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Transcriptional silencing by trans inactivation can contribute to the regulation of gene expression in eukaryotic
cells. In the human intestinal protozoan parasite Entamoeba histolytica, trans inactivation of the amoebapore-A gene
(AP-A) was recently achieved by episomal transfection of E. histolytica trophozoites with the plasmid psAP1. The
mechanism of AP-A trans inactivation is largely unknown, though it was suggested that a partial short interspersed
transposable element (SINE) is required. By systematic assessment of various E. histolytica isolates transfected with
psAP1 derivates, trans inactivation of AP-A was restricted to the strain HM-1:IMSS (2411) but could not be achieved
in other standard laboratory strains. Importantly, sequences of an E. histolytica tRNA array that were located on
psAP1 in close proximity to the AP-A upstream region and comprising the glutamic acid (TTC) (E) and tyrosine
(GTA) (Y) tRNA genes were indispensable for AP-A silencing. In contrast to the case described in previous reports,
SINE was not required for AP-A trans inactivation. AP-A expression could be regained in silenced cells by episomal
transfection under the control of a heterologous E. histolytica promoter, opening a way toward future silencing of
individual genes of interest in E. histolytica. Our results indicate that tRNA gene-mediated silencing is not restricted
to Saccharomyces cerevisiae.

The formation of heterochromatin is one of several hierar-
chical levels in the regulation of gene expression in eukaryotic
cells (reviewed in reference 40). The expression of genes can
be repressed by histone modifications shifting the chromatin
state to heterochromatin. Telomeric, centromeric, and repeti-
tive sequences are part of the heterochromatin (15). Hetero-
chromatin formation and the architecture of the nucleus are
closely interrelated. Some domains of eukaryotic cell nuclei are
transcriptionally active, and others, such as the nuclear periph-
ery, which is often organized as heterochromatin, are silent.
The position of a gene within the nucleus can determine its
expression state, also known as position effect. For a gene to
become silenced, it is sufficient for it to be located in close
proximity to the periphery of the nucleus (3).

Shifting of a gene locus into the state of inactive chromatin
can be mediated by DNA elements, which are not part of the
gene locus (in trans). Such events of trans inactivation (also
termed transvection) in several eukaryotic organisms have
been described, but the mechanism is poorly understood. It
was shown that in mice, contact with centromeric heterochro-
matin can result in spreading of chromatin in trans (7, 14). trans
inactivation of the Drosophila melanogaster brown locus is me-
diated by a large insertion of heterochromatin in one allele
that silences a second allele as well (10, 35). Genes close to the
brown locus are also silenced. trans inactivation appears to be
enhanced by a stretch of endogenous sequence of about 300 bp
near the heterochromatin insertion. The 300-bp element con-
tains a bidirectional promoter and potential binding sites for

silencing proteins that may influence heterochromatin forma-
tion (34).

Several sequence elements and proteins have been identified
as being involved in heterochromatin silencing (8, 31). The
HM mating-type loci in Saccharomyces cerevisiae contain si-
lencer elements, termed E and I. Some silencer elements have
been described to be functional as autonomous replication
sequences, and some autonomous replication sequences can
function as silencers (13, 16). tRNA genes have been shown to
exhibit opposing effects at the silent HM loci in S. cerevisiae.
Depending on the mating type, they can act as boundary ele-
ments that block the spread of heterochromatin (30) or as
transcriptional repressors of genes transcribed by polymerase
II (21, 24, 37). This mechanism is referred to as tRNA gene-
mediated gene silencing (tgm). tgm depends on nucleolar lo-
calization and active transcription of the tRNA (41).

The human intestinal protozoan parasite Entamoeba histo-
lytica is poorly studied with respect to gene expression and
regulatory mechanisms. Although the principal nuclear orga-
nization has not been characterized in detail, certain charac-
teristics that are distinct for this organism have been reported.
These includes the presence of ribosomal DNA (rDNA) on
episomes that are located in the vicinity of the nuclear mem-
brane (20, 43). In addition, unique arrangements of tRNA
genes have been described previously (9). tRNA genes are
organized as multiple tandem-array units, which are spaced by
tandem repeats of AT-rich sequences. There exists evidence
that these arrays are located at chromosome ends and may be
functionally equivalent to telomeres, which are absent in E.
histolytica (28). It was suggested that tRNA arrays play a role
in the structural organization of the nucleus (9).

