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Transcriptional silencing of the gene coding for amoebapore A (AP-A) was observed when trophozoites of
Entamoeba histolytica were transfected with a hybrid plasmid construct containing the ap-a gene flanked by the
upstream and downstream segments of the original Ehap-a gene. Transfectants were totally devoid of ap-a
transcript and AP-A protein. An identical silencing effect was observed upon transfection with a plasmid that
contained only the 5� upstream region of ap-a. Removal of the selecting antibiotic enabled the isolation of
plasmidless clones, which retained in their progeny the silenced phenotype. E. histolytica cells were able to
overexpress ap-a when transfected with a plasmid containing the gene flanked by the 5� and 3� regions of the
EhRP-L21 gene. This plasmid, however, could not express ap-a in the retransfected, cloned trophozoites lacking
AP-A. This is the first report of gene silencing in E. histolytica, and the mechanism appears to belong to
transcriptional gene silencing and not to posttranscriptional gene silencing. This conclusion is based on the
following results: (i) silencing was achieved by transfection of homologous 5� flanking sequences (470 bp of the
Ehap-a gene), (ii) transcription initiation of Ehap-a was found to be blocked, and (iii) short double-stranded
RNA fragments of the ap-a coding and noncoding sequences were not detected. Trophozoites lacking AP-A are
nonpathogenic and impaired in their bacteriolytic capability.

The amoebapores (AP) are an important virulence factor of
Entamoeba histolytica (12, 30). Three isoforms of the small (77
amino acid) AP protein exist as mature and potentially active
peptides inside distinct cytoplasmic granules of the trophozoite
(30–32). The present view of the mode of action of AP is that
following lectin-mediated recognition and intimate adherence
between the trophozoite and its target cell, the AP molecules
are inserted into the membranes of the latter without depend-
ing on the interaction with a specific membrane receptor and
that antibodies against AP are thus unable to inhibit its toxic
effect. To investigate the specific role of AP-A, the most abun-
dant among the three isoforms (38), in the pathogenicity of the
parasite, the levels of AP-A expression were modulated by
transfection of trophozoites with different hybrid plasmid con-
structs. Down-regulation (60%) of expression of AP-A by an-
tisense mRNA caused a drastic reduction in amoeba pathoge-
nicity and clearly demonstrated its importance in the parasite’s
virulence (12). Interestingly, overexpression (fourfold) of
AP-A also caused a dramatic reduction in virulence (13). This
result has been attributed to an observed spillover of AP-A
from the granules into the cytoplasm and a continued release
of AP-A by viable trophozoites into the surrounding medium.
In an attempt to overcome the problem of the apparent mis-
localization of the overexpressed AP-A, we prepared another
hybrid plasmid construct in which the Ehap-a gene was in-
serted into the vector, flanked by its original 5� and 3� regula-
tory elements. Transfection of trophozoites of E. histolytica
virulent strain HM-1:IMSS (HM-1) with this plasmid surpris-
ingly abolished the transcription and translation of both the
plasmid and endogenous ap-a genes.

In the present report, we describe the characteristics of this
newly discovered silencing phenomenon in Entamoeba. Trans-
gene-induced silencing of gene expression has been reported in
almost all eukaryotes, including fungi, Saccharomyces, Dro-
sophila, plants, and mammals (16, 18, 21, 26, 34, 45). In most
cases, the molecular mechanisms by which gene silencing is
achieved are still poorly understood. Gene silencing has been
described as occurring at two main levels: transcriptional gene
silencing (TGS) and posttranscriptional gene silencing (PTGS).
TGS in transgenic plants has been shown to occur following
the insertion of multiple homologous repeats of a transgene
promoter region (33, 37). This can cause an inheritable sup-
pression of the endogenous gene that is under the control of
the same promoter. TGS in plants has been frequently cor-
related with condensation of chromatin and DNA methyl-
ation (29, 34). In contrast, PTGS in plants, as well as quelling
in Neurospora, has been shown to require only the transgene
insertion of homologous transcribed sequences (16). A fre-
quently found and notable characteristic of PTGS is the
presence of short, nonproductive RNA molecules (26). Our
present results suggest that silencing of the Ehap-a gene in
Entamoeba belongs to the TGS principle.

MATERIALS AND METHODS

Strain and culture conditions. Trophozoites of E. histolytica strain HM-1:
IMSS were grown at 37°C in TYI-S-33 medium (19). Transfected trophozoites
were grown in the presence of the neomycin derivative G418, as previously
described (12).

Plasmid construction. The pEhActNeo shuttle vector, which served as the basic
construct, contains the Neo gene that confers resistance to G418 flanked by the
5� and 3� untranslated regions (UTRs) of the amoeba actin 1 gene (1, 36) and the
E. histolytica autonomous replication sequence, both cloned in pBluescript
SK(�). The plasmid psAP-1 was constructed by inserting into the above-de-
scribed plasmid vector a PCR fragment of the ap-a gene (amplified from
genomic DNA of strain HM-1:IMSS) that includes 470 bp of the 5� flanking
region, the open reading frame (ORF), and 331 bp of the 3� regulatory region.
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Primers 1 and 2 (Table 1) were prepared according to the sequence information
available at Gene Bank accession no. x-70851. Using primers within psAP-1 as
indicated (Table 1 and Fig. 1), the other plasmids (psAP-2 to psAP-7) were
constructed as described above. Transfections of trophozoites were carried out
essentially as previously described (24).

Northern blotting. Total RNA was prepared using the RNA isolation kit TRI
Reagent (Sigma). RNA (5 �g) was size fractionated on a 4% polyacrylamide
denaturing gel containing 8 M urea and subsequently blotted to a nylon mem-
brane. Using stringent conditions, hybridization was carried out with different
probes (0.1% sodium dodecyl sulfate [SDS], 0.1� SSC [1� SSC is 0.15 M NaCl
plus 0.015 M sodium citrate]). Probes were randomly labeled using the Redi-
prime II kit (Amersham Life Science).

