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The 25 kDa subunit of the Clevage Factor Im (CFIm25) is
an essential factor for messenger RNA polyadenylation in
human cells. Therefore, here we investigated whether the ho-
mologous protein of Entamoeba histolytica, the protozoan
responsible for human amoebiasis, might be considered as
a biochemical target for parasite control. Trophozoites were
cultured with bacterial double-stranded RNA molecules tar-
geting the EhCFIm25 gene, and inhibition of mRNA and pro-
tein expression was confirmed by RT-PCR and Western blot
assays, respectively. EhCFIm25 silencing was associated with
a significant acceleration of cell proliferation and cell death.
Moreover, trophozoites appeared as larger and multinucleated
cells. These morphological changes were accompanied by a
reduced mobility, and erythrophagocytosis was significantly
diminished. Lastly, the knockdown of EhCFIm25 affected the
poly(A) site selection in two reporter genes and revealed that
EhCFIm?25 stimulates the utilization of downstream poly(A)
sites in E. histolytica mRNA. Overall, our data confirm that
targeting the polyadenylation process represents an inter-
esting strategy for controlling parasites, including E. histoly-
tica. To our best knowledge, the present study is the first to
have revealed the relevance of the cleavage factor CFIm25
as a biochemical target in parasites.
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Introduction

The polyadenylation of pre-messenger mRNA (pre-mRNA)
at the 3"-end is a fundamental process for gene expression
regulation in eukaryotic cells; it establishes an important con-
nection with transcription (Batt et al., 1994), confers stability
to mRNA (Barnhart ef al., 2013), plays a role in mRNA nu-
clear export, streamlines translation (Colgan and Manley
2016), and protects mRNA from degradation (Tourriére et
al., 2002). Alterations in polyadenylation have been related
with several human illnesses like o and p thalassemia, neo-
natal diabetes, Fabry disease, and cancer (Curinha et al., 2014),
as well as with lethal defects in yeast (Wang et al., 2005),
demonstrating that this event is essential for accurate cell
survival. The poly(A) tail formation requires the partici-
pation of protein complexes known as CPSF (Cleavage and
Polyadenylation Specific Factor), CstF (Cleavage Stimulating
Factor), CFIm and CFIIm (Cleavage Factor Im and IIm),
as well as PAP Poly(A) Polymerase and PABPII Poly(A)
Binding Protein, that bind to specific motifs in 3-UTR. In
human cells, the CFIm complex is a heterotetrameric com-
plex formed by a homodimer of 25 kDa subunits interacting
with two larger subunits (72, 68, or 59 kDa). Each CFIm25
subunit (also known as CPSF5 or NUDT21) binds to the
UGUA motif and affinity is increased by interaction with
the RRM domain of larger subunits (Yang et al., 2011). The
knockdown of CFIm25 protein affects the poly(A) site se-
lection (Kubo et al., 2006), the recruitment of polyadenyla-
tion factors to pre-mRNA 3’-end, and the cleavage and poly-
adenylation reactions (Brown and Gilmartin, 2003), which
highlights the relevance of this subunit in poly(A) tail syn-
thesis. Our search in the Unified Human Interactome data-
base at http://www.unihi.org/ (Kalathur et al., 2013) showed
that CFIm25 interacts with splicing factors (U2AF1, SF3B1,
SNRNP70, and others), and export (NXF1) and transcription
factors (GTF2F1, HSF4, TCERG1). Some of these interac-
tions have been previously reported (De Vries et al., 2000;
Awasthi and Alwine, 2003; Ingham et al., 2005; Vinayagam
et al., 2011), confirming that CFIm25 establishes a functional
link between the different molecular events of mRNA syn-
thesis and processing.

We previously reported the polyadenylation machinery of
Entamoeba histolytica, the protozoan parasite responsible
for the human amoebiasis that affects 50 million individuals
per year (Ralston and Petri, 2011). By extensive analyses of
parasite genome sequences, we described conserved motifs
in pre-mRNA 3’-ends, namely the poly(A) signal A(U/A)UU,
and the U-rich and A-rich elements (Zamorano et al., 2008).
We also identified polyadenylation factors that contain the
functional domains described in homologous proteins in
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eukaryotic cells (Lopez-Camarillo et al., 2005), suggesting
that the polyadenylation process is conserved through evolu-
tion. Importantly, E. histolytica only has the subunit of 25
kDa (EhCFIm25) of the CFIm complex. EhCFIm25 binds
to mRNA 3'UTR and this interaction involves the partici-
pation of conserved Leul35 and Tyr236 residues (Ospina-
Villa et al., 2015). Moreover, EhRCFIm25 interacts with other
polyadenylation factors, such as the poly(A) polymerase
EhPAP (Pezet-Valdez et al, 2013) and the transcriptional
coactivator EhPC4 (our unpublished data) that has been
recently related to virulence, DNA replication and multi-
nucleation in E. histolytica (Hernandez de la Cruz et al,
2014, 2016). Altogether these data suggest a relevant role for
EhCFIm25 in mRNA polyadenylation and other processes
related to gene expression. The objective of the present work
was to evaluate how EhCFIm25 gene silencing affects E.
histolytica trophozoites in order to determine the potential
of this polyadenylation factor as a biochemical target for
parasite control.