In order to develop a tool to shut down gene expression in E.
histolytica, we systematically assessed trans inactivation of the
amoebapore-A (AP-A) gene. AP-A constitutes one of the main
pathogenicity factors of this parasite and is involved in host
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tissue destruction (25). We followed up on a previous study
reporting successful silencing of the endogenous AP-A gene
after transfection with the plasmid psAP1 bearing an AP-A
expression cassette (5). The 5� region of the AP-A cassette was
required for silencing, whereas the AP-A open reading frame
(ORF) and the 3� end were not. An RNA interference-based
mechanism was highly unlikely, since small interfering RNAs
were not detected (2). However, it was suggested that the
presence of a 140-nucleotide fragment, representing part of a
short interspersed transposable element (SINE) together with
an adjacent thymidine-rich (T-rich) region on the plasmid is
required to induce silencing (2). The endogenous, complete
SINE is located approximately 300 bp upstream of the AP-A
open reading frame in the reverse orientation. Whether SINE
can indeed mechanistically underlie silencing is under debate.
Recently, trans inactivation of further genes in E. histolytica
was achieved but only in cells in which AP-A was already
silenced (4, 6, 32). Here, we report for the first time that AP-A
expression can be reconstituted in AP-A-deficient amoebae,
opening a way toward silencing of genes of interest without
additional AP-A deficiencies. We also show that SINE and the
T-rich region are dispensable for AP-A trans inactivation. In-
stead, the trans inactivation property could be assigned to two
elements present in close proximity on psAP1, namely, an
array of the E. histolytica Glu(TTC) (E) and Tyr(GTA) (Y) tRNA
genes and a 213-nucleotide fragment of the AP-A 5� region.
trans inactivation was dependent on the presence, but not the
orientation, of the two elements. To our knowledge this is the
first report of tRNA gene-mediated transcriptional repression
of gene expression in trans.

MATERIALS AND METHODS

Strain and culture conditions. Entamoeba histolytica trophozoites were cul-
tured axenically in plastic culture flasks with TYI-S-33 medium (11). The
culture medium was changed every other day. Single-cell cloning of amoebae
was performed by limiting dilution in 24-well culture plates under anaerobic
conditions by using Anaerocult A (Merck). Harvesting of cultured amoebae
was carried out with cells in the late logarithmic phase of growth by chilling
on ice for 10 min and sedimentation at 430 � g at 4°C for 5 min.

Plasmid construction and transfection. Plasmid psAP1�2600 was generated
by removing a 2,618-bp XbaI fragment from silencing plasmid psAP1 (5).
psAP1�2600, which lacks the glutamic acid (TTC) and tyrosine (GTA) (EY)
tRNA array, a partial tetracycline (Tet) repressor sequence, and part of the E.
histolytica actin gene 3� sequence that is flanking the neomycin resistance gene,
was used as backbone for generating deletion mutant plasmids. PCR-amplified
fragments bearing different fragments of the EY tRNA array (Table 1; see Fig.
4) were cloned into the TOPO TA vector (Invitrogen), sequenced, and direc-
tionally subcloned into the XbaI and NotI restriction sites of psAP1�2600.
Cloning of the terminator site into psAP1 was achieved by oligonucleotide
cloning into the BamHI/NotI site. Two plasmids were used as target vectors to
generate mutants with mutations and deletions of the AP-A 5� end. In both
psAP1 and psAP1�2600 EY600, the AP-A cassette was removed by digestion
with SacII, and the vector was religated. Subsequently, PCR-amplified AP-A 5�
fragments (Table 1) were cloned into the NotI restriction site. pNAP-A was
derived from the E. histolytica transfection vector pN (neocassette) (19) by
introducing the AP-A cassette into the HindIII-XbaI sites. The plasmid
pNinAP-A was derived from the pN vector bearing the Lec485 promoter and the
ehrpl27a intron upstream of the AP-A ORF. The intron was cloned into the
KpnI-BamHI site of pN, and an NheI site was introduced. The AP-A ORF was
added by using the BamHI-NheI site. All plasmids were verified by molecular
sequencing. Transfections were performed as described previously (19). psAP1
background cells (AP-A-silent cells) were grown without the neomycin analogue
G418 for at least 4 months, and G418 sensitivity was verified before transfection.
Drug selection was started 48 h after transfection by using 10 �g/ml of G418.

Total RNA was harvested at least 3 weeks posttransfection. The presence or
absence of the transfected plasmid was analyzed by PCR.

tRNA mutagenesis. Site-directed mutagenesis was carried out using the Expand
long-template PCR system (Roche) by using specific sense and antisense primers
encompassing the nucleotides to be mutated (Table 1). The plasmid EY1000 was
used as the template (30 ng). Amplification conditions were 30 cycles of 1 min at
95°C, 1 min at 50°C, and 10 min at 65°C. Restriction digestion was performed with
DpnI at 37°C. A 7-�l volume of the reaction mixture was used for transformation
into Escherichia coli DH5� cells. The relevant fragments were validated by molec-
ular sequencing and subcloned into psAP1 with XmaI and BamHI.