Search for small RNA molecules. A fraction enriched in small RNA molecules
was prepared as described previously (15). In brief, extraction from freshly
harvested trophozoites was performed with phenol-chloroform and the nucleic
acids were precipitated with 3 volumes of absolute ethanol and 1/10 volume of 3
M sodium acetate at �20°C. The washed sediments were resuspended in 2�
distilled water, and the solution was incubated on ice (30 min) with polyethylene
glycol (molecular weight [MW], 8,000) at a final concentration of 5% and 500
mM NaCl, after which the high-MW nucleic acids were precipitated while the
small RNAs remained in the solution. The supernatants were then precipitated
with ethanol as described above. Low-MW RNAs (50 �g) were separated by
electrophoresis in 0.5� Tris-borate-EDTA buffer through 15% polyacrylamide 7
M urea gels. To control the size and polarity of the low-MW RNAs, sense and
antisense oligonucleotides (25 nucleotide) were prepared based on the coding
sequence of the ap-a gene and used as size markers. Double-stranded synthetic
25-bp oligonucleotides from the promoter area of the gene were added prior to
the extraction to one-half of the freshly disrupted nontransfected trophozoites,
which served as an internal control for size and efficiency of small RNA extrac-
tion.

Nuclear run-on analyses of gene transcription. The procedure used was
adapted from that used for Trypanosoma and Giardia (43, 49). Freshly grown
trophozoites (3 � 107 to 5 � 107) were washed in serumless TYI medium and
then twice in buffer A (150 mM sucrose, 20 mM potassium glutamate, 20 mM
HEPES [pH 7.5], 3 mM MgCl2, 1 mM dithiothreitol, 10 �g of leupeptin ml�1).
Trophozoites were suspended in 3 ml of buffer A and incubated for 5 min on ice,
followed by permeabilization with lysolecithin palmitate (Sigma; final concen-
tration, 150 �g ml�1) for 1 min with gentle mixing. The cells were washed by

FIG. 1. (AI) psAP-1 plasmid in which the ap-a gene, including sequences from its upstream and downstream regulatory regions, was inserted
into a SacII site of the pEhActNeo shuttle vector (1, 36). ARS, autonomous replication sequence. (AII) Northern blot analysis of amoebic RNA
extracted from the following sources: parent strain HM-1:IMSS (lane 1) and psAP-1 transfectants grown in the presence of 6 (lane 2), 12 (lane
3), and 24 (lane 4) �g of G418 ml�1. The DNA probes used were Neo (AIIa) and ap-a (AIIb). (AIII) Western blot of SDS-PAGE reacted with
anti AP-A antibodies. Lanes depict results for the same cultures as described above. (BI) psAP-2 plasmid in which only the 470 bp of the 5� flanking
region was cloned in the same vector as described above. (BII) Northern analysis of psAP-2 transfectant. Lane 1, HM-1:IMSS parent strain; lanes
2, 3, and 4, psAP-2 transfectants grown in the presence of 6 (lane 2), 12 (lane 3), and 24 (lane 4) �g of G418 ml�1. The DNA probes used were
ribosomal protein (BIIa) and ap-a (BIIb). (BIII) Western blot of SDS-PAGE reaction with anti AP-A. Lanes depict results for the same cultures
as described above.

TABLE 1. Primers used for preparation of plasmid constructs

Primer Sequence S or
ASa

Posi-
tion

Cloning
site

1 TCCCCGCGGCTTGCTGCACCCTTTG S �474 SacII
2 TCCCCGCGGCTTCAGGATGGAACAG AS �674 SacII
3 TCCCCGCGGGATTGTTTGTAAGATATG AS �1 SacII
4 TCCCCGCGGCGTGCCACCTTCGATC S �354 SacII
5 TCCCCGCGGCACGGTGATGTGGCTG AS �68 SacII
6 TCCCCGCGGAAGATCGAAGGTGGCACG AS �340 SacII
7 TCCCCGCGGCAGCCACATCACCGTG S �47 SacII

a S, sense; AS, anitsense.
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rapid centrifugation (1 min at 1,000 � g) and resuspended in a minimal volume
of buffer A. Permeabilization was monitored by staining of an aliquot with
propidium iodide (Sigma; 5 �g ml�1), which stains only the nuclei of permeabil-
ized cells. An equal volume of 2� stock solution of transcription buffer (2�
stock: 20 mM HEPES [pH 7.5], 180 mM potassium glutamate, 7 mM MgCl2, 1
mM dithiothreitol, 10 �g of leupeptin ml�1, 50 mM phosphocreatine, 1.2 �g of
creatine kinase ml�1, 4 mM ATP, 2 mM GTP, 2 mM CTP, 1 mCi of [�-32P]UTP
[Amersham; 3,000 Ci/mM]/ml) was added to the cells, and transcription was
allowed to proceed for 15 min at 28°C. After transcription, 10-fold (vol/vol)
TRI-Reagent (Sigma) was added to each of the incubation mixtures and RNA
was extracted according to the manufacturer’s directions. The recovered radio-
labeled RNA was used immediately to probe dot blots (300 ng of DNA each)
containing the ap-a gene as well as other amoebic genes as indicated. Hybrid-
izations were done at 42°C for 48 h, and washing was stringent.

SDS-polyacrylamide gel electrophoresis (PAGE) and Western blots. Soluble
extracts from trophozoites prepared as previously described (12) were subjected
to separation on a 20% polyacrylamide gel (20) under nonreducing conditions.
Gels were blotted on a nitrocellulose membrane and subjected to immunoreac-
tions with polyclonal antibodies prepared against high-pressure liquid chroma-
tography-purified AP-A kindly supplied by M. Leippe, U. Wuerzburg, Wuerz-
burg, Germany. The blots were washed and incubated with horseradish
peroxidase conjugated to donkey anti-rabbit immunoglobulin whole antibody
(Amersham Pharmacia Biotech) and developed by an enhanced chemilumines-
cence kit (ECL) (Amersham, Little Chalfont, Buckinghamshire, United King-
dom). The procedure was carefully optimized using various protein and antibody
concentrations.

Quantitation of plasmid copies in transfectants. Using the Wizard Genomic
DNA purification kit (Promega), genomic DNA was prepared from strain HM-1
and transfectants psAP-1, psAP-2, and psAP-4. DNA from 5 � 105 trophozoites
was denatured by 0.3 M NaOH, neutralized by ammonium acetate, and blotted
onto a nylon membrane on a slot blotter. A DNA sample of plasmid psAP-1 was
treated in the same way and served for calibration of the copy number. The blots
were hybridized with a number of labeled probes under stringent conditions as
previously described (12).