Materials and Methods

Cell cultures

E. histolytica trophozoites (strain HMI:IMSS) were grown at
37°C in TYI-S-33 medium supplemented with 20% bovine
serum, 100 U/ml penicillin and 100 pg/ml streptomycin (Dia-
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mond et al., 1978), and parasites were harvested during ex-
ponential growth phase for all experiments. RNAselII-defi-
cient Escherichia coli strain HT115 (rnc14:DTnl0) was grown
at 37°C in LB broth for plasmid construction or 2YT broth
for dsRNA expression, in the presence of ampicillin (100
mg/ml) and tetracycline (10 mg/ml) (Takiff et al., 1989).

Double-stranded RNA (dsRNA)-based EhCFIm25 gene silen-
cing

Expression of bacterial dSRNA and parasite soaking experi-
ments were performed as described (Solis et al., 2009). Briefly,
a 342-bp fragment of the EhCFIm25 gene was PCR ampli-
fied from the pRSET-EhCFIm25 vector (Pezet-Valdez et al.,
2013) using pL4440EhCFIm25-S (5'-CCCCCCGGGGGAG
AAGATGATCCTGTTGAAGG-3") and pL4440EhCFIm25-
AS (5'-CCCCTCGAGTTAACCATAAATCATAAGATAC
CTTG-3') primers and cloned into Smal and Xhol restric-
tion sites of the pL.4440 vector (Fig. 1A). PCR, restriction
analysis and DNA sequencing were performed to verify the
resulting pL4440-EhCFIm25 plasmid. Then, competent E. coli
HT115 cells were transformed with the pL4440-EhCFIm25
plasmid and the expression of EhCFIm25-dsRNA was in-
duced with 2 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) for 4 h at 37°C. Then, bacterial pellet was mixed with
1 M ammonium acetate and 10 mM EDTA, incubated with
phenol : chloroform : isoamyl alcohol (25 : 24 : 1) and cen-
trifuged. The supernatant was mixed with isopropanol, cen-

Fig. 1. Silencing of EhCFIm25 gene ex-
pression in E. histolytica trophozoites ex-
posed to EhCFIm25-dsRNA. (A) pL4440-
EhCFIm25 plasmid construct. (B) Immu-
nodetection of EhCFIm25 protein expre-
ssion by Western blot assay after seven days
of the soaking experiment. Lanes: 1, tro-
phozoites in standard conditions (control);
2, trophozoites exposed to gfp-dsRNA; 3,
trophozoites exposed to EhCFIm25-dsRNA.
(C) Densitometry analysis of bands in (B).
Data corresponding to actin amount (black
bar) were taken as 100% and used to deter-
mine the relative expression of EhCFIm25
(white bar) in the three experimental con-
ditions. (D) EhCFIm25 mRNA expression
by RT-PCR assay on day 2, 4, and 6 of soa-
king experiment. Lanes: 1, control tropho-
zoites; 2, trophozoites exposed to EhCFIm25-
dsRNA). (E) Densitometry analysis of bands
in (B). Data corresponding to EhCFIm25
mRNA amount (black bar) in control tro-
phozoites were taken as 100% to obtain the
relative mRNA expression in cells treated
with EhCFIm25-dsRNA (white bar). (F)
Immunodetection of EhCFIm25 protein
expression by Western blot assay on day 2,
4, and 6 of soaking experiment. Lanes: 1,
control trophozoites; 2, trophozoites ex-
posed to EhCFIm25-dsRNA. (G) Densito-
metry analysis of bands in (F). Data corre-
sponding to EhCFIm25 amount in control
cells were taken as 100% and used to deter-
mine the relative expression of EnCFIm25
in cells grown with EhCFIm25-dsRNA.
Actin was used as loading control.
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trifuged, and the nucleic acid pellet was washed with 70%
ethanol. DNase I (Invitrogen) and RNase A (Ambion) were
added to eliminate ssRNA and dsDNA molecules, ExCFIm25-
dsRNA was washed again with isopropanol and ethanol,
analyzed by agarose gel electrophoresis and quantified by
spectrophotometry. Lastly, purified EhCFImZS dsRNA mol-
ecules were added to trophozoites (5.0 x 10%) in TYI-S-33
complete medium to a final concentration of 100 ug/ml and
cultures were incubated at 37°C for seven days. Cells grow-
ing in standard conditions (without dsRNA) and exposed to
gfp-dsRNA obtained from the pL4440-gfp (green-fluorescent
protein gene) construct (Solis et al., 2009) were used as cont-
rols.

