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(Background: Trypanosoma cruzi regulates gene expression by means of post-transcriptional mechanisms.
Results: A 43-nt U-rich element was found in the 3’-UTR of a large number of mRNAs that are more abundant in intracellular

Conclusion: The 43-nt U-rich element might be involved in the modulation of abundance and/or translation of transcripts in

Significance: Results suggest the existence of stage-specific RNA regulons in T. cruzi.
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Trypanosoma cruzi, the agent of Chagas disease, does not
seem to control gene expression through regulation of tran-
scription initiation and makes use of post-transcriptional mech-
anisms. We report here a 43-nt U-rich RNA element located in
the 3'-untranslated region (3'-UTR) of a large number of
T. cruzi mRNAs that is important for mRNA abundance in the
intracellular amastigote stage of the parasite. Whole genome
scan analysis, differential display RT-PCR, Northern blot, and
RT-PCR analyses were used to determine the transcript levels of
more than 900 U-rich-containing mRNAs of large gene families
as well as single and low copy number genes. Our results indicate
that the 43-nt U-rich mRNA element is preferentially present in
amastigotes. The cis-element of a protein kinase 3’-UTR but not
its mutated version promoted the expression of the green fluo-
rescent protein reporter gene in amastigotes. The regulatory cis-
element, but not its mutated version, was also shown to interact
with the trypanosome-specific RNA-binding protein (RBP)
TcUBP1 but not with other related RBPs. Co-immunoprecipita-
tion experiments of TcUBP1-containing ribonucleoprotein
complexes formed in vivo validated the interaction with repre-
sentative endogenous RNAs having the element. These results
suggest that this 43-nt U-rich element together with other yet
unidentified sequences might be involved in the modulation of
abundance and/or translation of subsets of transcripts in the
amastigote stage.
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Trypanosoma cruzi, the agent of Chagas disease, possesses a
complex life cycle involving several morphological and func-
tionally different stages that are adapted to diverse environ-
ments in the insect vector and the mammalian host. These
adaptations require up-regulation and down-regulation of mul-
tiple genes (1). Current knowledge suggests that trypanosoma-
tids lack precise transcriptional control because no classical
promoters have been identified (2—4). Given this peculiarity,
transcription is polycistronic, and genes coding for proteins
with unrelated functions are transcribed in large polycistrons
(2—4). These polycistronic units are co-transcriptionally pro-
cessed by trams-splicing and polyadenylation to produce
mature monocistronic transcripts. Regulation of gene expres-
sion is mainly at the post-transcriptional level, and in 7. cruzi it
has been proposed to occur through pre-mRNA processing,
RNA degradation (5, 6), or translational repression (7-9).

Both 5'- and 3'-untranslated regions (UTRs) can be involved
in stabilization/destabilization mechanisms, up-regulating and
down-regulating mRNA levels in a developmentally regulated
manner. Some cis-elements and trans-acting factors control-
ling mRNA stability have been characterized in trypanosoma-
tids (10). In most cases the association of RNA-binding proteins
(RBPs)? with cis-elements located in the 3'-UTRs of regulated
transcripts leads to changes in stability and/or translation of
target mRNA (for review, see Ref. 11). A case in point is the
AU-rich (ARE) and G-rich elements identified in the 3'-UTR of
the small mucin gene (SMUG) mRNA in T. cruzi. These ele-
ments were shown to confer stage-specific transcript stability

2The abbreviations used are: RBP, RNA-binding protein; ARE, AU-rich ele-
ment; DD-RT-PCR, differential display RT-PCR; MASP, mucin-associated
protein; PABP1, poly(A)-binding protein 1; RRM, RNA recognition motif; TS,
trans-sialidase; tTS, trypomastigote TS; UBP1, RNA-binding protein that
binds U-rich sequences 1; UBP2, RNA-binding protein that binds U-rich
sequences 2; MRNP, messenger ribonucleoprotein; SL, spliced leader; IP,
immunoprecipitation; BTF, basic transcription factor; PK4, protein kinase 4;
nt, nucleotide(s).
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or instability, respectively. Particularly, AREs are recognized by
specific trans-acting factors such as the RBP that binds U-rich
sequences 1 (TcUBP1) and -2 (TcUBP2). These two RBPs
together with poly (A)-binding protein (7cPABP) form a ribo-
nucleoprotein complex that is developmentally regulated and
plays a stabilizing effect on SMUG mRNA in epimastigotes (for
review, see Ref. 12).

