cecum on day 1
or day 29 after inoculation with that of trophozoites
cultivated in vitro (52). The expression of EhCP-A4
was induced by 28- to 35-fold between days 1 and
29, while the expression levels of EhCP-Al, A6, and
A8 were induced by 2- to 9-fold. Among all of the
CPs, EhCP-A1 mRNA was the most abundant in tro-
phozoites derived from the intestine and was about
60 times higher than the levels of EhCP-A4, A6, and
AS8. In an independent experiment, EhCP-A6 was re-
ported to be induced by heat stress (134, 145), and
that EhCP-4A and 6A, which show high similarity
to and form a monophyletic clade with EhCP-AS
(Fig. 1), were strongly induced by environmental
changes occurring during E. histolytica infection (52,
134, 145). Weber et al. also demonstrated that when
E. histolytica trophozoites were cultivated at 42°C
for 4 h, EhCP-Aé was induced by 8.9-fold, while Eh-
CP-4 was upregulated by 2.1-fold (145). There are,
however, conflicting reports. One study showed that
EhCP-AS and Aé were induced after 4 h of cultiva-
tion at 42°C, while another study reported that C1
family CP genes were not induced after 1 h of cultiva-
tion at 42°C (80, 134). These data indicate that the
expression of these genes may be affected by subtle
differences in the experimental procedures and condi-
tions used.

Ehrenkaufer et al. reported on the differénces in
transcriptomes between recent clinical isolates that
partially encyst in regular xenic medivm and labora-
tory strains that have apparently lost their ability to
encyst (41). Among the genes that were potentially
regulated developmentally, EhCP-A1 and A2 were
predominantly expressed in the laboratory strains,
while EhCP-A3, A4, A8, B1, B3, B8, B9, and B10
were expressed at a higher level in the recent clinical
isolates. In future studies, there is a need to exam-
ine the differences in the transcriptomes of tropho-
zoites derived from axenic and xenic cultures, and
those obtained from host tissues and stool samples.
However, since the amount of available clinical
" specimens is limited, microarray studies that use
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amplified cDNA appear to be a powerful tool to ex-
amine the transcriptome profiles of E, bistolytica on
a small scale.

Transcriptome Analysis of E. histolytica Rab

It was previously demonstrated by gRT-PCR
that among the EhRab7 isotypes in the HM-1 strain,
EhRab7H is the most abundantly transcribed, fol-
lowed by EhRab7A and EhRab7E (114). EhRab7A
facilitates CP transport, while the roles of EhRab7E
and EhRab7H remain unknown (88). The basal ex-
pression levels of EhRab11 isotypes in HM-1 were
also examined by qRT-PCR (87). The expression
levels of the four family members varied, with Eh-
Rab11A having the highest expression and with the
levels of expression decreasing in the order of 11B,
11C, and 11D. Since EhRab11A is recruited to the cell
surface during tron or serum starvation, it was sug-
gested to be involved in encystation (82). Conversely,
the overexpression of EhRab11B caused an enhance-
ment of the secretion of CPs (87), while the roles of
EhRab11C and EhRab11D remain unknown.

There are several reports on the transcriptional
regulation of Rab genes under stress conditions. Mac-
Farlane et al. reported that incubation of trophozoites
at 42°C for 1 h caused a 2-fold upregulation of the
EhRab7A gene (80), while in another study, EhRabX14
expression was upregulated on days 1 and 29 in the
mouse cecum {52). During host infection, amebic tro-
phozoites are exposed to reactive oxygen and nitrogen
species. The incubation of trophozoites with hydro-
gen peroxide or a nitric oxide donor (dipropylenetri-
amine-NONQate) caused a 3- to 4-fold upregulation
of EhRabll, and a 4- to 50-fold downregulation of
EhRab7F. Since these Rab genes appeared to be regu-
lated by hydrogen peroxide and nitric oxide in a sim-
ilar way, a common regulator and pathway may be
responsible for their identical responses against these
stress factors. However, most of the Rab genes are not
regulated in the same manner. EhRabM1, for example,
was upregulated only by hydrogen peroxide, while
EhRabX15, X32, and X35 were upregulated only by
dipropylenetriamine-NONQate. Similarly, EhRabD2
was downregulated by oxidative stress, whereas Eh-
RabX19, L1, and C2 were downregulated in nitric ox-
ide-treated cells. Although the role of these Rab genes
remains unknown, these findings indicate a possible
link between oxidative/nitrosative stress responses and
membrane trafficking.