RT-PCR amplification

Total RNA of E. histolytica trophozoites was purified by the
Trizol reagent (Invitrogen). cDNA was obtained from 1 pg
of RNA using 200 ng of oligo (dT) primer (Bio Synthesis
Inc.) and 200 U of M-MLV Reverse Transcriptase (Invitro-
gen) for 50 min at 37°C. RNA was eliminated by adding E.
coli Ribonuclease H (2 U; ThermoFisher Scientific) for 20
min at 37°C.The volume corresponding to 100 ng of cDNA
was mixed with EhCFIm25 sense (5-TGGAGAAGATGA
TCCTGTTGAAG-3") and antisense (5-TCTTTGACTTG
ACTTACATGAACTG-3') primers (10 uM each) and PCR
was performed using TanNA polymerase (ThermoFisher
Scientific) in a C1000""" Thermal Cycler (Applied Biosys-
tem). The actin gene was used as control. Amplified pro-
ducts were separated through 12% polyacrylamide-TBE gel
electrophoresis, stained with GelRed (Biotium), observed in
a Gel-Doc apparatus (Bio-Rad) and quantified using the
Image] processing program (Schneider et al., 2012). Data
corresponding to EhWCFIm25 gene expression in control tro-
phozoites were taken as 100% to obtain the relative mRNA
expression in cells exposed to EnCFIm25-dsRNA.

Western blot analysis

Total proteins (60 pg) of E. histolytica trophozoites were
separated by 10% SDS-PAGE and electrotransferred to a ni-
trocellulose membrane following standard protocols. After
staining with Ponceau, the endogenous EhCFIm25 protein
was detected by incubation with anti-EhCFIm25 antibodies
(1:500) for 2 h at room temperature (RT) (Pezet-Valdez et
al., 2013). Blots were washed five times with PBS 1 X pH 7.4
and incubated with anti-rabbit IgG conjugated to horse-
radish peroxidase (1:2000;ThermoFisher Scientific) for 2 h
at room temperature (RT). Actin was used as control. Bands
were developed using the ECL Plus Western blotting detec-
tion system (Amersham) and quantified using the Image]J
processing program (Schneider et al., 2012). In some experi-
ments, data corresponding to actin expression were taken
as 100% and used to determine the relative expression of
EhCFIm25 in control trophozoites (without dsRNA or with
gfp-dsRNA) and cells exposed to EhCFIm25-dsRNA. In
others, data corresponding to EhnCFIm25 expression in con-
trol cells without dsRNA were taken as 100% and used to
determine the relative expression of EhnCFIm?25 in cells ex-
posed to EhCFIm25-dsRNA.
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Cell proliferation and viability assays

A 10 pl aliquot of E. histolytica cultures was taken each day
and cells were counted in a Neubauer chamber for seven
days during the soaking experiments. Simultaneously, liv-
ing cells were identified in a Trypan blue test. Experiments
were performed twice in triplicate. Results were expressed
as mean + standard deviation (SD).

Morphology, area and velocity of trophozoites

E. histolytica trophozoites were observed on an Eclipse 80i
microscope (Nikon), pictures and videos were obtained and
analyzed by the Icy software that provides the resources to
visualize, annotate and quantify bioimaging data (De Chau-
mont et al., 2012). Trophozoites (approximately 400 cells)
were examined through the active contours tool to determine
the cellular area (plm ), and data were expressed as mean + SD.
On the other hand, 60 videos of 2 min were analyzed with
the Track Manager Plugin tool and speed was expressed as
pixels per frame of 2 sec.

Immunofluorescence assays

Trophozoites were grown on coverslips, washed five times
with PBS pH 6.8, fixed with 4% paraformaldehyde for 1 h
at 37°C and permeabilized with 0.2% Triton X-100 for 10 min
at RT. After blocking with 10% fetal bovine serum (FBS)
for 1 h at RT, trophozoites were stained for 5 min with 2.5
ug/ml DAPI (4',6-diamidino-2-phenylindole) (Zymed). Cells
were mounted using Vectashield (Vector laboratories) and
analyzed in a confocal microscope (Leica TCS_SP5_MO)
through Z-stack sections of 0.5 mm in xy-planes. In all cases,
80 cells were examined per condition.