It has been reported that multiple mRNAs can be co-regu-
lated by one or more sequence-specific RBPs that orchestrate
their splicing, export, stability, localization, and translation
(13-16). The existence of these post-transcriptional regulons
would be a very appropriate mechanism for the developmental
regulation of gene expression in trypanosomatids. However,
searches for shared motifs in clusters of co-regulated genes in
trypanosomatids have met with limited success (17). In this
regard, a common mechanism of stage-regulated expression of
at least 85 genes mediated by a conserved 3'-UTR 450-nt cis-
element has been proposed in Leishmania major (18).

The most clinically relevant stages of 7. cruzi, the intracellu-
lar and replicative amastigotes, have radical changes in their
protein expression pattern, but how this is achieved is com-
pletely unknown at present. These stages are difficult to study
because of their intracellular habitat and the need to genetically
manipulate the parasites in their epimastigote form, differenti-
ate them into invasive trypomastigotes, and then infect tissue
culture cells to obtain amastigotes.

We report here the identification of a 43-nt cis-element in
the 3'-UTR of numerous mRNAs that appear to be up-regu-
lated in intracellular amastigotes, as demonstrated by differen-
tial display RT-PCR, Northern blot, and RT-PCR analyses. The
list of developmentally regulated transcripts includes more
than 900 mRNAs of large gene families (trans-sialidase (T5),
mucin-associated protein (MASP), mucin, surface protease
GP63, and protein kinase) as well as single or low copy number
genes. This cis-element, but not its mutated version, was shown
to interact with the trypanosome-specific factor TcUBPI.
These results suggest that messenger ribonucleoprotein
(mRNP) complexes containing this 43-nt RNA element could
act as a post-transcriptional regulon in the amastigote stages of
the parasite.

EXPERIMENTAL PROCEDURES

Cell Culture—T. cruzi amastigotes and trypomastigotes, Y
strain, were obtained from the culture medium of L E, myo-
blasts by a modification of the method of Schmatz and Murray
(19) as we have described before (20). The contamination of
trypomastigotes with amastigotes and intermediate forms or of
amastigotes with trypomastigotes or intermediate forms was
always less than 5%. T.cruzi epimastigotes (Y strain) were
grown at 28 °C in liver infusion tryptose medium (LIT) (21)
supplemented with 5% newborn calf serum unless indicated.
The epimastigotes transformed with pTREX constructs were
maintained in LIT medium supplemented with 5% heat-inacti-
vated fetal bovine serum and 250 ug/ml Geneticin (G418). Epi-
mastigotes were differentiated into intermediate forms or
metacyclic trypomastigotes and isolated using a complement
selection procedure (22). Trypomastigotes and amastigotes
were later obtained from infected cell cultures (20).
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Chemicals—Fetal bovine serum, newborn calf serum, Dul-
becco’s phosphate-buffered saline (PBS), 4/, 6-diamidino-2-
phenylindole (DAPI), paraformaldehyde, bovine serum albu-
min, actinomycin D, adipic acid dihydrazide-agarose beads,
and TRI® reagent were purchased from Sigma. Restriction
enzymes, T4 DNA ligase, and goat serum were from New Eng-
land BioLabs. pCR2.1-TOPO cloning kit, superscript reverse
transcriptase, antibodies against GFP, Alexa Fluor 488-conju-
gated goat anti-mouse secondary antibodies, and 1Kb plus
DNA ladder were from Invitrogen. RNeasy kit and PCR clean
up columns were from Qiagen. Hybond-N nylon membrane and
[3?P]dCTP (3000 mCi/mmol) were obtained from PerkinElmer
Life Sciences. Taq polymerase was purchased from Denville Sci-
entific Inc. RQ1 RNase-free DNase I and T7 RNA polymerase
were from Promega. All other reagents were analytical grade. The
oligonucleotides were ordered from Sigma or IDT (Coralville, IA).
The oligonucleotides used in this study are listed in supplemental
Table S1.

