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Gene expression analysis by microarray assay revealed that when exposed to stress, Entamoeba histolytica
exhibits a specific heat shock response, together with a dramatic overall reduction in gene transcription as well
as differential allelic expression of key genes participating in virulence, such as the galactose/N-acetylgalac-

tosamine (Gal/GalNAc) lectin.

Amoebiasis is a disease caused by the enteric protozoan
parasite Entamoeba histolytica. Following invasion of human
tissue by E. histolytica, the two major clinical manifestations
are hemorrhagic colitis and liver abscesses (18). For infection
to succeed, invading trophozoites must produce an adaptive
response that ensures their protection against the host re-
sponse and survival. Hence, E. histolytica proteins whose pro-
duction is triggered or modulated by environmental stress are
of great interest, since characterization of these species should
help us understand the mechanisms which sustain pathogene-
sis and could lead to new treatments for amoebiasis.

Microbial pathogens have evolved a number of strategies
for protecting themselves from their hosts. One of these is
the so-called heat shock response, which is elicited by a
sudden increase in ambient temperature (13) and induces
the synthesis of a limited set of proteins (called heat shock
proteins [HSPs] or molecular chaperones). Homologues of
known HSPs have been identified and partially character-
ized in E. histolytica (1, 11). With the aim of determining
gene expression changes during E. histolytica’s adaptive re-
sponse during infection, we developed an oligonucleotide-
based microarray with transcript information randomly ob-
tained from a cultured virulent strain of the pathogen. Array
analysis revealed that gene transcription in E. histolytica
exposed to heat shock is dramatically reduced, since 471 of
1,131 unique genes were down regulated, whereas specific
HSP-encoding genes were up regulated. In conjunction with
real-time PCR results, these genetic information data reveal
for the first time a very interesting differential allelic expres-
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sion of key genes participating in virulence, such as the
immunodominant antigen Gal/GalNAc lectin, certain cys-
teine proteinases, and the so-called 20-kDa antigen.

The aims of this study were (i) to establish a highly discrim-
inating method for monitoring gene expression changes in E.
histolytica and (ii) to determine the mRNA expression profile
of E. histolytica cells growing in a drastically modified environ-
ment. We decided to construct an oligonucleotide-based mi-
croarray, using information obtained directly from sequence
analysis of E. histolytica transcripts, a strategy that is generally
thought to overcome problems due to gene redundancy and
the presence of introns. A ¢cDNA library of the virulent E.
histolytica strain HM-1:IMSS and a liver-specific cDNA sub-
traction library were prepared and sequenced. The bioinfor-
matic analysis of sequenced clones enabled us to define 1,300
bona fide transcripts, all from parasites growing in vitro and
enriched with randomly chosen transcripts from parasites
growing in the liver. A comparison of our file with the recent
publication of the E. histolytica genome sequence (10) allowed
us to detect and reference 96 transcripts that have not yet been
annotated in the genome (referenced as gDNA in our public
database at http://genoscript.pasteur.fr). Additionally, of the
1,131 individual genes in the list, 342 corresponded to coding
sequences of unknown function. Finally, E. histolytica genes
known to be involved in virulence or in cytoskeleton activities
were also added to the file. Due to the high AT base content
of the E. histolytica genome and in order to achieve a high
specificity and limit background noise in the hybridization pro-
cedure, we constrained the design of our 70-mer oligonucleo-
tides with the following parameters: a 32% GC content, AT
stretches of no longer than 30 nucleotides, and the absence of
degenerate bases. All experimental procedures for microarray
setting and statistical analysis of data are compiled at http:
//genoscript.pasteur.fr and summarized in the supplemental
material.
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FIG. 1. Categories of genes whose transcription is modulated by heat shock treatment. The data were organized according to a number of
different categories suggested for the analysis of transcripts from protozoan parasites (http://www.ebi.ac.uk/parasites/_old/FalcipProteome
/geneclass.html). Note that a homogenous color code (appearing in a clockwise representation) is associated with each category. The distribution
of total genes was obtained by the percentages of different categories of genes carried on the microarray (these genes were basically randomly
chosen after the sequencing of cDNA libraries). Of the genes up regulated by heat shock, 19% encode factors involved in cell rescue. Interestingly,
14% are related to pathogenesis, and very few correspond to hypothetical proteins. The class distribution of transcripts down regulated by heat
shock more or less matches the distribution of genes represented on the microarray.