Northern blotting. RNA was isolated from cultured amoebae by using RNeasy
(Qiagen). For Northern blotting, 10 �g of total RNA was separated on agarose
gels and transferred to nylon membranes. Blots were hybridized with radiola-
beled DNA probes. Hybridizations were performed in Dig Easy Hyb (Roche) at
42°C. Blots were washed with 2� and 1� SSC (1� SSC is 150 mM NaCl, 15 mM
sodium citrate, pH 7) at 55°C.

Immunoblotting of trophozoite extract. Frozen trophozoites (4.5 � 109 cells)
were thawed in the presence of the proteinase inhibitor E-64 [100 �M, trans-
epoxysuccinyl-L-leucylamino-(4-guanodino)butane]. The cells were frozen and
thawed in three cycles in dry ice and stored at �70°C. Tricine-SDS-PAGE was
performed under reducing conditions by using 13% separation gels (36). Subse-
quent immunoblotting was carried out as described previously (25). Briefly, wet
blotting was used with 25 mM Tris, 192 mM glycine, 1.3 mM SDS (pH 8.3)–20%
methanol as the transfer buffer onto a nitrocellulose membrane (BA83 Protan;
Schleicher and Schuell). Antisera to amoebapores A and B were kindly provided
by Matthias Leippe and used in dilutions of 1:300 and 1:5,000, respectively (25).
Detection was carried out using luminol (Sigma) and para-hydroxycoumaric acid
in the presence of H2O2.

RT-PCR and quantitative PCR. DNase digestion and subsequent cDNA syn-
thesis were carried out in duplicate for each sample by using 1 �g of RNA with
the QuantiTect reverse transcription kit (Qiagen). Amplification was performed
in a Rotor-Gene (Corbett) instrument with the QuantiTect SYBR green kit
(Qiagen) by using 1 �l of the cDNA and E. histolytica AP-A, actin, or tRNA gene
primers (Table 1). Amplification conditions were as follows: 50 cycles of 15 s at
95°C, 20 s at 65°C, 20 s at 68°C, and an adjacent melting step (42 to 95°C). The
amount of AP-A relative to actin RNA was quantified using the ��CT method
provided in Rotor-Gene software 6.0.14 (27). All quantitative reverse transcrip-
tion-PCR (qRT-PCR) experiments were performed at least in triplicate.

RESULTS

Transcriptional silencing of the E. histolytica amoebapore-A
gene is restricted to a particular amoeba strain. In order to
examine whether transcriptional silencing of the amoeba-
pore-A gene(AP-A) can be achieved in all E. histolytica strains
or whether it is restricted to particular cell lines, various
amoeba isolates were transfected with the silencing plasmid
psAP1 as reported previously (5). Northern blot analysis re-
vealed that AP-A trans inactivation was achieved only in strain
HM-1:IMSS (2411) (Fig. 1), kindly provided by David Mire-
lman, but not in other standard laboratory strains from the
American Type Culture Collection (ATCC), such as another
HM-1:IMSS strain (no. 30459), 200:NIH (no. 30458), and HK9
(no. 30015). In contrast, transfection of psAP1 into amoeba
isolates other than HM-1:IMSS (2411) resulted in a substantial
increase of AP-A mRNA abundance relative to that of mock-
transfected cells (Fig. 1). PCR analysis of the various amoeba
isolates by using highly polymorphic markers suitable for sub-
typing individual strains (1) showed identical DNA patterns
between the ATCC HM-1:IMSS strain and HM-1:IMSS
(2411), indicating that the two strains are indeed closely re-
lated (data not shown). In addition, sequencing of the entire
AP-A locus did not reveal any differences between the isolates.
We note that AP-A trans inactivation in HM-1:IMSS (2411)
was not detectable before day 18 posttransfection. Interest-
ingly, trans inactivation did not require long-term selection for
the transfected plasmid. AP-A trans inactivation was obtained
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even after selection for less than a week and subsequent
growth without further addition of G418, suggesting that
psAP1 initially triggers trans inactivation but is not required to
further maintain it. Transinactivated cells revealed growth ki-
netics similar to those of wild-type cells. In particular, AP-A-
silenced amoebae did not have any growth advantage com-
pared to nontransfected or mock-transfected cells. Consistent
with previous observations (5), psAP1-transfected amoebae
had not only AP-A but also AP-B silenced (Fig. 2).