Bioinformatic Analysis—Use of the motif discovery program
MEME (Multiple Em for Motif Elicitation) (23) revealed the
presence of a 43-nt element in ~60 T cruzi genomic sequences
that had been discovered via BLASTN analyses to share regions
of similarity. The parameters used in the MEME analysis were
“-dna -mod zoops -nmotifs 1 -minw 3 -maxw 50 -evt le-5.”
Subsequent motif discovery was implemented on the entire
T. cruzi genome (CL Brener) using the MAST (Motif Align-
ment and Search Tool) program (24). The parameters for
MAST were “-mt le '° -comp -text.” The 7. cruzi genome
sequence was from TriTrypDB v2.1 (52).

Total RNA Extraction, Differential Display RT-PCR (DD-RT-
PCR), and RT-PCR—Total RNA was isolated from different
stages of T. cruzi using the TRI® reagent by following the man-
ufacturer’s instructions. The extracted total RNAs were further
treated with RQ1 RNase-free DNase I for 30 min at 37 °C to
remove genomic DNA contamination. The purified total RNAs
were cleaned up by RNeasy kit and used as reverse transcription
template in the presence of trace amount of [**P]dCTP. The
c¢DNA was further purified by PCR clean-up columns and
quantified by liquid scintillation counting. Equal amount of
c¢DNAs from the three stages were used for differential display
RT-PCR. The DD-RT-PCR was performed in a 50-ul volume
with 1X PCR buffer, 1.2 mm dNTPs, 0.5 um spliced leader (SL)
RNA primer, 0.5 uM reverse primer and 2 units of Taq poly-
merase. The differential display PCR was first carried out at low
annealing temperature (94 °C for 30 s, 38 °C for 30 s, and 72 °C
for 1 min) for 3 cycles and then changed to high stringent PCR
conditions (94 °C for 30 s, 56 °C for 30 s, and 72 °C for 1 min) for
another 20 cycles. Trace amounts of [**P]dCTP were added so
the PCR products could be separated and visualized by radio-
autography. The DD-RT-PCR products from amastigote stages
were gel-purified and cloned into the TA-cloning pCR 2.1-
TOPO vector. All other RT-PCR were performed in a PTC-100
Programmable Thermal Controller (M] Research, Inc., Ater-
town, MA) at 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 1
min/cycle (25 cycles) using Taq polymerase. Sequencing of the
cloned product was done by Yale DNA analysis facility.
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Construction of Reporter Gene with Wild Type and Mutant
Cis-element—The plasmid pTREX-1-eGFP-tTS-3'-UTR in
which the 3'-UTR of a trypomastigote TS (tTS) gene was cloned
downstream the eGFP reporter gene was a gift from Oscar
Campetella (National University of General San Martin, Bue-
nos Aires, Argentina) and was used as control (25). The tTS
3’-UTR was removed by HindIII and Xhol digestion. The entire
3'-UTR of a protein kinase gene (T'c00.1047053507881.60) plus
a fragment of the 5'-end-coding sequence of the contiguous
gene Tc00.10475035007881.30 was amplified by PCR (supple-
mental Table S1, primers 7 and 8) and cloned into HindIII and
Xhol sites of pTREX-GFP to generate pTREX-GFP-WT-PK-
3’-UTR. The 3'-UTR has the wild type U-rich element (5'-
TTATTTTGATTATTGTTTAAATTTATTTTTATTTT-
TATTTT-3"). A 3’-UTR containing a mutated cis-element
(5"-TTATGGTGCTTGTTGCAGCGGCCGCTCTTGCTTCC
-3') by removing most T residues from the element was generated
by overlapping PCR (see supplemental Table S1 for overlapping
primers 9 and 10) and was also cloned into the HindIII and Xhol
sites of pTREX-GFP to generate pTREX-GFP-MT-PK-3'-UTR.

Northern Blot Analyses—For the Northern blot analyses total
RNA was isolated from different stages of T. cruzi using the
TRI® reagent. RNA samples were subjected to electrophoreses
in 1% agarose gels containing 2.2 M formaldehyde, 20 mm Mops
(pH 7.0), 1 mm EDTA, and 8 mm sodium acetate, transferred to
nylon membranes, and hybridized with radiolabeled probes.
The PCR primers used to generate the probes are listed in supple-
mental Table S1. DNA probes were labeled with [a-**P]dCTP
using random hexanucleotide primers and the Klenow fragment
of DNA polymerase I (Prime-a-Gene Labeling System). The rRNA
gene was used as a loading control. The results of northern blots
were quantified by using a phosphorimaging system.