We exposed E. histolytica trophozoites growing exponen-
tially at 37°C to a heat shock by moving them to a temperature
of 42°C for 4 hours. Cell viability was monitored by using the
trypan blue exclusion test, which indicated that 96% of tropho-
zoites were still alive after the treatment. The 3.4-fold increase
of Hsp70 indicated that a heat shock response was obtained
under our experimental conditions (data not shown). Given
that the array represented a relatively small number of genes
and that major changes in gene expression are likely during

changes in the parasite’s milieu, we chose to compare two
normalization methods. The first takes into account the overall
mean value of E. histolytica gene expression. In the second
method, normalization incorporates the use of external con-
trols by spotting oligonucleotides (spikes) prepared from an
unrelated source (Arabidopsis thaliana). In both cases, statisti-
cal analysis was performed using a paired Student ¢ test. After
drawing locally weighted regression normalization curves, we
noted that normalization with spikes fitted the asymmetric data
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TABLE 1. Genes up regulated during heat shock”

Oligonucleotide and

. NCBI accession no.”
functional category

Increase in

Identification expression (fold)

Heat shock response

EH-IP0483 284.t00002 90-kDa heat shock protein 7.8
EH-1P0992 92.t00037 90-kDa heat shock protein 6.2
EH-1P0432 256.t00015 90-kDa heat shock protein 2.3
EH-IP0298 197.t00013 Hsp70 family 6.1
EH-1P0727.2 45.t00004 70-kDa heat shock protein 39
EH-IP0309.1 2.t00027 Dnal 4.7
EH-IP0309.2 2.t00027 DnaJ 4.7
EH-1P0260 18.t00071 p23 cochaperone homologue 2.0
EH-IP0136 13.t00024 BAG domain 3.7
EH-IP0958 84.t00012 FKBP homologue 5.8
EH-IP0368 216.t00010 Ehsspl 6.3
EH-IP1010 99.t00006 Ubiquitin-conjugating enzyme 2.4
EH-1P0753.1 49.t00025 Ubiquitin-activating enzyme 1.7
EH-1P0962 86.t00015 PCI domain, 26S proteasome 2.0
EH-IP1063 X98567/Q27935 Ubiquitin 1 21
Regulatory factors
EH-1P0299 198.t00003 Transcription initiation factor IIIB (BRF domain) 2.5
EH-IP0677 40.t00045 Reverse transcriptase 1.8
Specific genes
EH-1P0334.2 202.t00007 20-kDa antigen-related protein 8.2
EH-I1P0312 2.t00055 Cysteine protease 6 8.9
EH-IP0026 10.t00046 Cysteine protease 4 2.1
EH-I1P0731.1 46.t00004 Cysteine desulfurase 2.3
EH-IP0731.2 46.t00004 Cysteine desulfurase 2.4
EH-IP0791 52.t00007 Lysozyme 2.0
EH-1P0144 131.t00014 Iron-sulfur flavoprotein 1.7
EH-1P0493 29.t00025 Sugar/ion transporter 1.5
EH-1P0210.2 16.t00014 Gal/GalNAc lectin Hgl-2 3.7
Unknown proteins
EH-1P0556 313.t00008 Hypothetical protein/multifamily 8.8
EH-IP0377 22.t00061 Hypothetical protein 1.8

“The Hsp90 chaperone, together with Hsp70, helps newly synthesized proteins to fold. Identified chaperone cofactors were the following: Hsp40 (DNAJ), BAG-1,

and CHIP (3, 7), which interacts with the molecular chaperones Hsp70 and Hsp90 through its TPR domain, whereas its U-box domain contains the protein’s E3
ubiquitin ligase activity. A cochaperone for Hsp90 is p23, which bears an SGS domain found in eukaryotic proteins mediating ubiquitination (22). Notice that the heat
shock up regulation response also included 84.t00012, a FKBP gene encoding a protein with homology to FK506-binding proteins (FKBP or immunophilin). FKBP
proteins display both peptidyl-prolyl cis-trans isomerase and chaperone activity associated with Hsp90 (9). The FKBPs also specifically bind fungal macrolides such as
FK506 and rapamycin, which are not yet defined to have an anti-amoeba activity. Finally, the “313.t00008” 81-amino-acid protein sequence, with no known homologies,

was encountered within at least 100 other open reading frames in E. histolytica.

® http://www.ncbi.nlm.nih.gov/gquery/gquery.fcgi?term=ENTAMOEBA.

set well, with linear correlation coefficients between biological
replicates and between technical replicates being >0.9 and
>(.95, respectively; the analysis allowed us to conclude that
the method using spikes showed a greater specificity for
changes in gene expression observed after heat shock treat-
ment, together with a more asymmetric data set (few induced
genes and numerous repressed genes).