AP-A expression can be reconstituted in AP-A-trans inacti-
vated cells by episomal transfection. To investigate whether
AP-A expression can be reconstituted in AP-A-transinacti-
vated cells, an episomal transfection vector, pNinAP-A, was
constructed. Transfection with this plasmid induces G418 re-
sistance in E. histolytica trophozoites and contains the ORF of
AP-A, flanked by the E. histolytica lectin gene promoter, an
intron from a gene encoding an E. histolytica ribosomal protein
(rpl27a), and actin 3� sequences (Fig. 2A). The lectin gene
promoter and the AP-A ORF are separated by an intron from
the gene encoding an E. histolytica ribosomal protein (rpl27a).

Transfection of pNinAP-A into AP-A-trans inactivated amoe-
bae and subsequent selection with G418 led to significant ex-
pression of AP-A similar to that of wild-type cells. AP-A ex-
pression was dependent on the persistent presence of the
expression plasmid, as omission of G418 selection resulted in a
gradual loss of AP-A mRNA over time. Expression of amoeba-
pore in pNinAP-A-transfected cells was restricted to AP-A,
and expression of AP-B was not restored (Fig. 2). This intron
from rpl27a was previously used in reporter gene experiments
and seemed to have enhancer properties (unpublished data).
Plasmid constructs containing no intron did not yield any AP-A
reconstitution.

An E. histolytica tRNA array is required for AP-A trans
inactivation. Initial transfection experiments using plasmid
pNAP-A, which contains some sequence motifs similar to
those of psAP1, increased AP-A mRNA expression but failed
to induce AP-A trans inactivation in all amoeba strains exam-
ined, including HM-1:IMSS (2411) (Fig. 3A). Sequence com-
parison indicated that the two plasmids contain the same AP-A
genomic fragment as well as the neomycin phosphotransferase

TABLE 1. Oligonucleotides used for PCR amplification, oligonucleotide cloning, mutagenesis, and quantitative RT-PCR

Target/constructa Oligonucleotide Sequenceb Orientationc

EY1000 OH68 attctagaTTTTATACTAATAGATAGG S
OH71 atgcggccgcTAGTGGATCCGACCAACCGG AS

EY600 OH69 attctagaTATAGTCATGGTAAATCC S
OH71 atgcggccgcTAGTGGATCCGACCAACCGG AS

Y200 OH70 attctagaGAATAGAAACATATATAAGCAC S
OH71 atgcggccgcTAGTGGATCCGACCAACCGG AS

E800 OH68 attctagaTTTTATACTAATAGATAGG S
OH72 atgcggccgcCCTTTTATATTTCTATATGTGC AS

E500 OH68 attctagaTTTTATACTAATAGATAGG S
OH73 atgcggccgcGCTAAAAAATTCCATCGCCGGG AS

Terminator in psAP1 OH80 gatccTTTTTTTTgc S
OH81 ggccgcAAAAAAAAg AS

E500� terminator OH68 attctagaTTTTATACTAATAGATAGG S
OH79 atgcggccgcTTCCATCGCCGGGAATCGAACCC AS

pNAP-A EY1000 OH76 atctcgagggtacccgggatccGACCAACCGGATTCGAACCAGTGACC S
OH74 attctagaTAGTGGATCCGACCAACCGG AS

pNinAP-A OH13 atgctagcACAAACAATCATGAAAGCC S
OH14 atggatccTTAGCAAGCATGAATCTTAGC AS

AP-A 5� OH88 atgcggccgcGATTGTTTGTAAGATATG S
OH89 atgcggccgcCTTGCTGCACCCTTTG AS

AP-A 5� �SINE OH101 atgcggccgctTTTATTATTTAAAAAACAAAATAG S
OH89 atgcggccgcCTTGCTGCACCCTTTG AS

AP-A 5� �240 OH116 atgcggccgcTTTAATAAATATTAAAAGAGAAG S
OH89 atgcggccgcCTTGCTGCACCCTTTG AS

AP-A 5� �260 OH117 atgcggccgcGAGAAGAAATGAAATAATCA S
OH89 atgcggccgcCTTGCTGCACCCTTTG AS

AP-A for qPCR ap-a s30 CACTAAGGGAGCTGATAAAGTAAAAGATTA S
ap-a as25 TCCAAAATCAAGAACTTTAGTGCAA AS

Actin gene for qPCR act s28 TGTAGATAATGGATCAGGAATGTGTAAA S
act as23 CAATGGATGGGAATACAGCTCTT AS