Cell migration assays

E. histolytica trophozoites (10") were placed in 100 ul of se-
rum-free TYI-S-33 medium in the upper compartment of
the Transwell chamber (Corning) with 6.5 mm diameter
and 8 pum pore size polycarbonate membrane; the lower
chamber was loaded with 650 pl of complete TYI-S-33 me-
dium. After 3 h at 37°C, the number of trophozoites that
have migrated into the lower chamber was counted in a
Neubauer chamber. Experiments were performed twice in
triplicate and results were reported as mean + SD.

Erythrophagocytosis assays

Human whole blood diluted in Hayem reagent (1:200) was
kept in gentle shake for 5 min. After leukocytes lysis, intact
erythrocytes were counted in a Neubauer chamber and
mixed with E. histolytica trophozoites (100:1) for 5, 10, and
15 min at 37°C. The erythrophagocytosis process was stop-
ped by addition of distilled cold water (1 ml). Cells were
centrifuged at 1,500 rpm for 5 min, the pellet was mixed
with 2 ml of 3,3-diaminobenzidine (2 mg/ml) and 0.2% H,O,
for 30 min at 37°C. After centrifugation, cells were ob-
served on an Eclipse TS100 microscope (Nikon). The num-
ber of erythrocytes per amoeba was determined in 100 ran-
domly selected trophozoites. Experiments were performed
twice in triplicate and results were expressed as mean + SD.
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Polyadenylation site selection assay

The thiorredoxin (EHI_021560) and 60S ribosomal protein
L7 (EHI_025830) genes were selected since RNA-Seq experi-
ments showed that they contain two alternative poly(A)
sites (Hon et al., 2013; Guillen, pers. commun.). Total RNA
of E. histolytica trophozoites was reverse transcribed with
oligo(dT) primer as described above. Then, the 3’ end of each
gene was PCR amplified using two pairs of primers that tar-
get the proximal or distal poly(A) sites. For the thiorredoxin
gene, we designed the EHI_021560 sense (5-TTCCCATCC
TTTTTAACTTT-3') and antisense 1 (5-TGAAAAAGTTA
TTATTTAAAGTT-3") primers that produce a 72 bp frag-
ment, while the EHI_021560 sense and antisense 2 (5 -AA
TAAAATAAATTTGTTATTAATTT-3') oligonucleotides
produce a 102 bp fragment. The EHI_025830 sense (5 -AT
TTTAACGACTTTTCTTATT-3') and antisense 1 (5-TCC
AACAACCATTTCAATT-3') primers produce a 78 bp frag-
ment of the 60S ribosomal protein L7 mRNA 3’ end, while
the EHI_ 025830 sense and antisense 2 (5'-GATAATAATA

° =& EhCFIm25-dsRNA
% GFP-dsRNA

control

AATTACTAGTAA-3') primers produce a 127 bp fragment
(Fig. 4A and B). The actin gene was used as loading control.
PCR was performed as described above using 100 ng of
cDNA. Amplified products were separated through 2% poly-
acrylamide-TBE gel electrophoresis, stained with GelRed
(Biotium), observed in a Gel-Doc apparatus (Bio-Rad) and
quantified using the ImageJ processing program (Schneider
et al., 2012). For each band, pixels corresponding to cells
growing in standard conditions were taken as 100% and
used to normalize data obtained from EhCFIm25-silenced
trophozoites.

Results

Silencing of EhCFIm25 affects proliferation, viability and
morphology of trophozoites

To evaluate the functional relevance of EnCFIm25 in E. his-
tolytica, we silenced the EWCFIm25 gene expression using