Southern blots of genomic DNA. DNA was prepared as mentioned above from
trophozoite control cultures of HM-1:IMSS and silenced, plasmidless, cloned
(clone G3) trophozoites. DNA samples were digested with different restriction
enzymes, separated on 0.8% agarose gels, and subjected to alkaline transfer to
positively charged nylon membranes. The membrane was then hybridized with
different probes as mentioned above.

Cytopathic activity on cell monolayers. Baby hamster kidney (BHK) cells were
grown to confluency as monolayers in Dulbecco’s modified Eagle’s medium,
supplemented with 10% of fetal calf serum, in 24-well plates. The destruction
rate of the BHK cell monolayer by nontransfected or transfected trophozoites
was evaluated in triplicate experiments as previously described (11).

Cytotoxic activity. The cytotoxic activity of viable trophozoites was determined
by vital dye exclusion (31). Freshly harvested BHK cells were washed and resus-
pended in TYI-S-33 medium without serum. The cells were incubated with
trophozoites in a ratio of 6:1 at 37°C. Samples were examined microscopically in
a hemocytometer chamber at different time points during the incubation. Via-
bility was indicated by exclusion of trypan blue (0.1%). The cytotoxic activity is
expressed as the percentage of stained cells in each sample minus the percentage
of stained cells in the sample with BHK cells alone for the same time point.
Averages of triplicate experiments are given.

Induction of amoebic liver abscesses in hamsters. Inoculation of trophozoites
directly into the liver was performed after laparotomy in Syrian Golden hamsters
(females, 6 weeks old; four animals in each group) as previously described (3).
Hamsters were sacrificed after 7 days, and the sizes of the liver abscesses were
assessed.

Attachment and solubilization of Esherichia coli cells by trophozoites. Tro-
phozoites (106) were incubated with [14C]glucose-labeled E. coli strain 346 (109),
a type I pilated bacterium, for 30 min at 37°C in 1 ml of phosphate-buffered
saline as previously described (10). The separation of the bacteria that attached
to the trophozoites from the free bacteria was performed by discontinuous
density gradient centrifugation with Percoll as previously described (9). The
gradient fraction containing the trophozoites with the attached bacteria was
recovered, and aliquots were counted to determine the amount of radioactively
labeled bacteria that was attached. The integrity of the bacteria that attached to
the trophozoites was determined by their susceptibility to solubilization with
0.2% Triton X-100. After exposure to Triton X-100, the cell mixture was sedi-
mented at 6,000 � g, and the amount of radioactivity in the soluble and sedi-
mented fractions was determined by counting aliquots in a Packard Tri-Carb

1500 scintillation counter. The percentage of the soluble count in the total count
indicated the degree of disruption caused to the attached bacteria.

Ingestion of GFP-labeled E. coli cells. E. coli cells (109) containing a plasmid
which expresses green fluorescent protein (GFP) (obtained from G. Frankel,
Imperial College, London, United Kingdom) were associated in culture medium
with different types of trophozoites (106). The trophozoites with bacteria were
harvested after 1 h and washed by sedimentation, and a portion (25%) was fixed
with formaldehyde (3.7%) and extensively washed. The remaining trophozoites
were resuspended in fresh culture medium to which Claforan (Sigma; 50 �g/ml)
was added to kill all remaining bacteria that were not ingested by the tropho-
zoites. The trophozoites were harvested after 24 h, washed, and fixed with
formaldehyde as described above. The trophozoites and the fluorescent bacteria
were examined by confocal microscopy (Olympus Fluoview FV500).

RESULTS

Silencing of the Ehap-a gene following transfection with a
hybrid plasmid containing the gene flanked by its 5� and 3�
regulatory sequences. In an attempt to overexpress the AP-A
gene (Ehap-a) in trophozoites of E. histolytica virulent strain
HM-1:IMSS, a hybrid plasmid (psAP-1) based on the pEhAct-
Neo vector (1, 35, 36) was prepared (Fig. 1, panel AI). A
cassette with the ap-a gene flanked by segments from its own 5�
upstream (470 bp) and 3� downstream (331 bp) regulating
elements was inserted into the vector. The 5� and 3� flanking
regions which were used were long enough to include the
known regulatory motifs, and their particular lengths were
arbitrarily determined according to the convenience of prepar-
ing oligonucleotide primers at those sites. Trophozoites were
transfected with psAP-1 by electroporation and selected with
G418 as previously reported (12). Northern blot analysis of the
psAP-1 transfectants grown in the presence of different G418
concentrations revealed, to our surprise, no detectable tran-
scripts of ap-a in comparison to those of nontransfected con-
trols (Fig. 1, panel AIIb). The inhibition of transcription of
ap-a in the psAP-1 transfectants from both the chromosomal
and the plasmid-coded ap-a genes was already complete at the
low G418 concentration of 6 �g ml�1. As previously demon-
strated (12), the neo transcript levels correlated well with the
G418 concentration present in the culture (Fig. 1, panel AIIa).
The AP-A protein content of the same cells, as examined by
Western blotting, revealed a similar picture; namely, psAP-1-
transfected cells were devoid of any AP-A protein (Fig. 1,
panel AIII).

Silencing following transfection with a hybrid plasmid con-
taining only the 470-bp segment of the 5� flanking region of
Ehap-a gene. To understand which part of the ap-a gene cas-
sette in the psAP-1 construct was responsible for the silencing
phenomenon, we prepared a new hybrid plasmid, psAP-2 (Fig.
1, panel BI), in which we introduced only the above-mentioned
470-bp ap-a 5� flanking segment into the pEhActNeo vector,
and then generated with it a new transfectant. The results of
Northern and Western blot analysis of this transfectant were
identical with those obtained with psAP-1; the trophozoites
were already devoid of ap-a transcripts (Fig. 1, panel BIIb) as
well as of AP-A protein (Fig. 1, panel BIII) at a G418 concen-
tration of 6 �g of ml�1 in culture. The transcript of ribosomal
protein L-21 served as a control for the RNA samples and gave
identical results in all cultures (Fig. 1, panel BIIa). The growth
rates of transfectant psAP-1 and psAP-2 were very similar to
that of the nontransfected parent strain HM-1:IMSS, and SDS-
PAGE results for Coomassie-stained trophozoite lysates of the
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transfectants were practically identical with those of nontrans-
fected cells (data not shown).