Y tag1 for mutagenesis OH227 CTCAGTTGGTAGAGCGGATGACTGTAGATGTAGAATAGA
ATTCATTAGGTCACTGGTTCGA

S

OH228 TCGAACCAGTGACCTAATGAATTCTATTCTACATCTACAG
TCATCCGCTCTACCAACTGAG

AS

Y mutA OH238 CCGACCATAGCTCAGTTTCTAGAGCGGATGACTG S
OH239 CAGTCATCCGCTCTAGAAACTGAGCTATGGTCGG AS

Y tag1 for qPCR OH225 CTCAGTTGGTAGAGCGGAT S
Y OH226 TCCGACCAACCGGATTC AS
Y mutB1 for qPCR OH245 TCCGACCAACCGGACTC AS

a �240, deletion of 240 nucleotides; �260, deletion of 260 nucleotides; Y mutA and Y mutB1, Y gene mutants (see Fig. 5 legend).
b Lowercase letters represent restriction sites for subsequent cloning into the corresponding vectors for site-specific mutagenesis.
c S, sense; AS, antisense.
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gene under the control of E. histolytica actin gene 5� and 3�
sequences. However, compared with pNAP-A, psAP1 con-
tained an extended actin 3� sequence bearing additional E.
histolytica genes (FUS1 and TFIIH) and a partial bacterial Tet
repressor ORF followed by a stretch of amoebic sequence
previously designated ARS. The latter has been shown to ex-
hibit functional properties of autonomous replication se-
quences when transferred to a yeast artificial chromosome
(29). However, careful analysis of the E. histolytica ARS re-
vealed that it represents a tRNA array (9), comprising the
glutamic acid (TTC) and tyrosine (GTA) tRNAs, separated by
repetitive AT-rich elements (Fig. 3). To determine which of
the psAP1-specific sequences are responsible for AP-A trans
inactivation, a 2.6-kb fragment comprising part of the extended
actin gene 3� sequence and the bacterial Tet repressor ORF as
well as the amoeba EY tRNA array was deleted (Fig. 3B). The
resulting plasmid, psAP1�2600, was incapable of inducing
trans inactivation of AP-A (Fig. 3A). Instead, psAP1�2600
transfection led to AP-A mRNA overexpression, as observed
after transfection with pNAP-A (data not shown). However,
when the 1.0-kb EY tRNA array sequence was reintroduced
into psAP1�2600 or pNAP-A, both plasmids acquired trans
inactivation capacity. The introduction of other E. histolytica
tRNA arrays, such as LS or SPPCK (9), into psAP1�2600 did
not induce AP-A trans inactivation (data not shown), suggest-
ing that trans inactivation may be restricted to the EY tRNA
sequence.

Glutamic acid (TTC) and tyrosine (GTA) tRNA genes are
sufficient to mediate AP-A trans inactivation. In order to de-
termine whether the complete tRNA array is required to me-
diate AP-A trans inactivation, a series of 5� and 3� deletion
constructs was generated (Fig. 4A). In addition, the relevance
of poly(T) stretches situated 3� of amoeba tRNAs was inves-
tigated (Fig. 4B), and they most likely represent terminator
sequences for polymerase III (Pol III) transcription as in other
organisms. qRT-PCR analysis of amoebae transfected with the
various constructs indicated that AP-A trans inactivation is

independent of the presence or absence of the repeat elements
or the poly(T) terminator sequences but requires the presence
of both tRNA genes (Fig. 4). The orientation of the tRNA
genes is not dependent on function (unpublished data).

Polymerase III transcription of the tRNATyr gene is not
required for trans inactivation. To investigate whether poly-
merase III-dependent transcription of the episomal tRNAs is
required for trans inactivation, a series of mutations was intro-
duced into the tRNATyr gene of psAP1 (Fig. 5A). Interestingly,
though some of the mutations had severe effects on the inter-
nal promoter regions and for tRNA transcription, none of the
mutations altered AP-A trans inactivation capacity of the plas-
mid (Fig. 5B).