Fig. 2. Effect of EhCFIm25 silencing
ey, on cell proliferation, viability, and mor-
phology of E. histolytica trophozoites.
(A) and (B) Trophozoites were exposed
to EhCFIm25-dsRNA (100 pl/ml) for
seven days at 37°C. Each day, cell num-
ber was determined (A) and viability
was assessed in a Trypan blue assay (B).
Data were compared to those obtained
from trophozoites growing in standard
conditions (control) and exposed to gfp-
dsRNA using the two-way ANOVA test.
(C) and (D) Cellular area was deter-
mined using the active contour tool of
the Icy software. Data in (D) were ana-
lyzed using the t-test. (E) Fluorescence
and confocal microscopy assays show-
ing nuclei in trophozoites stained with
DAPI. (F) Number of nuclei per tro-
phozoites. **P < 0.01; ***P < 0.001 and
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EhCFIm25-dsRNA. For this purpose, we PCR-amplified a
342 bp fragment of the ERCFIm25 gene and cloned it into
the pL4440 plasmid (Fig. 1A). Sequencing of the resulting
pL4440-ERCFIm25 plasmid confirmed the identity of the
cloned fragment (data not shown). Then, EhCFIm25-dsRNA
was expressed in bacteria, purified, and added to parasite cul-
tures at the final concentration of 100 pg/ml. Western blot
assays evidenced the efficient silencing (~90%) of EhCFIm25
gene expression on day 7, relative to cells growing without
dsRNA. Similarly, ingestion of unrelated dsRNA, i. e. gfp-
dsRNA that does not have a natural target in parasite ge-
nome, had no effect on EhRCFIm25 expression. Actin amount
remained unchanged in the three experimental conditions,
indicating that EhCFIm25-dsRNA specifically targeted the
EhCFIm25 gene expression (Fig. 1B and C). Then, we eval-
uated EhCFIm25 gene expression throughout a 6 day-period.
Results showed that EhCFIm25 gene transcription was re-
duced by ~30%, ~80%, and ~100% on days 2, 4, and 6, re-
spectively, relative to cells without treatment, whereas actin
expression was not significantly affected throughout the
experiment (Fig. 1D and E). Accordingly, the amount of
EhCFIm25 was also reduced by ~50%, ~90%, and ~95% on
day 2, 4, and 6, respectively, while actin amount remained
almost constant (Fig. 1F and G).

To elucidate the impact of EhCFIm25 gene silencing on
trophozoites, we first evaluated cell proliferation and death
throughout a week. Growth kinetic curves showed that both
control groups have a similar behavior, confirming that un-
related dsRNA that do not target parasite genes, do not have
any effect on trophozoites. Interestingly, cultures exposed to

(A) (B) Il control
20 =1 control 100+

o ] EnCFIm25-dsRNA

® 20

g 15 —I-— -

@ &

= = 604

| =

x Fwkk

a 107 2

e ©

3 | | ER

@ 5 =

o | 20
0 T T 0

EhCFIm25-dsRNA

EhCFIm25 silencing to control Entamoeba histolytica 787

EhCFIm25-dsRNA exhibited an accelerated proliferation on
days 3 and 4, when compared with both control groups; then,
proliferation slowed down on day 5, before being drasti-
cally reduced on days 6 and 7 (Fig. 2A). Accordingly, these
cultures presented a significantly higher proportion of dead
parasites from day 4 (~10% dead cells versus none in both
control groups, P < 0.0001). On day 7, dead cells represented
about 80% of the population, while we found only ~30%
dead cells in both control groups (P < 0.0001) (Fig. 2B). Sta-
tistical analyses did not evidence significant differences be-
tween both control groups described above; hence, we con-
sidered trophozoites growing in standard conditions (with-
out dsRNA) as control for the rest of the experiments.

We noticed morphological changes in EhCFIm25-silenced
trophozoites throughout the experiment; therefore, we de-
cided to quantify cellular size at 96 h, when most cells were
still alive although the EnCFIm25 amount was significantly
reduced, using the active contours tool of the Icy software.
As shown in Fig. 2C, cellular area showed a Gaussian dis-
tribution in both conditions. However, the curve correspon-
ding to cells exposed to EhCFIm25-dsRNA was shifted to the
right. Particularly, the mean cellular area significantly in-
creased from 7,044 + 165.9 me (n =444) in control cells up
to 11,402 + 390.6 um” (n = 354) in trophozoites exposed to
EhCFIm25-dsRNA (P < 0.0001) (Fig. 2D). In addition, con-
focal microscopy experiments evidenced that these larger
trophozoites contain a higher amount of nuclei than con-
trol cells; notably, the number of cells with two or more nu-
clei significantly increased from 18.6% in control cells up to
27.6% in EhCFIm25-silenced trophozoites (Fig. 2E and F).

Fig. 3. Effect of EhCFIm25 silencing on

speed, migration and erythrophagocytosis
s in E. histolytica trophozoites. (A) Speed.
Trophozoites were observed through an
Eclipse 80i microscope and videos were
processed using the track manager plugin
tool of the Icy software. Data were analyzed
using the ¢-test. (B) Migration assay using
the transwell chamber (Corning). Data were
analyzed using the two-way ANOVA test.
(C) and (D) Erythrophagocytosis assay.
(C) Representative photographs showing
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The hypothesis that these observations could result from
silencing of other amoeba proteins was rejected since BLAST
sequence analyses showed that neither the sense strand nor
the complementary strand of EhCFIm25-dsRNA display
homology with parasite genes.