Transfections with different sections of the Ehap-a 5� flank-
ing fragment. To further identify putative DNA regions re-
sponsible for the silencing phenomenon, a series of plasmid
constructs containing only certain parts of the 5� 470-bp flank-
ing element used in psAP-2 were prepared based on sequence
and bioinformatic analysis. Plasmid psAP-3 (Fig. 2A) had two
deletions; the first was of approximately 120 bp at the distal
end of the 470-bp fragment (bp �470 to �352). The second
deletion in psAP-3 was of the proximal 50-bp sequence (bp �1
to �50) which is immediately upstream to the ATG start
codon of the ap-a gene and includes the short UTR and
TATA-like motif. Plasmid psAP-4 contained only the above-
mentioned 5� distal 120-bp segment (bp �352 to �470), and
plasmid psAP-5 contained only the 65-bp proximal sequences
(bp �1 to �66). In each of the last two plasmids, psAP-6 and
psAP-7, either the distal or the proximal part of the 5� element
was omitted. Each of the above-described plasmid constructs
was independently transfected into trophozoites, and the re-
sulting steady-state levels of ap-a mRNA and AP-A protein
found in the respective transfectants are shown in Fig. 2. The
results show that for the full silencing effect of the ap-a gene,
the entire stretch of 470 bp of the 5� flanking region was
required. The presence of the ap-a coding sequences was not
necessary. When tested, shorter fragments of the 470-bp 5�
flanking region did not induce silencing. However, a partial
decrease in ap-a transcription and AP-A protein expression
was observed in psAP-6, which lacks only the distal section, but
not in psAP-7, from which the proximal region was deleted
(Fig. 2B). Transcription levels were normalized on the North-
ern blots by hybridization with a probe specific for ribosomal
protein L21 (Fig. 2C). The AP-A protein levels of the trans-
fectants correlate well with the levels of transcription. The
above results indicate that the 5� UTR, which is present in
psAP-5, did not in itself cause any silencing, whereas sequences
in the region of �50 to �120, as well as a sizable (�400 bp)
fragment, appear to be important for the silencing to occur.

Plasmid copy number in transfectants. Using different
probes, the average number of plasmid copies present in cul-
tures of trophozoites of transfectants psAP-1 and psAP-2, as
well as in the control psAP-4 culture grown in the presence of
G418 at the indicated concentrations (Fig. 3), was determined
by slot blot hybridization of DNA corresponding to 5 � 105

trophozoites. The hybridization with EhRP-L21 served to nor-
malize the DNA amount (Fig. 3), and plasmid DNA of psAP-1
served for calibration and calculation of the plasmid number.
Hybridization with Neo (which is absent in the nontransfected
HM-1:IMSS trophozoites) revealed the presence of approxi-
mately 20 plasmid copies/cell in cultures growing with 6 �g of
G418 ml�1 and the presence of 80 copies when 100 �g ml�1

was present in the culture (Fig. 3). Hybridization with the ap-a
ORF (Fig. 3) revealed a fivefold increase in ap-a gene signal in
transfectant psAP-1 in comparison to that seen with the con-
trol transfectants psAP-4 and psAP-2, which have a plasmid
devoid of the ap-a ORF, as well as the nontransfected control.
These findings indicate that even at low concentrations of
G418 (6 �g ml�1), the transfectants have a severalfold excess
of homologous sequences of the ap-a gene promoter region.

Stability of the ap-a transcriptional silencing state. Omis-
sion of the selective drug (G418) from the cultures of trans-
fectant psAP-2 for over 90 days drastically reduced the plasmid
content of the trophozoites but did not cause any reversal of
the ap-a silencing effect. Three independent clones (G1 to G3)
were isolated from the cultures growing without G418, and
even though all three of them were found to be devoid of
plasmid (as evidenced by lack of PCR amplification of the Neo

FIG. 2. (A) Schematic map of the plasmids used to examine the
regions of the 5� upstream 470-bp segment, which may be responsible
for silencing. Using the primers described in Table 1, plasmids psAP-2
to psAP7 were derived from plasmid psAP-1. (B) Northern blots
probed with ap-a gene. (C) Northern blot probed with the ribosomal
protein gene EhRP-L21. (D) Western blot reacted with anti-AP-A
antibodies and horseradish peroxidase anti-rabbit antibodies. Lane
HM-1, control parent strain; lane 1, psAP-1; lane 2, psAP-2; lane 3,
psAP-3; lane 4, psAP-4; lane 5, psAP-5; lane 6, psAP-6; lane 7, psAP-7.
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gene), they still showed no AP-A protein expression, indicating
that gene silencing remained in force. Clone G3 was chosen for
further experiments (Fig. 4A and B, lanes 3). The results ob-
tained were identical to those of the psAP-2 parent culture
(Fig. 4A and B, lanes 2). In addition, we attempted to see
whether retransfection with plasmid pA-7 (Fig. 4, panel C1),
which contains the ap-a gene under the control of regulatory
elements of the EhRP-L21gLE3 gene copy (13), of clone G3
trophozoites that lack plasmid and AP-A would restore AP-A
expression. As shown in Fig. 4 (panels C2 and C3), plasmid
pA7 was able to overexpress AP-A in trophozoites of strain
HM1:IMSS (1.8-fold transcript and 2.3-fold protein levels at 6
�g of G418 ml�1) but was incapable of producing any AP-A
protein even when the concentration of G418 for the clone

G3-retransfected trophozoites was raised to 24 �g ml� (Fig.
4A and B, lanes 4). Furthermore, using primers which amplify
120 bp at the 5� end of the ap-a mRNA, no Ehap-a transcript
was detected by reverse transcription-PCR analysis of RNA
extracts from clone G3 trophozoites retransfected with plasmid
pA7 (data not shown). On the other hand, retransfection of the
same ap-a-silenced clone G3 trophozoites with plasmid pTS-1
(35), which contains the chloramphenicol acetyltransferase
(CAT) reporter gene under the control of the same EhRP-
L21gLE3 regulatory elements as described for pA-7, was ca-
pable of transcribing CAT (Fig. 4A, lane 5). The levels of CAT
transcript in strains G3 and HM-1:IMSS transfected with pTS1
correlate with the levels of plasmid, as shown by the Neo
transcription results (Fig. 4A, lanes 5 and 6). The expression of
CAT in strain G3 indicates that silencing is specific for the ap-a
gene sequences. The ribosomal protein probe served as a stan-
dard control (Fig. 4A).