SINE is dispensable for AP-A trans inactivation. A SINE is
located 5� of the AP-A locus in the E. histolytica genome and
thus is partially present on the psAP1 plasmid at the 5� flanking
region of AP-A. It has been suggested that the partial SINE
sequence is required for the trans inactivation capacity of
psAP1 (2). To further explore the characteristics of the 5�
flanking sequence required for AP-A trans inactivation, several
5� deletions in the AP-A upstream region were performed in
psAP1 plasmids (Fig. 6). Surprisingly, qRT-PCR analysis after

+ psAP1

wildtype

wildtype
+ psAP1

AP-A

ACTIN

HM1:IMSS
2411

HM1:IMSS
ATCC

FIG. 1. trans inactivation of AP-A in the E. histolytica isolate HM-
1:IMSS. The abundance of AP-A mRNA was analyzed in various E.
histolytica isolates transfected with plasmid psAP1. Shown is an auto-
radiogram of a Northern blot from gel-separated total RNA isolated
from nontransfected (wild-type) or psAP1-transfected amoebae of
HM-1:IMSS (2411) or the ATCC HM-1:IMSS strain. The blot was
sequentially hybridized with radiolabeled AP-A and E. histolytica
ACTIN gene probes. Note that trans inactivation was achieved in
HM-1:IMSS (2411) but not in other E. histolytica isolates.

FIG. 2. Reconstitution of AP-A expression in AP-A trans inacti-
vated cells by episomal transfection with plasmid pNinAP-A. (A) Sche-
matic depiction of the expression vector comprising the neomycin
resistance gene (NEO) under the control of E. histolytica actin (ACT)
gene 5� and 3� sequences and the AP-A open reading frame (AP-A)
under the control of E. histolytica lectin gene 5� (LEC 5�) and E.
histolytica actin gene 3� (ACT 3�) sequences. The lectin gene promoter
and the AP-A open reading frame are separated by an intron from the
gene encoding E. histolytica ribosomal protein L27a. (B) Immunoblot
analysis of E. histolytica extracts from various HM-1:IMSS (2411)
transfectants tested with antisera against E. histolytica AP-A or AP-B.
As a control, a parallel blot was developed with antiserum against E.
histolytica superoxide dismutase (SOD). Extracts were obtained from
the following transfectants: wild-type cells transfected with pN (neo-
cassette vector) and selected with G418; wild-type cells transfected
with psAP1; AP-A-silenced cells grown for several months without
G418 and subsequently transfected with pNinAP-A and selected again
with G418 (pNinAP-A�G418) or without G418 selection (pNinAP-
A-G418); and wild-type cells transfected with psAP1�2600. Note that
reconstitution of expression was achieved when selective pressure was
maintained after transfection with pNinAP-A.

VOL. 9, 2010 tgm IN E. HISTOLYTICA 309



transfection of these constructs revealed that the deletion of
SINE did not change the trans inactivation property of psAP1.
Even constructs containing only 213 bp of the AP-A upstream
region were capable of trans inactivation AP-A in transfected
amoebae. However, shortening of the AP-A upstream region
reduced the trans inactivation efficacy of the plasmid. As de-
termined by single-cell cloning of transfected cells and subse-
quent qRT-PCT analysis, depending on the length of the 5�
flanking sequence, only about 20 to 50% of the cell clones were
affected by AP-A trans inactivation. Thus, silencing became
evident only after single-cell cloning but was not obvious in
transfected bulk cultures.

DISCUSSION

To gain insight into the molecular mechanism of trans inac-
tivation of AP-A in E. histolytica following transfection with the
plasmid psAP1, we have identified two factors that are indis-

pensable for AP-A transcriptional silencing. First, AP-A silenc-
ing is restricted to a particular cell line, and second, two spe-
cific tRNA genes are required on the plasmid in close
proximity upstream of the AP-A promoter. In contrast to the
case described by a previous report (2), a SINE motif located
upstream of the AP-A promoter was not required. This dis-
crepancy may be explained by our finding that shortening of
the AP-A upstream region (e.g., by deletion of SINE) signifi-
cantly reduces trans inactivation efficacy, as indicated by a
reduced number of cells with an AP-A-silenced phenotype,
which became evident only after single-cell cloning of trans-
fected amoebae. The fact that the length of the AP-A upstream
region plays a role for the trans inactivation capacity suggests
that a base-pairing mechanism may be involved in E. histolytica
trans inactivation.