Actinomycin D Treatment to Determine mRNA Half-life in
Epimastigotes and Amastigotes—A total of 10® parasites in cul-
ture medium (LIT with 5% newborn calf serum for epimastig-
otes and DMEM supplemented with 20% fresh FBS for amas-
tigotes) was incubated with 10-ug/ml actinomycin D for
different time periods. After incubation for the appropriate
time, cells were pelleted. Total RNA was harvested using the
TRI®reagent and subjected to electrophoresis in 1% denaturing
agarose. The gel was blotted to nylon and hybridized to probes
described above. The membranes were washed and rehybrid-
ized with an rRNA probe as a loading control. The results of
northern blots were quantified by using a phosphorimaging
system.

Transfection of T. cruzi—T. cruzi epimastigotes growing at a
density of 5 X 10°~10 X 10° parasites/ml in LIT medium plus
5% newborn calf serum were harvested, washed once with PBS,
and resuspended at a density of 10° parasites/ml in electropo-
ration buffer (120 mm KCI, 0.15 mm CaCl,, 10 mm K,HPO,, 25
mM Hepes, 2 mM EDTA, 5 mm MgCl,, pH 7.6). Aliquots (0.4 ml)
of cell suspensions were mixed with 50 ug of DNA on ice-cold
0.2-cm cuvettes and electroporated using a Bio-Rad gene pulser
set at 0.3 kV and 500 microfarads, with 2 pulses (10 s between
pulses). Parasites were recovered in 5 ml of LIT supplemented
with 5% fetal bovine serum at 28 °C, and after 48 h in culture,
Geneticin was added to a final concentration of 250 ug/ml.
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Fluorescence Microscopy—T. cruzi epimastigotes (Y strain)
were harvested by centrifugation and washed with PBS. The
parasites were then resuspended in PBS, and the fluorescence
of eGFP was directly recorded with an Olympus IX-71 inverted
fluorescence microscope with a Photometrix-cooled CCD
camera (CoolSnapHQ) driven by DeltaVision software from
Applied Precision (Seattle, WA). Intracellular amastigotes were
grown inside host cells plated on coverslips. The coverslips
were washed with PBS and fixed with freshly prepared 4% para-
formaldehyde (Electron Microscopy Sciences) in PBS for 1 h at
room temperature. The trypomastigotes and extracellular
amastigotes were collected and fixed with freshly prepared 4%
paraformaldehyde in PBS for 1 h at room temperature, then
adhered to poly-L-lysine-coated coverslips. For indirect immu-
nofluorescence microscopy analysis, the cells were permeabi-
lized with 0.3% Triton X-100 in PBS for 5 min. The cells were
blocked with 3% bovine serum albumin (BSA) in PBS, 1% cold
fish gelatin, 2% normal goat serum, and 50 mmM ammonium
chloride for 1 h at room temperature. After washing with PBS,
the slides were incubated with a monoclonal antibody against
GFP (1:300 dilution) in 1% BSA-PBS for 1 h at room tempera-
ture. After washing 5 times with PBS, the slides were incubated
with Alexa Fluor 488-conjugated goat anti-mouse secondary
antibody (1:400) diluted in 1% BSA-PBS plus 1 ug/ml of DAPI
for 45 min in the dark. Differential interference contrast and
fluorescence images were collected using the Olympus IX-71
inverted fluorescence microscope described above. Delta-
Vision software (sof WoRx) (Applied Precision, Seattle, WA)
was used to deconvolve the images.

Dihydrazide-agarose RNA Cross-linking—pGEM-T Easy
plasmid containing the 43-nt cis-element of the TSI gene
(Tc00.1047053509217.40) 5'-CTTTTACTTTTTTTGCGTAT
TTTAAATTTATTTTACTGTTTGC-3" and a pGEM-T
polylinker transcript without any insert (used as a negative con-
trol) were digested with Spel for in vitro transcription with T7
RNA polymerase. The integrity of each RNA was verified in
1.5% agarose gels. RNAs were oxidized with NalO, and cross-
linked to adipic acid dihydrazide-agarose beads as previously
indicated (26). Trypanosome protein extracts from amastigote
and epimastigote stages (5 X 10® cells) were incubated with
RNA-cross-linked beads for 1 h at room temperature in binding
buffer (80 mm KCIl, 0.1 mm EDTA, 0.1 mm PMSF, 1 mm DTT,
10% glycerol, 5 mm MgCl,, 20 mm Tris-HCI, pH 7.6, and 10
units of RNase inhibitor) and washed. Elution was done with 1.5
M KCl, and samples were resolved by electrophoresis in SDS-
PAGE gels. Proteins were detected by Western blot analysis
using specific antibodies.