Does silencing affect the transcription of the other AP
genes? E. histolytica has three AP isoforms (A, B, and C) in the
respective ratios of 21:9:1 (38). They all share certain structural
similarities and exhibit pore-forming activity on artificial mem-
branes (31). Northern blots of ap-a-silenced trophozoites were
hybridized with a probe containing in tandem the coding se-
quences of both ap-b and ap-c. The specificity of the probe was
tested on the respective gene templates. As shown in Fig. 4A,
transcription in all of the silenced cultures (lanes 2, 3, and 4)
revealed levels of transcription of genes ap-b and ap-c that
were still detectable but significantly lower than those of the
control. The 120-bp distal segment of the 5� flanking region of
Ehap-a (�470 to �350) hybridized to a transcript which was
present at comparable levels in the RNA extracts of all the
trophozoites (Fig. 4A). This 120-bp fragment shares sequence
homology to several contigs (for example, contig ENTBT19F)
in the E. histolytica genome (published by the Institute for
Genomic Research), and its sequence appears to include an
ORF. Database searches did not yield homology to any known
protein.

Sequence and Southern blots of genomic ap-a in silenced
trophozoites. PCR amplification of the genomic ap-a segment
from its 5� upstream region down to the 3� region (1,100 bp) of
the silenced transfectant psAP-2 as well as the nontransfected
control revealed a fragment of identical size and DNA se-
quence, indicating that transfection of plasmids containing the
homologous 470-bp promoter region caused no sequence
changes. Furthermore, Southern blots of genomic DNA from
silenced trophozoites of clone G3 and strain HM-1 (cleaved
with various restriction enzymes as indicated) (Fig. 5A) did not
reveal any differences in the fragments which appeared either
in ethidium staining or after blot hybridization with the ap-a
probe (left panel) or with the probe for ap-b and ap-c (right
panel), a finding which indicates that no rearrangement took
place. Use of McrBC enzyme, which specifically cleaves at
methylated cytidine residues, yielded no differences either
(data not shown). Both DNA methylation and histone hypo-
acetylation are modifications which are frequently associated
with repression of gene expression (22, 48). Possible connec-
tions between these modifications were investigated by treat-
ing growing cultures of the transfected psAP-2 trophozoites
with trichostatin A (Sigma) (42), a potent inhibitor of histone
deacetylase, or with 5� azacytidine (Sigma), which inhibits

FIG. 3. Quantitation of plasmid copies in DNA of 5 � 105 trans-
fected amoeba from the following sources: HM-1 (slot 1); psAP-1
grown with 6 (slot 2) and 100 (slot 3) �g of G418 ml�1; psAP-2 grown
with 6 �g of G418 ml�1 (slot 4); and psAP-4 grown with 6 (slot 5) and
100 (slot 6) �g of G418 ml�1. Slots 7, 8, 9, and 10 show samples from
plasmid psAP-1 at a multiplicity (compared to the genomic DNA) of
0.8 (slot 7), 2 (slot 8), 8 (slot 9), and 20 (slot 10). Each blot was probed
with different labeled probes. (R.P) With ribosomal protein L-21, all
samples showed similar levels and the plasmid control showed no
signal. (NEO) The nontransfected HM-1 strain (slot 1) showed no
signal. Differences were seen between the samples grown at 6 �g of
G418 ml�1 (slots 2 and 4) and those grown at 100 �g ml�1 (slots 3 and
6), and psAP-1 plasmid signal levels were relative to the amount
spotted. (AP-A) Only samples 2 (slot 2) and 3 (slot 3), containing
psAP-1 plasmid, had extra copies of the ap-a gene compared to those
of HM-1. The other transfectant showed the same number of copies as
the control strain (slot 1). N.S, no sample in the slot.
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methylation of DNA (46). No resumption of ap-a expression
was observed after treatment of cultures of psAP-2 transfec-
tants for 24 h with either 5� azacytidine (1 �M) or with tricho-
statin A (100 nM) or with both drugs combined (Fig. 5B).
Growth of trophozoites with higher concentrations of 5� aza-
cytidine (20 �M) did not reverse the silencing.

Nuclear run-on analysis of initiation of transcription of the
ap-a gene. Nuclear run-on experiments were performed to
determine whether silencing is at the level of transcription
initiation. Nascent radiolabeled RNA was produced using per-
meabilized trophozoites (43), and as shown in Fig. 6, no hy-
bridization to the ap-a gene was detected in the silenced, plas-
midless G3 trophozoites, whereas positive hybridization as
seen with the nontransfected trophozoites was observed with
other transcripts. The transcript levels of the two other Ehap
genes (ap-b and ap-c), whose natural abundance is significantly
lower (38), was indeed very low and was nearly undetectable in
the silenced culture.

Search for siRNA molecules. The suppression of transcrip-
tion initiation indicates that silencing of the ap-a gene is due to
an TGS mechanism (33, 37) rather than to PTGS (16, 45). To
further strengthen this notion, a search for small RNAs, a
typical result of PTGS, was performed. These short (22 to 25
nucleotide) RNA fragments of both sense and antisense po-
larity correspond to the target gene and are produced by the
processing of larger double-stranded RNAs (dsRNAs) (25,

50). Extraction and detection of short dsRNAs were done
according to the method of Catalanotto et al. (15) from tro-
phozoites of transfectants psAP-1 and psAP-2, clone G3 and
G3 trophozoites retransfected with plasmid pA7, and tropho-
zoites from the nontransfected HM-1 control. Hybridizations
of Northern blots with a probe for the ap-a coding sequence as
well as with a probe for the 5� flanking region of Ehap-a or of
EhRP-L21 failed to detect any small RNA molecules (data not
shown). Controls designed to test the efficiency of the small-
RNA extraction and detection procedures performed as ex-
pected.