Several EkRab genes have been suggested to play
a role in the stage conversion of E. bistolytica (41).
Ehrenkaufer et al. (41) analyzed the transcriptome of
recent clinical isolates and a laboratory E. histolytica
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strainand demonstratedthatEhRabM1and EhRabN1
were upregulated in the recent clinical isolates by 6.7-
and 4.1-fold, respectively. These data suggest that
these Rab genes may be upregulated in the cyst stage.
In contrast, EhRab$, 7D, 11A, 11B,11D, B, C1, CS,
Cé, D2, H, K2, and M2 were all expressed at higher
levels in a laboratory strain that does not encyst com-
pared to clinical isolates, suggesting that these Rab
genes are upregulated in the trophozoite stage. It is
worth noting that EhRabM1 is upregulated in the
cyst stage and by oxidative stress, which may sug-
gest a common role for EhRabM1 in the response to
stress and differentiation. Conversely, EdRabS$, X6,
and X13 were downregulated in the nonpathogenic
E. dispar (79). Since EhRabs5 plays a role in prepha-
gosomal vacuole formation (116) in E. histolytica,
the repression of EdRab$ expression in E. dispar may
indicate a decrease in phagocytosis and endocytosis
in E. dispar.

NEW INSIGHTS INTO THE
MOLECULAR EVENTS THAT OCCUR
DURING ENCYSTATION

The expression profiles of all the genes in E. in-
vadens were recently analyzed using a custom-made
full genome microarray of E. invadens on an Affyme-
trix platform (Eh_Eia520620F_Ei) (Escueta-de Cadiz
et al., unpublished). The array contained 12,385 in-
dependent probe sets, each of which had 11 probe
pairs. The probes were designed based on the genome
sequence of the E. invadens reference strain IP-1,
available from the Pathema Bioinformatics Resource
Center (data release 6.0). Encystation was induced
using 47% LG medium with reduced osmolarity and
no glucose (118). Transcriptomes were examined at
various time points up to 120 h after induction and
the percentage of encystation was determined to be
1.9, 14.8, 49.7, and 86.4% at 0, 24, 48, and 120 h,
respectively.

Identification of Encystation-associated CPs

A massive degradation of cellular components
in trophozoites must occur during encystation. This
degenerative process is partly mediated by CPs. As
described above, E. histolytica and E. invadens have
large gene families of CPs; however, the majority of
CPs are not expressed in the E. histolytica trophozo-
ite stage when cultured in enriched regular medium
(23, 134). The transcriptome of E. invadens during
encystation has revealed several unique features of
the kinetics of CPs (Fig. 3, upper panel). The kinet-
ics of the steady-state level of mRNA of CPs from

®

{

the CP-A, B, and C families were categorized into
three groups: CP genes dominantly expressed in the
cyst stage (>2-fold higher at 120 h than at 0 h after
the induction of encystation); CP genes dominantly
expressed in the trophozoite stage (>2-fold higher at
0 than at 120 h); and genes constitutively expressed
(<2-fold change between 0 and 120 h). In general,
among the EiCP-A, B, and C families, the members
of the EiCP-A family show the highest expression in
both trophozoites and cysts. About 50% of EiCP-A
proteins were expressed constitutively (EiCP-A2a,
A2e, A2f, A3c, A3d, ASa, ASb, and A10), while the
rest were expressed preferentially in trophozoites
(EiCP-2b, A2c, A2d, A3a, A3b, A8a, A8b, Alla,
and A11b). Two EiCP-A members were categorized
into the cyst-specific group, but their expression level
was relatively low. Among the 9 trophozoite-dom-
inant EiCP-A members, EiCP-A2¢, A3a, and A3b
showed strong induction 8 h after encystation, while
8 of the 10 EiCP-C genes were trophozoite specific,
and their expression levels were gradually reduced
during encystation.