In Vitro RNA Binding Assay—The general procedure has
been described previously (27). The 43-nt cis-element or
the mutated version were in vitro transcribed from PCR prod-
ucts obtained with the following complementary primers:
T7-WTPK4 and R-WTPK4 (for the 43-nt wild type) and
T7-MTPK4 and R-MTPK4 (for the 43-nt mutant) (see the
primer sequences in supplemental Table S1). The integrity of
each RNA was verified in 2% agarose gels. Purified GST-tagged
TcUBP1, TcRBP3, and GST alone were evaluated in this assay.
c¢DNAs were PCR-amplified with F-Anchor oligonucleotide
and reverse specific primers.
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FIGURE 1. Sequence logo representation of the cis-element. A, 43-nt motif
present in some large gene family members. B, U-rich element.

RNA Extraction from mRNP Complexes—The in vivo form-
aldehyde fixation of epimastigotes and immunoprecipitation
(IP) assays were carried out as described (28). After the
washing steps, RNA was extracted from IP material using
TRI® reagent. RNA samples were resuspended in water and
then used in RT-PCRs. PCRs were performed with the fol-
lowing primers: C1 and C2 covering a portion of the inter-
cistronic region of TcUBP RNA, Amastin, protein kinase 4,
putative (PK4), nuclear transport factor 2 (NTF2), short
basic transcription factor, putative (BTF-3a), nucleolar
RNA-binding protein, putative, kinetoplast DNA-associated pro-
tein, putative, GTP-binding protein, putative (GTP), fatty acid
desaturase, putative (FAD), MASP, and RNA-binding protein,
putative (RBP) (see supplemental Table S1). Immunoprecipita-
tions using rabbit preimmune serum or 7¢PTB2 antibodies were
performed as experimental controls.

RESULTS

Conserved Motif Is Widely Distributed in Genome of T. cruzi—
When analyzing transcriptional changes in epimastigotes
submitted to osmotic stress (29), we found a short 65-nt
fragment downstream a TS open reading frame (ORF)
(Tc00.1047053506909.100) that was not present in other TS
genes analyzed: 5'-GGGAAAGAATGTTTTTGATACTTTT-
ACTTTTTTGTGTGTATTTTAAATTTATTTTAATGT-
TTGCT-3'.

This motif is only ~60 nt downstream of the annotated stop
codon. Further BLASTN analyses indicated that a subset of T'S
genes has this short fragment downstream of their coding
regions. Surprisingly, subsets of large gene families such as
MASP, GP63, and mucin genes seem to have similar conserved
sequences downstream of their ORF. Initial analysis of the
BLASTN hits indicated that 43 nucleotides of the short frag-
ment were well conserved: 5'-CCATCCTTTTTTGT-
GCGTATTTTAAATTTATTTTCCTGTTTGC-3'.

A comparison of the sequences obtained revealed that they
all have a high degree of conservation. On average, the frag-
ments share about 75% identity (supplemental Fig. S1).
Sequence logo graphics show that all the sequences bear an
AT-rich core sequence composed by 5'-TATTTTAAATT-
TATTTT (Fig. 1A). A whole genome scan on all available contigs
was then performed to search for sequences similar to the 43-nt
element. The scan results revealed that there were more than 900
copies of this sequence in the genome of 7. cruzi when the cut off
was set at e~ '°. The detailed results of this search can be found in
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supplemental Table S2. The element is widely distributed in the
genome as shown in supplemental Fig. S2. When we randomly
selected ~300 of 900 hits (we were not able to use all sequences
due to program constraints) and analyzed them by linear MEME,
we identified a common conserved AT-rich core sequence. This
core sequence is very rich in U residues if it is transcribed into RNA
(Fig. 1B), and we named it U-rich element.