Phenotype of ap-a-silenced trophozoites. (i) Virulence deter-
minations. psAP-2 transfectants growing with a low G418 con-
centration of 6 �g ml�1 were found to be avirulent in both in
vitro and in vivo tests (12). Trophozoites were incapable of
killing BHK cells in suspension or of destroying monolayers of
BHK cells grown in tissue cultures (Fig. 7A and B). As a
control for all of these experiments, we used psAP-4 transfec-
tants growing at the same low G418 concentration of 6 �g
ml�1. This transfectant has a normal level of production of
AP-A (Fig. 2B and D, lanes 4), and its virulence was found to
be very similar to that of the nontransfected HM-1:IMSS par-
ent strain. The same avirulent phenotype was obtained for
psAP-1 transfectants. Trophozoites of the plasmidless, AP-A-
lacking clone G3 were also avirulent, and as determined by
their interaction with suspended BHK cells, their cytotoxicity

FIG. 4. Characterization of the plasmidless AP-A lacking trophozoite clone G3. (A) Northern blots of various transfectants as well as
plasmidless trophozoites probed with a variety of probes. Lanes 1, HM-1:IMSS nontransfected parent strain; lane 2, transfectant psAP-2; lane 3,
plasmidless clone G3 isolated from cultures of transfectant psAP-2 grown in the absence of G418; lane 4, clone G3 retransfected with plasmid pA7;
lane 5, clone G3 retransfected with plasmid pTS1, which contains the CAT gene (35); lane 6, strain HM-1:IMSS transfected with plasmid pTS1.
Probes were as marked. RP-L21 served as loading control. The AP-A probe revealed a complete absence of transcript in lanes 2, 3, and 4. Probe
AP-B�C contained in tandem the sequences of genes ap-b and ap-c and was used for their detection. The result revealed a lower level of
transcription. Probe 5�AP(Dist. 120), which consists of the distal 120 bp of the 470-bp 5� flanking element of gene Ehap-a, hybridized to an
unidentified transcript. (B) Western blot of SDS-PAGE results for lysates of trophozoites reacted with anti AP-A. Lanes contain the same samples
as described above. Lanes 2, 3, and 4 showed no detectable AP-A. (C1) pA7 plasmid in which the ap-a gene is flanked by the 5� (5�gLE3) and 3�
(3�gLE3) elements of the EhRP-L21 gene (13). ARS is the sequence containing the autonomous replication element. (C2 and C3) Northern and
Western blots, respectively, of strain HM-1:IMSS and of HM-1:IMSS trophozoites transfected with plasmid pA7 and grown with G418 at the
indicated concentrations.
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after 90 min was less than 20% of that of the control parent
strain trophozoites. Trophozoites of transfectants psAP-1 and
psAP-2 and clone G3 did not induce the formation of liver
lesions in hamsters, even at inoculations of one million tropho-
zoites/liver (Table 2).

(ii) Ingestion of bacterial cells. The association of tropho-
zoites with 14C-labeled E. coli cells at a ratio of 1:1,000 was
previously shown to cause the rapid ingestion and degradation
of the bacterial cells (11). The bacteria which attach and be-
come ingested by the trophozoites have been shown to become
sensitive to solubilization by Triton X-100 (0.2%) (11). A very
similar amount of 14C-labeled E. coli cells was found to attach
to trophozoites of nontransfected strain HM-1 and of trans-
fectants psAP-2 and psAP-4 (Fig. 8). Nevertheless, following
treatment with Triton X-100, a much larger portion of the total
amount of bacteria which attached and were ingested by con-
trol trophozoites or by control transfectant psAP-4 was solu-
bilized in comparison to that which attached and were ingested
by psAP-2 trophozoites (Fig. 8), indicating that the AP-A-
lacking trophozoites were unable to degrade the ingested bac-
teria. The drastic difference between the fate of the bacteria
ingested by the nontransfected trophozoites and that of the
ap-a-silenced trophozoites was also seen upon ingestion of
GFP-labeled E. coli cells. As shown in Fig. 9, the differences in
the locations and shapes of the ingested fluorescent bacteria in
the trophozoite vacuoles seen after 60 min were not large.
However, after an additional 23 h of growth of the cultures of
trophozoites which had ingested the bacteria, most of the flu-
orescence in the control trophozoites could be seen (Fig. 9)
diffused in the vacuoles, whereas in trophozoites of transfec-
tant psAP-1, the fluorescence remained associated with dis-
tinct rod-like structures in many cases. A similar difficulty in
digestion was seen when human red blood cells (hRBC) were
associated with trophozoites. The amounts of ingested hRBCs
during the first hour were similar for the psAP-1 transfectants
and the controls, but upon further cultivation of the tropho-
zoites (23 h), many intact hRBCs were still visible in vacuoles
of trophozoites of transfectant psAP-1 (in contrast to the con-
trol trophozoites, where only remnants could be seen) (data
not shown).

DISCUSSION

The development of plasmid vectors which, after transfec-
tion into trophozoites, can up- or down-regulate the expression
of certain genes of E. histolytica has in recent years enabled the
study of the role of a number of virulence factors, such as those
of the cysteine proteases, the Gal/GalNAc-inhibitable lectin,
meromyosin, and the AP, in the pathogenesis of E. histolytica
(2, 4, 5, 12, 27, 47, 52). During an attempt to overexpress AP-A

FIG. 5. (A) Southern blots of restriction digests of DNA samples
from nontransfected parent strain HM-1:IMSS or plasmidless, AP-A-
lacking clone G3. Samples were undigested (U) or digested with Hin-
dIII and EcoRI (H,E), SalI (S), or XhoI and XbaI (X,X�). (Middle
panel) Ethidium-stained agarose gel. (Left and right panels) Blots
were probed under stringent conditions with probes specific for ap-a
and with a probe containing in tandem the sequences of ap-b and ap-c
genes, respectively. (B) Western blot analysis of AP-A with trophozo-
ites grown for 24 h with trichostatin A (TSA) (100 nM), 5�aza-2�de-
oxycytosine (5-AC) (1 �M), or with both compounds. The amount of
AP-A in the lysates was monitored with antibodies against AP-A (Anti
AP-A). The trophozoites were from strain HM-1:IMSS (HM-1) and
psAP2 (as marked).