The expression level of the EiCP-B family mem-
bers was generally low to intermediate in tropho-
zoites; however, the expression of FiCP-B2, B6, B9,
and BA was strongly induced during encystation or
remained upregulated in the cyst stage. This suggests
that members of the EiCP-C family mainly function
in trophozoites, while members of the EiCP-A family
function in the trophozoite and cyst stages. In con-
trast, EICP-B family members appear to have a role in
developmental conversion. It was previously reported
that EiCP-B9 was induced at 24 h and repressed at
48 h of encystation (39), and it was also identified
as a cyst-specific CP using transcriptome analysis of
E. histolytica clinical isolates (41). The developmen-
tally regulated CPs appear to be, at least in part, shared
by E. histolytica and E. invadens. In Giardia lamblia,
one CP has been shown to be involved in the process-
ing of a cyst wall protein (138). Further investigation
needs to be conducted on the physiological substrates
and functions of the CP-A and CP-B families to cast
light on their roles in the encystation of E. histolytica
and E. invadens.

Identification of Encystation-associated Rab Genes

During encystation, the drastic turnover of cel-
lular components occurs in a rapid and regulated
manner, involving the de novo synthesis of new
proteins and degradation of undesired proteins. To
support this massive reconfiguration of cellular com-
ponents, the amoeba is expected to have an encysta-
tion-specific system of membrane trafficking. To gain
insights into the mechanisms of encystation-specific
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Encystation kinetics of E. invadens CP genes
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Figure 3. Kinetics of CP and Rab gene expression during encystation in E. invadens. E. invadens trophozoites were cultured in

encystation medium. Total RNA was extracted at 0, 0.5, 2, 8, 24,

48, and 120 h, and subjected to transcriptome analysis using

E. invadens DNA microarrays. The normalized relative fluorescence intensity of each gene is shown.

membrane trafficking, we also investigated the tran-
scriptomic changes of Rab genes during the encysta-
tion of E. invadens (Fig. 3, lower panel). The kinetics
of the steady-state levels of mRNA for individual Rab
genes were categorized into cyst-specific, trophozoite-
specific, or constitutive genes, using the same criteria
described above for the CP genes. As shown in Fig. 3,
23 cyst-dominant, 36 trophozoite-dominant, and 31
constitutive Rab genes were identified. Some of these
genes were either induced or repressed in a time-
specific fashion. For instance, EiRab11C, EiRabM3,
and EiRabX16 showed their highest level of expres-
sion at 2 h, while EiRabX12 expression level peaked
at 8 h. EiRab11D, EiRabB, EiRabZ2, and EiRabZ5
expression level peaked at 24 h, while EiRabX14
expression level peaked at 48 h. The expression of
EiRabC3b was markedly reduced at 2 to 8 h, while
another isotype, EiRabC2, showed a sharp peak at
0.5 to 2 h. Other isotypes that belonged to a sub-
family also showed different kinetics during encys-
tation. The expression of EiRab7C, 7D, and 7H,
for instance, was upregulated at 48 h, while that of
EiRab7B, 7E, 7F, and 7G2 was repressed at 24 h of en-
cystation. Furthermore, the expression of EiRab7G1
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was constant, whereas that of EiRab7I was induced
from 2 to 24 h, but was repressed at 48 h of encys-
tation. EhRab7B is involved in lysosome biogenesis
(114), while EhRab7A is involved in the targeting
of hydrolases to lysosomes (88); therefore, it is con-
ceivable that the expression of EiRab7B is repressed
in cysts because lysosome function is assumed to be
less active in dormant cysts, where endocytosis and
phagocytosis are likely to be repressed. EiRabSA was
strongly induced during encystation, while the ex-
pression of its isotype, EiRab5B, was repressed after
8 h of encystation. EiRab11A and EiRab11B showed
similar constitutive patterns of expression, while
the expression levels of EiRab11C and EiRab11D
were reduced in cysts. In addition, EiRab11C and Ei-
Rab11D showed marked sharp peaks at 2 and 24 h,
respectively. Although EhRab11A was shown to be
translocated to the cell periphery by serum or iron
starvation, its constitutive expression pattern does
not support its involvement in encystation (82). Fur-
thermore, although E. histolytica Rab11B has been
demonstrated to be involved in the secretion of CPs
(87), its constitutive pattern of expression suggests a
general role throughout the life cycle.
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FUTURE IMPACT OF GENOMIC AND
POSTGENOMIC APPROACHES