Two sequence elements are required for trans inactivation,
namely, the tyrosine and glutamic acid tRNA genes and about

FIG. 3. An E. histolytica tRNA array is required to mediate trans inactivation of AP-A. (A) Northern blot analysis of gel-separated total RNA
isolated from various amoeba transfectants as indicated. The blot was hybridized with radiolabeled ACTIN and AP-A gene probes. (B and C)
Schematic depiction of sequence elements present on psAP1 and on various deletion constructs used for transfection. Compared to psAP1,
plasmids pNAP-A and psAP1�2600 bear deletions of 3.2 and 2.6 kb, respectively, as indicated by the dotted lines. Transfection plasmids
pNAP-AEY1000 and psAP1�2600EY1000 represent pNAP-A and psAP1�2600, respectively, in which the 1.0-kb EY tRNA array has been
introduced. AP-A mRNA abundance was measured by qRT-PCR with primers specific for the E. histolytica AP-A and actin (ACT) genes, and the
��CT method was used for quantification. The mRNA abundance of wild-type HM-1:IMSS (2411) amoebae was set at 1. A value higher than 1
indicates overexpression, while a value of 0 indicates that AP-A was trans inactivated. Note that only those transfection plasmids containing the
EY tRNA array have AP-A-transinactivating capacity. NEO, neomycin resistance gene. hypoth., hypothetical protein.
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200 bp of the AP-A 5� region. These two elements operate in
concerted action, as the EY tRNAs alone or in close proximity
to other promoters cannot transinactivate, and neither does
the AP-A promoter alone or in close proximity to other tRNA
genes.

Two mechanisms found in other eukaryotes and which may
play a role for the trans inactivation of AP-A in E. histolytica
have been described previously. These are heterochromatic
silencing in trans (transvection), as found in various organisms
(12, 26, 33), and tgm, so far described exclusively for S. cerevi-
siae for tyrosine, leucine, and threonine (21). Both mechanisms
depend on the nuclear architecture, and for both, it is likely
that they play a role in E. histolytica transcriptional silencing.
This does not exclude the possibility that other yet unknown
factors may also participate in the silencing mechanism.

Chromatin structure. Attempts to localize tRNA genes by
fluorescence in situ hybridization (FISH) experiments turned
out to be difficult with E. histolytica (43). Hybridization was
successful with a single EY tRNA probe (called M11) but was
unsuccessful in colocalization experiments using rDNA and
tDNA probes simultaneously.

Nevertheless, several observations support the concept that
the AP-A locus and the plasmid psAP1 localize to the hetero-
chromatic periphery. First, Anbar et al. showed that in AP-A-
silenced cells, the AP-A gene is no longer associated with the

methylated K4 residue of histone H3 (2). Second, some ARS
sequences, such as the yeast 2� origin, have been localized to
heterochromatin and can act as silencers (16). The EY tRNA
array has also been shown to have properties of autonomous
replication sequences, at least when transferred to S. cerevisiae
(29). Finally, the nuclear periphery, a heterochromatic region
where telomeres are localized in other organisms, has been
suggested to play a role in the silencing mechanism (39). As
telomeres are absent in E. histolytica, it is believed that tRNA
arrays are located at the end of the amoeba chromosomes,
presumably at the nuclear periphery, and thus may play a
structural role similar to that of telomeres (28). The organiza-
tion of tRNA genes in E. histolytica is exceptional in that they
form long arrays consisting of hundreds of tRNA sequences
and AT-rich repeat elements (9). Hence, tRNA genes are
organized as natural clusters in E. histolytica in contrast to S.
cerevisiae, in which the spatially clustered tRNAs upon Pol III
transcription have been shown to be colocalized at the nucle-
olus (reviewed in reference 17). Likewise, the nucleolus in E.
histolytica is localized at the periphery, as demonstrated with
rDNA episomes (20, 43) and recently with fibrillarin (23). With
these results taken together, we propose that tRNA gene ar-
rays and the tRNA genes of the plasmid might be colocalized
at the nuclear periphery in E. histolytica. Further studies to

FIG. 4. Sequence motifs within the EY tRNA array are required for AP-A trans inactivation. (A) Transfection plasmid psAP1�2600, incapable
of mediating trans inactivation of AP-A, was used as a backbone to introduce various modifications of the 1.0-kb EY tRNA array as indicated.
Glutamic acid (E) and tyrosine (Y) tRNAs are represented by arrows, and AT-rich repeat elements are shown as dashes. NEO, neomycin resistance
gene. (B) AP-A mRNA abundance was measured by qRT-PCR with primers specific for AP-A or actin and the ��CT method for quantification.
To the right, AP-A mRNA abundances relative to that of wild-type cells (set at 1) are given. The relevance of polythymidine stretches (TTTTT)
adjacent to the tRNA sequences was investigated. Note that trans inactivation was observed only with constructs containing both tRNA sequences
but was independent of the presence of poly(T) stretches or repeat elements.
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understand the architecture of the amoebae nucleus are nec-
essary to finally prove this hypothesis.