Silencing of EhCFIm25 affects mobility and phagocytic ca-
pacity of trophozoites

We observed that EhnCFIm25-silenced trophozoites seem to
move slower. A more detailed examination of living cells re-
vealed that parasites grown in standard conditions make the
classic amoeboid movements to move on the microscopic
slide (Supplementary data Video S1 and S3). In contrast,
most trophozoites exposed to EhCFIm25-dsRNA (~80%)
undergo uncontrolled movements, turning on themselves,
without being able to successfully move on the slide (Supple-
mentary data Video S3 and S4). To quantify these observa-
tions, we analyzed the speed of trophozoites at 48 h by using
the track manager tool of the Icy software. Results showed
that velocity was significantly reduced from 10.52 + 0.3542
pixels/frame in control cells to 3.500 + 0.3160 pixels/frame
in EhCFIm25-silenced cells (P < 0.0001) (Fig. 3A). We also
used the transwell chamber system to evaluate the migra-
tion of trophozoites. As shown in Fig. 3B, 70 £ 10 control cells
were able to migrate to the lower compartment, whereas
only 0.33 + 0.577 migratory cells were found in cultures
treated with EhCFIm25-dsRNA.

Besides mobility and migration, phagocytosis is another
hallmark of parasite virulence. Therefore, we evaluated the
erythrophagocytosis capacity of EhCFIm25-silenced tropho-
zoites at 48 h. Microscopic evaluation showed that EnCFIm25
knockdown induced a significant reduction in the number
of ingested red blood cells, from 7.414 + 5.082, 8.621 + 4.953,
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and 13.08 + 5.607 in control cells, to 2.967 + 2.834, 4.862 +
3.672, and 6.156 + 4.341 in parasites exposed to EnCFIm25-
dsRNA, after 5, 10, and 15 min of interaction (Fig. 3C and D).

Silencing of EhCFIm25 affects the poly(A) site selection

We previously reported that EhNCFIm25 is an RNA binding
protein that interacts with other polyadenylation factors
(Pezet-Valdez et al., 2013; Ospina-Villa et al., 2015). To gain
insights into its function in the polyadenylation process,
here we evaluated its relevance for the poly(A) site selection.
For this purpose, we selected two genes with multiple poly(A)
sites from RNA-Seq data (Hon et al., 2013; Guillen, pers.
commun.) and designed primer pairs that allowed the spe-
cific amplification of fragments with different sizes accord-
ing to the poly(A) site present in mRNA corresponding to
each gene (Fig. 4A and B).In control trophozoites, the pre-
sence of the 72 and 102 bp bands confirmed that both pro-
ximal and distal poly(A) sites of the thioredoxin gene were
selected. However, the amount of the smaller band was about
2.5-fold augmented in trophozoites exposed to EhCFIm25-
dsRNA, whereas the amount of the larger band was almost
the same, suggesting that the utilization of the proximal
poly(A) site was increased in EhCFIm25-silenced cells. The
functionality of both polyadenylation sites in the 60S ribo-
somal protein L7 gene was also confirmed by the amplifica-
tion of the 78 and 118 bp bands. Similarly, we observed a
2-fold increase in the amount of the smaller band in the
absence of EhCFIm25, indicating that the selection of pro-
ximal poly(A) site was favored (Fig. 4C and D). In control
experiments, actin expression was constant in both control
and silenced trophozoites, confirming that differences de-
scribed above were significant (Fig. 4E).

(D) 80S ribosomal protein L7
gene (EHI_025830)

1 2 1 2

Fig. 4. Effect of EhCFIm25 silencing
on poly(A) site selection in E. histoly-
tica trophozoites. (A) Schematic rep-
resentation of 3'UTR of 20 genes with
two experimentally determined poly(A)
sites (Hon et al., 2013; Guillen, pers.
commun.). Arrowhead, poly(A) site.
(B) Design of primers for the amplifi-
cation of 3'UTR of thioredoxin and
60S ribosomal protein L7 genes accord-
ing to the poly(A) site selected. S, sense
primer; AS, antisense primer; box, stop
codon; arrowhead, poly(A) site. (C)
and (D) Upper panel, RT-PCR ampli-
fication of mRNA 3’end of the thio-
redoxin (C) and 60S ribosomal protein
L7 (D) genes using S and AS1 primers
to target the proximal poly(A) sites
(lane 1), and S and AS2 primers for the
distal poly(A) sites (lane 2), in control
and EhCFIm25-silenced trophozoites.
Lower panel, densitometry analysis of
bands in upper panels. For each band,
pixels corresponding to control cells
were taken as 100% and used to nor-
malize data obtained from EhCFIm25-
silenced trophozoites. (E) RT-PCR am-
plification of actin used as control.
Lanes: 1, control cells; 2, EhCFIm25-
silenced trophozoites.
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Discussion