Conserved U-rich Element Is in 3'-UTR of mRNAs—The
whole genome scan indicated that the short element is pre-
dominantly localized in non-coding sequences (supplemen-
tal Table S2). The relative distance of this element to its
upstream gene fits well with the typical 3'-UTR length (Fig.
2A), whereas its relative distance to its downstream gene
(Fig. 2B) does not fit with the typical 5'-UTR length in
T. cruzi (30), suggesting that the element is located in the
3’-UTR of a large number of genes. Other evidence support-
ing the 3’-UTR localization of the 43-nt cis-element is pro-
vided by the position of the element in MASP genes and the
EST information available in the databases. It has been
determined that the length of the majority of MASP 3'-UTRs
is ~400-500 nucleotides (31), whereas the distance of the
cis-element to the MASP coding region of 62 of the 67
genes that have the cis-element is also within this range
(TriTrypDB). Furthermore, although few EST's are available
of genes possessing the cis-element, those that have been
identified (for example Tc00.1047053503543.20 and Tc00.
1047053509965.260) have the cis-element in the 3’-UTR
(TritrypDB).

The cis-element is widely distributed in all chromosomes,
but its distribution is not random. Only 169 of 1430 T'S and 67 of
1377 MASP genes in the genome of T. cruzi (32) have this cis-
element, and we detected it in only two genes belonging to the
retrotransposon hot spot (RHS) protein family (752 genes in
T. cruzi genome) and none in the dispersed gene family protein
1 (DGF-1) (565 genes) (32). More than 90% of the cis-elements
found have the same orientation as the coding sequences. For
the few cis-elements found with the opposite orientation, there
is often another cis-element with the same orientation. Most of
the genes have only one cis-element in their 3'-UTR, although
we found a few genes harboring multiple copies (supplemental
Table S2).

Cis-element Is Preferentially Present in 3'-UTR of mRNAs of
Amastigote Stage—mRNA degradation/stabilization is one of
the main mechanisms that controls gene expression in
trypanosomatids, and cis-elements are known to regulate
mRNA abundance in these parasites (10). We hypothesized
that the cis-element that we identified could be involved in
developmental regulation of gene expression in 7. cruzi. To
test this hypothesis, we took advantage of a strategy similar
to differential display PCR (33) to examine whether this
43-nt U-rich element is preferentially expressed in certain
developmental stages. Total RNA from different stages was
reverse-transcribed, and DD-RT-PCR was performed.
Because every mRNA in T. cruzi has the conserved 5'-end SL
RNA sequence that constitutes the 5'-terminal exon of the
mature mRNA, a specific primer against the SL RNA was
used as the forward primer for DD-RT-PCR. The reverse
primer had 14 nucleotides of the most conserved sequence in
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FIGURE 2. The cis-element is located in the 3’-UTR of a subset of genes. A, distance to the upstream gene is shown. Only 4.6% of the cis-elements are more
than 1500 nucleotides away from their upstream genes (shown in the inset). B, shown is distance to the downstream gene. About 44% of the motifs are more
than 1500 nucleotides away from their downstream genes (shown in the inset).

the cis-element plus 6 nucleotides in the 5 -end used for
sequence amplification of the 43-nt element-containing
mRNAs. PCR was first done for 3 cycles at low annealing
temperature, then changed to stringent annealing condi-
tions (56 °C) for the remaining 20 cycles. The results are
shown in Fig. 3A. Clearly, there is more RT-PCR signal in the
amastigote stages, suggesting that these U-rich element-
containing mRNAs are more abundant in amastigotes than
in epimastigotes and trypomastigotes (Fig. 3A). We
sequenced five clones of the DD-RT-PCR products from
amastigotes. Four clones were found in the whole genome
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scan list (two clones encoding for ribosomal protein S12, one
clone encoding for a protein kinase, and one clone encoding
for a 14-3-3 protein; supplemental Table S2). Northern
blot analyses confirmed that a short basic transcription fac-
tor (BTF-3a, Tc00.1047053504017.10) (which was the one
not present in the scan list) was preferentially expressed in
amastigotes (Fig. 3B). Northern blot analysis of the 14-3-3
protein gene (Tc00.1047053508851.180) revealed 2 distinct
mRNA bands (Fig. 3C). The bigger mRNA seems uniformly
expressed in all stages, whereas the smaller mRNA (with
stronger signal) is also preferentially expressed in amastig-
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FIGURE 3. U-rich element-containing mRNAs are more abundant in amas-
tigotes. A, differential display RT-PCR products were separated by 1% aga-
rose gel electrophoresis and visualized by phosphorimaging scanning. RT-
PCR of tubulin was also performed using the same sample as for differential
display RT-PCR. B and C, Northern blot analyses of the mRNA levels of BTF-3a
(B) and 14-3-3 protein (C) genes in three different stages of T cruzi are shown.
The membranes hybridized to BTF-3a and 14-3-3 were stripped and hybrid-
ized to the rRNA probe as a loading control. £, epimastigotes; A, amastigotes;
T, trypomastigotes.