Overview of gene expression modulated by heat shock in
Entamoeba histolytica. To obtain an overview of our microarray
results, we classified genes according to their genomic annota-
tions and then tabulated the numbers of differentially regu-
lated genes in selected functional categories. The most striking
finding was our observation of massive gene down regulation
after heat shock. Of the 1,131 unique genes probed by the
microarray (most of which were picked randomly from cDNA
sequences), almost 471 (42%) were significantly repressed dur-
ing heat treatment. One hundred thirty-five (29%) of the 471
down-regulated genes potentially encode proteins of unknown
function. Using genome annotation and BLAST, we identified

genes involved in growth-related processes, DNA metabolism
and repair, fatty acid metabolism, RNA dynamics, signaling,
cytoskeletal activity, vesicular trafficking, metabolic processes,
and virulence. An interesting group of genes stood out due to
its involvement in protein translation (principally the synthesis
of ribosomal proteins). The repression of genes encoding ri-
bosomal proteins has been observed during stress in Saccha-
romyces cerevisiae (20). A smaller number of genes were up
regulated by heat shock; these included the usual chaperones
as well as a small set of hypothetical proteins. A comparison of
the gene categories present on the microarray with the gene
categories modulated by heat shock (Fig. 1) prompted us to
conclude that gene down regulation is rather indiscriminate
and may correspond to a general response for adaptation to
new environmental conditions. These observations support the
notion that signals leading to gene down regulation during the
heat shock response converge on common pathways resulting
from an imbalance in cell homeostasis.

The most up and down-regulated genes under heat shock
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TABLE 2. Virulence-related genes down regulated
during heat shock”

NCBI Inhibition
Oligonucleotide  accession Identification P
cesel (fold)
EH-IP0234.1  17.t00056  Gal/GalNAc lectin 35 subunit Lgl-1 7.4
EH-1P0234.2  17.t00056  Gal/GalNAc lectin 35 subunit Lgl-1 6.5
EH-IP0234.3  17.t00056 ~ Gal/GalNAc lectin 35 subunit Lgl-1 1.9
EH-IP0816 56.t00038  Gal/GalNAc lectin 35 subunit Lgl-3 2.5
EH-1P0796.1  53.t00006  Gal/GalNAc lectin subunit Igll 1.8
EH-IP0796.2  53.t00006  Gal/GalNAc lectin subunit Igl1 22
EH-IP0100 119.t00005  Gal/GalNAc lectin subunit Igl2 6.6
EH-TP0491.2  L14815¢ Gal/GalNAc lectin subunit Hgl-3 2.4
EH-IP0715 442.t00004  Peroxiredoxin 7.6
EH-IP0160 136.t00007  Peroxiredoxin 18.6
EH-IP1002 963.t00001  Peroxiredoxin 16.7
EH-1P0928.2  79.t00025  Cysteine protease 1 7.9
EH-1P0928.1  79.t00025  Cysteine protease 1 9.1
EH-IP0409 242.t00001  Cysteine protease 1 7.5
EH-1P0343.2  206.t00005 Cysteine proteinase 2 7.1
EH-1P0343.1  206.t00005 Cysteine proteinase 2 7.1
EH-1P0343.3  206.t00005 Cysteine proteinase 2 7.5
EH-1P0343.6  206.t00005 Cysteine proteinase 2 6.3
EH-1P0343.4  206.t00005 Cysteine proteinase 2 6.1
EH-IP0343.5  206.t00005 Cysteine proteinase 2 6.9
EH-IP1066 X87214¢ Cysteine protease 3 13
EH-1P0626.2  358.t00002 Cysteine protease 8 6.0
EH-IP0626.1  358.t00002 Cysteine protease 8 7.6
EH-1P1070 AY156071  Cysteine protease 13 2.6
EH-1P0261 180.t00007  Cysteine protease 17 1.7
EH-1P0288.2  191.t00018 Cysteine proteinase 1.2
EH-1P0254.1  18.t00027  Amoebapore C 7.5
EH-IP0254.2  18.t00027  Amoebapore C 52
EH-1IP0149.2  132.t00016 20-kDa antigen 1.7
EH-1P0149.1  132.t00016  20-kDa antigen 1.4
EH-IP0216 160.t00008  Surface antigen ariell 17.4
EH-1P0614 349.t00010  Galactokinase 16.4

“Notice that the surface molecule ARIEL (an asparagine-rich E. histolytica
antigen of unknown function) (12) was down regulated 17-fold by heat shock,
whereas amoebapore C was down regulated fivefold. Galactokinase (with a
16-fold down regulation) catalyzes phosphorylation of galactose during its ca-
tabolism. The enzyme has attracted significant research attention because of its
important metabolic role, notably in humans, where defects in the enzyme can
result in the disease state referred to as galactosemia (6). In addition, galactoki-
nase-like molecules have been shown to act as sensors for the intracellular
galactose concentration and, under suitable conditions, to function as transcrip-
tional regulators (17).

® http://www.ncbi.nlm.nih.gov/gquery/gquery.fcgi?term=ENTAMOEBA.