Future Impact of Genomics

Despite the optimistic presumption that genomic in-
formation would reveal all the secrets of E. histolytica,
we have learned that its genome shows an unexpected
level of complexity and has raised more questions
than answers. The fact remains, however, that re-
searchers generally design and perform experiments
based on genome-derived information; thus, genome
information remains undoubtedly important.

There is a need to obtain the entire genome se-
quences of other E. histolytica clinical isolates that
show different clinical presentations and with dis-
tinct geographic origins. Such information would
help investigators understand the genetic diversity of
E. histolytica as a species and the geographic distri-
bution of genetic traits. It would also facilitate the
discovery of factors that determine the severity of
infecrion and tissue tropisms, and it may also help
with understanding the role of transposable elements
in the pathogenicity of E. histolytica.

Genomic approaches may be undertaken to an-
alyze the genetic variations observed in the human
host. It was previously shown that HLA class II al-
leles were related to the susceptibility of the host to
ameDbiasis (38). It has recently been suggested that
polymorphisms in leptin receptors have a close as-
sociation with susceptibility to amebiasis (Petri et al.,
unpublished). Genomic studies on the pathogen
and host should also clarify the important question
of why only 5% to 10% of infected individuals de-
velop disease. The use of new-generation sequencing
technology should also enable metagenomic studies
of bacterial flora from cases of intestinal amebiasis
(colitis and dysentery), amebic liver abscesses, and as-
ymptomatic cases. Such studies may answer the ques-
tion of whether bacterial flora affects the outcome of
E. histolytica infection.

Future Impact of Postgenomics

As described here, using CP and Rab genes as exam-
ples, transcriptomic and proteomic approaches have
become applicable and affordable methods to analyze
the molecular mechanisms of virulence and parasit-
ism in pathogenic amoeba. The recent developments
in metabolomics should also provide us with a com-
prehensive understanding of metabolic fluxes and
key metabolites that other “omics” studies are not
able to reveal. Because of space restrictions, only the
transcriptional changes in the CP and Rab genes are
described here. There are, however, numerous other

Entamoeba genes involved in various biological pro- -
cesses whose expression is modulated during encysta-
tion. For instance, we have discovered a number of
stage-specific myb transcription factors in E. invadens
that are expressed within a very narrow time range.
This finding was in good accordance with a recent re-
port on several myb transcription factors implicated
in the encystation of E. histolytica (40). These cyst-
specific E. histolytica myb genes were discovered by
comparing the transcriptomes of E. histolytica clinical
isolates that occasionally encyst in vitro and attenu-
ated encystation-defective strains. It would be impos-
sible, however, to find tightly regulated time-dependent
genes without performing kinetic experiments. Thus,
the transcriptomics of E. invadens remains an impor-
tant encystation/excystation model, until in vitro stage
conversion is accomplished with E. histolytica.

An imporrant but not yet fully exploited ap-
plication of transcriptomics is the discovery of the
roles of metabolic enzymes whose functions are cur-
rently unknown. We should be able to understand
a specific role of individual enzymes by comparing
the transcriptomes of a parental line and cell lines in
which the expression of the gene under investigation
is repressed by RNA interference (1, 72, 142) or gene
silencing (8, 20, 21, 22, 25, 86, 150). Such attempts
are under way to characterize the role of methionine
gamma-lyase, a unique amino acid metabolizing en-
zyme (4, 93, 136). Transcriptomics can also be used
to unravel the action of drugs currently in clinical use
or under development. The discovery of new meta-
bolic pathways through transcriptomics should also
provide opportunities to identify new drug targets.
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