otes. These results suggest that paralogs may have com-
pletely different stage-specific patterns of expression.

Bioinformatic Analysis Suggests That Genes with U-rich Ele-
ment Are Preferentially Expressed in Amastigotes—We per-
formed a bioinformatics analysis of previous microarray (1)
data available in TriTrypDB to investigate whether there was a
stage-specific pattern of expression of genes encoding the
U-rich element. It is important to note, however, that those
microarray studies (1) were done using the Brazil strain of
T. cruzi and that the amastigotes were obtained after in vitro
differentiation from tissue culture trypomastigotes, whereas in
our bioinformatics studies we used the CL strain (the strain
used for the genome project), and the amastigotes of the Y
strain were obtained from tissue cultures.

Because microarrays are based on the coding sequences of
genes and most members of gene families (e.g. 7S, MASP, etc)
have similar coding sequences, we selected 294 genes that do
not belong to these gene families, encode for the U-rich ele-
ment, and for which there is transcriptome information avail-
able in TriTrypDB to study. A plot of the total scores of the 294
genes in the 4 developmental stages is shown in Fig. 4A. The plot
shows that the genes encoding the U-rich element tend to have
higher mRNA levels in the amastigote stage. We also randomly
chose six single-copy or low-copy number genes from the whole
genome scan list and did Northern blot analyses to determine the
steady state mRNA levels in epimastigotes and tissue culture
amastigotes and trypomastigotes (Fig. 4B). The relative steady
state mRNA level of each gene was plotted in Fig. 4C. Fig. 4D shows
the higher transcript abundance of 7 genes in amastigotes, as ana-
lyzed by Northern blot. Both the previous microarray study of the
294 genes (despite the limitations described above) and our North-
ern blot analyses suggest that the cis-element-containing genes
tend to have higher transcript levels in amastigotes.

Paralogs of Large Gene Families Containing 43-nt Cis-
element in Their 3'-UTRs Are Preferentially Detected in
Amastigotes—The TS gene family has ~1500 members (32).
Northern blot analyses indicated that the 7S mRNAs are more
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FIGURE 4. Predominant expression of U-rich element-containing genesin
amastigotes. A, a summary of microarray analysis of 294 genes with the
U-rich element suggests the U-rich element-containing genes have relative
higher mRNA levels in the amastigote stage. The relative mRNA levels in 4
developmental stages of these genes were obtained from TriTrypDB. We
assigned the stage with the highest mRNA level with score 2, the 2nd highest
mRNA stage with score 1, then scores —1 and —2 to the 2 stages with lower
mRNA abundance. The total score of each stage were then plotted. The gene
families with multiple members were filtered out for this study because it is
not possible to assign a microarray spot to a specific gene ID. B, shown is a
Northern blot analysis to detect steady state transcript levels of some single
copy or low copy number genes. Each membrane was washed and reprobed
with rRNA. Only one representative membrane probed with rRNA is shown
here. C, the mRNA/rRNA ratios in the three stages were determined by phos-
phorimaging scan/quantification. The genes studied here are: NTF-2 (nuclear
transport factor 2, putative (Tc00.1047053509567.40)); B-AP3 (B subunit of
adaptor protein 3, putative (Tc00.1047053506673.60)); NRBP (nucleolar RNA-
binding protein, putative (Tc00.1047053508277.230)); KDNA (kinetoplast
DNA-associated protein, putative (Tc00.1047053511529.80)); GTP (GTP-bind-
ing protein, putative (Tc00.1047053509099.10)); CYC2 (CYC2-like cyclin, puta-
tive (Tc00.1047053507089.260)); D, a Northern blot analysis indicated the
average steady state mRNA levels of seven single copy genes with the cis-
element (BSF-3a and genes in C) in amastigote stage are significantly higher
than that in epimastigote (p = 0.00276) and trypomastigote stages (p =
0.00369). The mean = S.E. of the relative mRNA levels in three different stages
are shown. ** = p < 0.01. E, epimastigotes; A, amastigotes; T, trypomastig-
otes; M, metacyclics. AU, arbitrary units.