FIG. 6. Hybridization of blots with radiolabeled nascent RNA ex-
tracted from nuclear run-on experiments of control nontransfected
HM-1:IMSS trophozoites and AP-A-lacking trophozoites of clone G3.
E. histolytica DNA samples on the blots were prepared by PCR on E.
histolytica DNA and included the ribosomal protein L21 (RP-L21), the
ap-a gene (AP-A), a 5� flanking fragment (120 bp) of the ap-a gene (bp
�470 to �350) [5� AP(Dist.120)], actin, genomic DNA (gDNA), and
DNA of tandemly linked ap-b and ap-c genes (AP-B/C). 300 ng of each
DNA was spotted and denatured prior to hybridization.
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using a hybrid plasmid (psAP-1) with a cassette containing the
ap-a gene flanked by segments of the 5� upstream and 3�
downstream regions of the endogenous gene, we discovered, to
our surprise, that instead of overexpression, a complete sup-
pression of transcription and translation of both the episomal
and chromosomal ap-a genes had occurred. The observed si-
lencing was unexpected, because we had previously obtained

overexpression of ap-a when transfection was done with a
similar hybrid plasmid (pA-7) in which the ORF of the ap-a
gene was flanked by the 5� and 3� segments of another gene
(EhRP-L21gLE-3) (13). In that study, the level of overexpres-
sion of AP-A protein in pA7-transfected trophozoites of strain
HM-1:IMSS was approximately fourfold higher than that in
the nontransfected control (13). Furthermore, some overex-
pression of AP-A was also obtained (unpublished results)
when using the inducible plasmid pEhHYG-TetR-O-ap-a (23).

The remarkable total silencing observed with plasmid
psAP-1 implied that something within the regulatory flanking
elements of the ap-a gene was responsible for the suppression
of transcription. The results obtained with plasmid psAP-2,
which was constructed to contain only the 5� flanking segment
(470 bp) without the coding or 3� flanking sequences, clearly
demonstrated that the same silencing of ap-a could be
achieved by introducing this 5� flanking element alone. Prelim-
inary sequence analysis of the 470 bp of the 5� flanking region
indicated that it contains promoter motifs with a TATA-like
box similar to those which have been previously found in nu-
merous genes of E. histolytica (14, 39, 40). The 470-bp flanking
segment of ap-a also contains at its 5� distal end a 120-bp
region which appears to be present in additional sequences of

FIG. 7. (A) Cytotoxic activity. The mortality rates of BHK cells
incubated in suspension with freshly harvested trophozoites of strain
HM-1:IMSS, psAP-2 transfectants, and psAP-4 transfectants (which
served as control) are shown. Both transfectants were grown with 6 �g
of G418 ml�1. The number of trypan blue-stained BHK cells was
monitored as a function of incubation time. The percentage of BHK
cells that incorporated the dye in the absence of trophozoites remained
low (�4%) during the period tested. (B) Cytopathic activity of differ-
ent trophozoite cultures of HM-1:IMSS (lane 1), psAP-2 transfectants
(lane 2), and psAP-4 control transfectants (lane 3). Both transfectants
were grown with 6 �g of G418 ml�1. Two concentrations (1.5 � 105

and 2 � 105) of trophozoites were added per well for each type of
trophozoite; experiments were repeated in triplicate. Bars represent
standard errors. Statistical significance was determined by single-tailed
t testing (P � 0.05).

FIG. 8. The total amount of 14C-labeled E. coli cells which attached
and became ingested by the trophozoites, as determined after removal
of the nonattached bacteria by Percoll gradients (10), is depicted using
filled bars. The percentage of radiolabeled bacteria (out of the total
attached) which solubilized after treatment of trophozoite samples
with Triton x-100 is depicted using empty bars. Left bar pair, strain
HM-1:IMSS; center bar pair, transfectant psAP-2, right bar pair, trans-
fectant psAP-4.

TABLE 2. Induction of liver lesions in hamsters by
different trophozoites

Type of trophozoite
(conditions)

No. of tropho-
zoites injected/

liver (105)

No. of animals
with abscesses/

total no.

Abscess
size

(mm)

HM-1:IMSS 2.5 4/4 20–30
5.0 4/4 30–35

Control psAP-4 5.0 4/4 30–35
(6 �g of G418 ml�1) –

Silenced psAP-1 5.0 0/4 None
(6 �g of G418 ml�1)

Silenced psAP-2 5.0 0/4 None
(6 �g of G418 ml�1)

Silenced clone G3 10.0 0/2 None
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the E. histolytica genome and which encodes an unidentified
transcript. To learn more about the sequences which are im-
portant for the silencing effect, a number of plasmid constructs
containing partial segments of the 470-bp 5� fragment were
prepared. The transfectants which were produced with these
plasmid constructs revealed that only the intact 470-bp frag-
ment can reproduce the complete silencing effect, whereas
transfectants containing constructs with only parts of the 5�
fragment were incapable of reproducing it. The only construct
which showed a reduction of transcription was psAP-6, which
has a truncation of 120 bp in its 5� end. The requirement for a
minimal size of homology of 400 bp is already known for two
kinds of TGS mechanisms, the repeat induced point mutation
and methylation induced premeiotically (16).

Homology-dependent silencing of gene expression is a well
recognized phenomenon in many organisms, including yeasts,
plants, and humans (16, 18, 26, 34, 45). Gene silencing through
mechanisms that are based on the recognition of nucleic acid
sequence homology is achieved via diverse strategies, namely,
inactivation at the transcriptional level (TGS) (33, 37) or the
posttranscriptional level (PTGS) (16, 41). We demonstrate in
this report for the first time that gene silencing also occurs in
E. histolytica, and our present results indicate that the suppres-
sion of ap-a expression is via a TGS mechanism. The experi-
mental evidence that supports this conclusion is as follows. (i)
Silencing of the ap-a gene occurred upon transfection of sev-
eral (	20) copies of the upstream promoter region of this

gene. Neither the ORF nor the 3� regulatory sequences were
required. (ii) Nuclear run-on experiments indicate that there is
no transcription initiation of the ap-a gene in the silenced
trophozoites. (iii) Short dsRNA fragments of the ap-a gene, a
typical result of silencing via the PTGS mechanism (26), were
not detected in RNA extracts of silenced amoeba.