¢ Rate of inhibition of gene transcription after heat shock.

4 Hgl-3 allele published in reference 15.

¢ CP3 sequence published in reference 4.

/CP13 sequence published in reference 4.

conditions were grouped together according to function
(Tables 1 and 2). Some of these sequences are discussed fur-
ther below, and the complete list of clones is presented in our
public, MIAME-compliant database (http://genoscript.pasteur
r). The functional annotation of genes modulated by heat
shock was organized according to (i) the gene’s role in the heat
shock response, (ii) potential regulatory factors, and (iii) vir-
ulence-related genes.

Genes encoding heat shock proteins were among the 40
most highly expressed genes (Table 1). We identified three
isoforms of Hsp90, two isoforms of Hsp70, and several well-
known chaperone cofactors, such as DNAJ, a protein contain-
ing a BAG domain, a homologue of cochaperone p23, a can-
didate presenting a TPR domain, and a protein with structural
homologies with CHIP. In E. histolytica, heat shock activates
ubiquitin and a component of the 26S proteasome regulatory
complex, as well as several other ubiquitination components
involved in the removal of damaged proteins. A copy of the

EUKARYOT. CELL

Ehsspl1 stress-inducible gene (16), which has a possible role in
cellular adaptation to stress conditions, was up regulated.

The BRF subunit of transcription factor IIIB (TFIIIB) from
E. histolytica was overexpressed threefold during heat shock.
TFIIIB recruits RNA polymerase III (Pol III) to initiate tran-
scription of short, untranslated RNA molecules. The RNA Pol
IIT also transcribes short interspersed nuclear elements
(SINEs), which contain Pol III promoters. The E. histolytica
genome contains three classes of long interspersed nuclear
elements (LINEs) and SINEs (2), accounting for about 6% of
the total nuclear DNA. Indeed, SINE transcription accounts
for 25% of all RNA transcription in this parasite, and the
transcription of these elements may be modulated during
stress.

Specific virulence-related genes are modulated by heat
shock. Heat shock treatment of the parasite induced the tran-
scription of genes previously described as cysteine proteases 4
and 6 (CP4 and CP6), which have never previously been found
to be expressed during parasite growth (4). CP6 was especially
up regulated by heat shock, indicating a particular activity of
this protease during stress due to its potential role in the
degradation of damaged proteins. In contrast, CP1, CP2, CPS,
and CP17 were all down regulated (Table 2).

One of the most striking findings generated by the microar-
ray analysis was the observation of differential expression of
alleles for the heavy-chain subunit of the Gal/GalNAc lectin,
which is an abundant surface protein complex involved in con-
tact-dependent killing and phagocytosis of target cells by E.
histolytica (14). The Gal/GalNAc lectin is composed of two
subunits, a light (Lgl), glycosylphosphatidylinositol-anchored,
31/35-kDa subunit and a heavy (Hgl), 170-kDa subunit. The
complex is associated with an intermediate, 120-kDa subunit
(Igl). Each lectin subunit is represented in the E. histolytica
genome by multiple alleles; however, the functional distinc-
tions between these alleles have not yet been established. Six
genes with 53 to 85% identity encode Lgl isoforms, and at least
two genes encoding specific Hgl isoforms (Hgl-2 and Hgl-3)
have been isolated and well studied (15, 19). Furthermore,
another Hgl isoform and an incomplete sequence have been
described from the genome (10). We found that the Hgl-2
allele and one Lgl allele (which we suggest calling Lgl-6) were
involved in the heat shock response, whereas all other lectin
family components were not. In contrast, the Hgl-3 allele and
all other Lgl and Igl subunits underwent gene repression dur-
ing heat shock. This was also true for other factors that have
been associated with the Gal/GalNAc lectin, such as peroxi-
redoxin (the principal thiol-containing surface antigen in E.
histolytica). Peroxiredoxin is important during the transition
from the anaerobic environment of the large intestine to the
aerobic environment in human tissue (5) and has been found
to associate with the Gal/GalNAc lectin in two-hybrid and
cellular experiments (8). Our findings suggest that there is a
need to assess Hgl-3’s specific activity during oxygen peaks.
Quantitative reverse transcription-PCR confirmed that tran-
scription of the Hgl-2 allele (16.t0014) and the Lgl-6 allele
(168.t0024) increased roughly sixfold during heat shock,
whereas all other Hgl, Igl, and Lgl alleles were down regulated
(see the supplemental material). Finally, one of the previously
described 20-kDa antigen (202.t00007) (21)-encoding genes
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was found to be up regulated, whereas the second (132.t00016)
was down regulated.

In conclusion, this work is a first step toward defining E.
histolytica’s overall stress-triggered expression program and
should help us to understand this parasite’s remarkable ability
to survive the host response during tissue infection.
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