A tgm-like mechanism. The fact that AP-A trans inactivation
depends on the presence of tRNA gene sequences suggests a
tgm-related mechanism, which has been recognized so far ex-
clusively in S. cerevisiae. For S. cerevisiae, Pol III transcription
of tRNAs has been described as a central step of tgm required
for their spatial clustering (18). However, in contrast to the
case in S. cerevisiae, tgm in E. histolytica does not appear to
depend on transcription or binding of the polymerase III ma-
chinery, as none of the mutations introduced into the two
regulatory elements of the amoeba tyrosine tRNA gene did
abolish the trans inactivation capacity of the transfected plas-
mid. If transcription or Pol III binding of tRNA genes were the
cause for silencing, any mutations that cause loss of transcrip-
tion or Pol III binding in one gene would yield the same effect
as the deletion of that gene. However, tyrosine tRNA gene
mutations did not even moderately impair trans inactivation,
while its deletion completely abolished any silencing capacity.
We suggest that binding of the transcriptional machinery (or
transcription) may not be required for spatial clustering in E.
histolytica, because amoeba tRNA genes are already “clus-
tered” due to the fact that they are arranged in long tandem-
repeat arrays (9).

In the search for a putative silencer element, a PD1 homo-
logue was identified in the AP-A upstream region (42). How-
ever, deletion or mutation of this element did not interfere
with the trans inactivation capacity of psAP1 (Fig. 6). As no
other sequence similarities to known silencer elements have
been identified, silencer elements are either not present or not
well conserved between E. histolytica and other eukaryotes.
The latter explanation seems more likely, as the molecular
mechanisms of heterochromatin formation and gene silencing
appear to be only weakly conserved in E. histolytica. For many
of the proteins known to be involved in heterochromatin for-
mation or silencing, there is no evidence of their existence in
the genome of E. histolytica (data not shown).

There remain questions about the specific properties of
HM-1:IMSS (2411) that enable transcriptional silencing in this
particular strain but not in others. So far, various attempts to
identify strain-specific differences have been made. These in-
clude PCR-based strain typing and sequencing of the AP-A
locus and the tRNA array as well as microarray analyses using
panels of selected amoeba genes (4, 22, 38) or a panel com-
prising protein-coding genes of the entire E. histolytica genome
(D. Mirelman, personal communication). However, none of
these approaches resolved the problem, suggesting that an

FIG. 5. The presence but not transcription of the tRNA on psAP1 is required for AP-A trans inactivation. (A) Schematic depiction of the relevant
regions of psAP1 and location of various mutations introduced into the tyrosine (Y) tRNA gene to test the importance of the respective residues for the
trans inactivation capacity of psAP1. Residues deviating from the wild-type sequence (Y wt) are underlined (Y mut). (B) Presence or absence of AP-A
mRNA and tRNA transcripts after transfection with psAP1 containing mutations within the tyrosine tRNA gene. The abundances of AP-A mRNA and
transcribed mutated tRNA relative to that of the wild type (set to 1), as determined by qRT-PCR, are given. Note that mutated tRNA was detectable
only when mutations indicated by asterisks in panel A were introduced (Y tag1) but not when bearing mutations marked by arrows in that panel. The
latter primarily comprised mutations located within the control region (A-box and B-box), which are likely to affect binding capacity of the polymerase
III transcriptional machinery. However, none of the mutations affected AP-A trans inactivation capacity, indicating that the presence of the tRNA gene,
but not its transcription or binding of the transcriptional machinery, is required for trans inactivation. NA, not applicable.
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epigenetic phenomenon or a mutation may affect any yet un-
known gene involved in silencing.

Future comparative genome sequencing may help to deci-
pher the molecular differences between the strains, thus pro-
viding further insights into the mechanism of gene silencing in
E. histolytica.

Another important result of this study is that AP-A expres-
sion can be restored in AP-A-silenced amoeba by episomal
transfections using the AP-A open reading frame under the
control of a heterologous amoeba promoter including an in-
tron with enhancer properties. This AP-A add-back mutant led
to an abundance of AP-A similar to that of nonsilenced wild-
type cells. This is in contrast to a study in which reconstitution
of AP-A expression could not be achieved by episomal trans-
fection (5), likely due to differences in the transfection vectors.
Irrespectively, reexpression of genes by episomal transfection
is a crucial advancement toward more sophisticated investiga-
tions of amoeba protein function, cell biology, and pathoge-
nicity, as targeted silencing of genes of interest currently can be
achieved only in amoebae in which AP-A is additionally si-
lenced (4, 6, 22). However, AP-A-deficient cells are highly
impaired in pathogenicity and therefore not suitable for the
investigation of other pathogenicity factors.
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