It has been established that the homologous duplicate se-
quences that are associated with gene silencing can trigger
epigenetic changes, such as DNA methylation, histone de-
acetylation, or methylation, and changes in chromatin struc-
ture (29, 34). No DNA rearrangements or changes in the
restriction pattern of genomic DNA of the silenced trophozo-
ites were detected using methylation-dependent enzymes or
other restriction enzymes. In addition, we investigated the pos-
sibility that treatment of silenced trophozoite cultures with
inhibitors of DNA methylation, such as 5-azacytidine (46), or
of histone deacetylation, such as trichostatin A (42), restores
AP-A expression but found that it did not. Although our
present data do not imply that DNA methylation or histone
acetylation is involved in maintaining the silencing of the ap-a
gene, we still cannot rule out the possible involvement of other
types of methylations or of trichostatin-resistant histone
deacetylases such as members of the Sir2 family (28, 34), nor
can we rule out the possible involvement of locus-specific oc-
clusion of histone acetyltransferase accessibility; further inves-
tigations are required to clarify these possibilities.

One of the most interesting aspects of the silencing phenom-

FIG. 9. Confocal fluorescent microscopy of trophozoites that ingested GFP-labeled E. coli cells. Trophozoites were associated with the bacteria
for 1 h, after which they were harvested and washed. A portion of the total amount of trophozoites was then fixed in formaldehyde, and the other
portion was resuspended in fresh medium for further incubation (23 h) in the presence of antibiotics (Claforan) to prevent the growth of the
noningested bacteria. After that period, the trophozoites were harvested, washed, and fixed in formaldehyde. The panel labeled “Super imposed”
combines the image obtained by phase contrast (Nomarski optics) with the fluorescent image to show the bacterial location in the vacuoles.
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ena in E. histolytica is its remarkable stability, which persisted
even after removal of the plasmid that contained the homolo-
gous sequences. A plasmidless clone isolated from this culture
(strain G3) continued to lack AP-A expression even after 6
months in culture. What was even more striking was the fact
that transfection of the silenced, plasmidless G3 trophozoites
with a plasmid containing the ap-a gene under the control of a
different promoter failed to express the AP-A protein. This
inability was only restricted to the ap-a gene, as transfection of
G3 trophozoites with an analogous plasmid in which the ap-a
gene was replaced by the CAT gene transcribed and produced
CAT. Silencing appears to be specific for the ap-a gene; other
genes, such as those encoding ribosomal protein L-21, actin,
lectin, and cysteine proteinase, show no changes in expression
due to the silencing. Some effect was, however, observed with
the other two isoforms of AP (AP-B and AP-C). A reduction
in their transcription was detected, which might be evidence of
a feedback inhibition explainable by the fact that AP-A was
missing.

The most commonly reported form of gene silencing (or
gene quelling, as it is termed in the case of Neurospora) is the
posttranscriptional (PTGS) type, which requires the transgene
insertion of homologous transcribed sequences (16, 17). Such
silencing of gene expression is currently understood to be the
consequence of mRNA destruction which appears to be trig-
gered by the presence of dsRNA (50). The small dsRNA frag-
ments (7, 15) are generated by the transfected cells and cause
degradation of the cognate mRNA. In the case of E. histolytica,
transcription initiation was shown to be blocked and careful
and repeated analysis of trophozoite RNA extracts failed to
detect any small RNA fragments in either of the AP-A-si-
lenced trophozoites, suggesting that silencing belongs to the
TGS principle. TGS has been shown to occur in a number of
systems, including those of plants, following the insertion of
multiple homologous repeats of a transgene promoter region
and in the absence of transcribed sequences of the endogenous
gene (33, 37, 48). Such silencing has been shown to be inher-
itable in progeny, and it can persist even when the silencer
sequence was excised (53). In Saccharomyces, an epigenetic
formation of a heterochromatin-like structure results in a TGS
which is inherited for many mitotic divisions (51). Transforma-
tion of the plant pathogen Phytophthora infestans with con-
structs containing the elicitin inf1 gene resulted in the specific
transcriptional silencing of the transgene as well as the endog-
enous gene, and the silencing status also remained in effect in
nontransgenic progeny (44). Silencing was not due to gene
disruption, and it was not based on high turnover of inf1
mRNA. A number of possible epigenetic mechanisms have
been proposed for locking a gene into a silenced state, and
these seem to be unique for each of the different species in
which they were discovered. In some cases, the silencing mech-
anisms involve DNA or protein modifications which trigger the
assembly of a repressed chromatin structure. Well-docu-
mented modifications include DNA methylation (8, 48), his-
tone deacetylation (22), and histone 3 methylation at specific
lysine or even arginine residues (6, 29).

Our present working hypothesis is that in E. histolytica, the
initial silencing event, namely, the introduction of multiple
copies of the ap-a promoter region, triggers the expression of
a diffusible factor which acts in trans and recognizes the ap-a

sequence, preventing its transcription. A major goal of our
ongoing research is to dissect the mechanism of this promoter
sequence homology-dependent TGS phenomenon. We are
searching the ORF as well as the 5� flanking segment of the
ap-a gene for DNA modifications as well as for DNA binding
proteins and their domains. We are hopeful that these studies
will help us to better understand the molecular elements and
events which cause the TGS.

The avirulent phenotype found for the AP-A-lacking tro-
phozoites was to be expected, since a significant decrease in
amoebic virulence was already previously observed when we
succeeded in inhibiting (	60%) the expression of the ap-a
gene by antisense RNA (12). The complete absence of AP-A
expression, as shown with transfectants psAP-1 and psAP-2 as
well as with the plasmidless clone G3, has enabled us to study
additional functions of AP-A, such as its role in disruption of
phagocytosed bacteria or hRBCs. Phagocytosis was not im-
paired, but the disruption of the ingested cells was much slower
and many bacteria remained undigested even after 24 h. These
observations clearly support the envisioned functions of the AP
for both the killing of adhered target cells and the disruption of
phagocytosed cells (12, 30–32). Trophozoites of the plasmid-
less and AP-A-lacking clone G3, which are attenuated in their
virulence, nevertheless grow very well in cultures, and they are
currently being examined for their potential use as a live vac-
cine. The retention by the plasmidless clone of the silenced
phenotype obviates the need to test its effects using a trans-
fectant with an inducible plasmid, as is often recommended.
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