We describe here for the first time that the polyadenylation
factor EhCFIm25 represents a potential biochemical target
for E. histolytica trophozoites control since knockdown of
the EhCFIm25 gene affected cell proliferation, mobility, and
erythrophagocytosis, probably as a result of alterations in
mRNA polyadenylation.

The dsRNA soaking method described by Solis et al. (2009)
is a specific, reproducible, fast, and easy to perform protocol
for silencing gene expression in E. histolytica. Consistently,
a significant down regulation of EhnCFIm25 transcript and
protein amount was observed from day 2 in trophozoites ex-
posed to EhCFIm25-dsRNA expressed in bacteria. The in-
hibition of gene expression was maintained throughout seven
days, reaching up to ~90%, indicating that the silencing ef-
fect of a single inoculation of EhNCFIm25-dsRNA was per-
sistent and irreversible in our experimental conditions. In
contrast, siRNA only produced a 50% inhibition of CFIm25
expression at 60 h in human cells and expression were al-
most totally recovered after 156 h (Kubo et al., 2006).

EhCFIm25 inhibition produced alterations in cell growth,
namely an accelerated cell proliferation associated with an
increased cell death, suggesting that E. histolytica tropho-
zoites were not able to fully overcome critical defects resul-
ting from EhCFIm25 silencing. These data also revealed that
EhCFIm25 is essential for accurate parasite survival. In con-
trast, CFIm25 knockdown had no effect on morphology, cell
viability, and proliferation in rat pheochromocytoma PC12
(Fukumitsu et al., 2012) and HelLa cells (Kubo et al., 2006).
We hypothesize that these contradicting observations might
be related to the fact that the 25 kDa polypeptide is the only
CFIm subunit in E. histolytica. It is possible that the larger
subunits of the heterotetrameric CFIm complex rescue the
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functions of the 25 kDa subunit in polyadenylation and
other molecular events in higher eukaryotes. Indeed, the in-
dependent knockdown of each subunits, significantly altered
the formation of the poly(A) tail in HeLa cells, demonstrat-
ing that both small and large subunits are essential compo-
nents of CFIm (Kim et al., 2010).

Interestingly, EhCFIm25 knockdown was associated with
an increase in size and nuclei number, and a reduction in
virulence properties (cell mobility and erythrophagocytosis).
An increase in cell proliferation and the formation of giant
multinucleated cells has also been observed in trophozoites
overexpressing EhPC4 (Hernandez de la Cruz et al., 2016),
a multifunctional factor that modulates transcription ini-
tiation and termination, as well as 3" end processing, through
its interaction with distinct proteins in higher eukaryotic
cells (Sikorski et al., 2011). In E. histolytica, the upregula-
tion of EhPC4 induced migration of trophozoites and de-
struction of intestinal host cells, through the induction of
the 16-kDa actin-binding protein EhABP16 (Hernandez de
la Cruz et al., 2014). Altogether, these studies suggest that
polyadenylation factors regulate E. histolytica virulence pro-
perties by modulating, directly or indirectly, the expression
of genes involved in cell mobility, erythrophagocytosis and
destruction of host intestinal cells. In the pathogenic process
of Cryptococcus neoformans, the formation of giant and poly-
nucleated cells allows it to avoid phagocytosis by host mono-
nuclear cells, and resist to oxidative and nitrosative stress
(Okagaki et al., 2010). However, the molecular mechanisms
linking these morphological changes with virulence still need
to be determined in E. histolytica. Nevertheless, with a view
to the future clinical applications for EhCFIm25 silencing, it
is important to keep in mind that EhCFIm25-dsRNA strands
do not display homology with any human genes, which sug-
gests that EhnCFIm25 silencing could represent a mean of

Table 1. Cellular processes corresponding to E. histolytica genes with two poly(A) sites

mRNA ID* Description Cellular process
EHI_008120 Uncharacterized protein ND

EHI_011800 Uncharacterized protein ND

EHI_019090 Uncharacterized protein ND

EHI_ 021560 Thioredoxin putative Oxidation/reduction
EHI_025830 60S ribosomal protein L7 putative Translation
EHI_048210 splicing factor arginine serine-rich putative Splicing
EHI_049400 chaperone proteinDNA] putative Protein folding
EHI_049560 Uncharacterized protein ND

EHI_050590 Uncharacterized protein ND

EHI_069450 Uncharacterized protein ND

EHI_075690 Uncharacterized protein ND

EHI_088450 Inositol polyphosphate 5-phosphatase putative Signaling pathways
EHI_096650 Histone H3 putative DNA compaction
EHI_106670 Calcineurin B subunit putative Calcium ion binding
EHI_110790 Zinc finger domain containing protein Cell cycle
EHI_118050 Coatomer alpha subunit putative Intracellular transport
EHI_154440 Uncharacterized protein ND

EHI_178590 Histone RNA hairpin-binding protein putative mRNA binding
EHI_178740 Clathrin adaptor complex small chain putative Protein transport
EHI_ 023230 Histone H4 DNA binding

*http://amoebadb.org/amoeba/; ND, not determined.
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controlling E. histolytica survival without affecting the poly-
adenylation process in host cells.

We have previously reported that EhCFIm25 is an RNA
binding protein that interacts with other polyadenylation and
transcription factors (Pezet-Valdez et al., 2013; our unpubli-
shed data). Here, we showed that ERCFIm25 controls the ef-
ficient selection of distal (or downstream) poly(A) sites in
E. histolytica transcripts. In human cells, alternative poly-
adenylation is emerging as a common mechanism to con-
trol gene expression and CFIm25 has a key role in this event
(Kubo et al., 2006; Kim et al., 2010). The mean length of
mRNA 3'UTRs is ~700 nt and ~69.1% of genes have multi-
ple polyadenylation sites (Derti et al., 2012). The selection
of proximal poly(A) sites results in the elimination of RNA
motifs that are important for coding capacity, localization,
translation efficiency and stability of transcripts (Gilmartin,
2005). In higher eukaryotic cells, mRNA turnover depends
on AU-rich elements (AURE) (Caput et al., 1986), RNA bind-
ing proteins mainly represented by Hu (Fan and Steitz, 1998)
and AUF1 (Zhang et al., 1993), and structure constraints
such as stem-loop motifs (Klaff et al., 1996). Moreover, 3 UTR
contain complementary sequences for miRNAs (Vasudevan
et al., 2007). In E. histolytica, 3" UTR are short (~21 nt); only
a small proportion of genes (1.9 to 2.4%) have long-range
heterogeneity of poly(A) site, suggesting a limited impact
of alternative polyadenylation on gene expression regulation.
A stringent bioinformatic analysis of transcriptome data ob-
tained from RNA-Seq led to the identification of 20 genes
with two polyadenylation sites (Hon et al., 2013). Any changes
in polyadenylation factors would likely alter the processing
of transcript 3"-end and therefore gene expression. Then,
the use of proximal poly(A) sites in EnCFIm25-silenced tro-
phozoites may result in the loss of RNA sequences that are
important for mRNA stability and translation.

Although 3'UTR have not been extensively studied in E.
histolytica, some reports indicate their relevance for gene
expression regulation (De et al., 2006; Lopez-Camarillo et
al., 2003; Hon et al,, 2013). Interestingly, genes with alter-
native polyadenylation sites have a huge impact on global
gene expression in E. histolytica since most of them partici-
pate in DNA condensation, DNA binding, translation, splic-
ing, mRNA binding, protein folding and protein transport.
Other genes are related with signaling, oxidation/reduction,
calcium ion binding, cell cycle and intracellular transport
(Table 1). We hypothesize that the upstream shift in poly(A)
site selection of the corresponding transcripts may contri-
bute to the phenotype of EhCFIm25-silenced trophozoites.
Future experiments will be performed to describe the tran-
scriptome in EhnCFIm25-depleted cells and measure the im-
pact of EhCFIm25 silencing on gene expression in E. his-
tolytica. Moreover, it would be worth performing RNA-Seq
experiments to identify genes whose 3’-end formation relies
on EhCFIm25 and confirm the relevance of alternative poly-
adenylation in this human pathogen.

In conclusion, our data confirm that targeting the polya-
denylation process represents an interesting strategy for con-
trolling parasites, including E. histolytica. They also showed
that the polyadenylation factor EhCFIm25 is associated with
events related to parasite proliferation, survival, and viru-
lence, through its participation in the poly(A) site selection.

These data prompt us to propose that EhCFIm25 may rep-
resent an interesting biochemical target in this human pa-
thogen.
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