abundant in the trypomastigote stage (Fig. 54 and Ref. 34). The
MASP gene family has ~1400 genes (32), and a recent study
(31) showed that the highest MASP mRNA levels were also
found in trypomastigotes. Fig. 5B shows similar results. We
used two primers to amplify a subset of MASP genes with the
cis-element in their 3'-UTR by RT-PCR. The forward primer
was against SL RNA. The cis-element specific reverse primer
(oligo 14 in supplemental Table S1) is 100% conserved in 7 MASP
genes. 5 of the 7 MASP genes (Tc00.1047053507237.170,
Tc00.1047053511609.30, Tc00.1047053511611.20, Tc00.104705350
6965.100, Tc00.1047053507237.100) have ORFs (969-978 bp) of
similar size. The motif location is also very similar (~340 nucleotides
downstream the stop codon). The theoretical RT-PCR product
sizes for these 5 genes should be around 1.38 kb (SL RNA +
5'-UTR + ORF + 3’-UTR = 30 + 50 + 970 + 340 = 1.38 kb).
The PCR products were separated by agarose gel electropho-
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FIGURE 5. Gene family transcripts containing the cis-element are more abundant in amastigotes. Northern blot analysis detects transcripts of TS gene
family (A) and MASP gene family (B) in the three stages. The 5’-end of the coding sequence of a TS gene and a full-length MASP gene were used as probes. The
membrane was also hybridized with a probe for the rRNA gene as a loading control. C, shown is RT-PCR amplification of a small subset of MASP mRNAs with the
most conserved U-rich sequence. PCR was done under stringent conditions. The PCR products were then separated by agarose gel and hybridized with a MASP
probe. RT-PCR of tubulin was done as a control for the amount of cDNA used in this assay. D, Northern blot analysis detects the steady state level of a protein
kinase subfamily. The probe is for the 3’-UTR of 9 protein kinase genes. E, epimastigotes; A, amastigotes; T, trypomastigotes.

resis and hybridized to a radiolabeled MASP probe. As
shown in Fig. 5C, there is a band with size close to 1.4 kb that
hybridizes to the MASP probe. This band had the strongest
intensity when the amastigote total RNA was used for RT-
PCR. We purified the band and cloned it for sequencing.
Sequencing results confirmed that it is indeed the RT-PCR
product of the MASP genes Tc00.1047053511609.30 and
Tc00.1047053511611.20. The RT-PCR was done under strin-
gent PCR conditions for 20, 24, 28, and 32 cycles. Under all PCR
conditions the 1.4 kb Southern blot analysis band was always
stronger in amastigote stages than in the other 2 stages. There
was no signal when the total RNA without reverse transcription
was used as template (data not shown). There is also a strong
1.6-kb band mainly found in the trypomastigote stage. Cloning
and sequencing results suggest that it is the MASP gene
Tc00.1047053509613.80 with the ORF of 1287 bp. It was ampli-
fied because its 3'-UTR has 80% similarity with the reverse
primer (but it is not in the scan list). The PCR/Southern blot
analyses indicate that this MASP gene has the highest transcript
level in trypomastigotes. Our results indicate that the MASP
paralogs have different expression patterns. The subset of
MASP paralogs with the U-rich element behaves differently
than the majority of its family members. Their transcripts seem
predominantly present in amastigote stages (Fig. 5C).

By whole genome scanning (supplemental Table S2) we
found 21 members of the protein kinase gene family (of a total
of 156 protein kinase genes annotated) (32) that have this
U-rich element. At least nine of them seem to have well con-
served 3'-UTRs, and therefore, it is possible to detect the
mRNA levels of this subset of protein kinase genes by Northern
blot analyses. A ~300-bp-long probe derived from one of the
protein kinase (T'c00.1047053507881.60) 3'-UTR was labeled
with ??P and used for Northern blot analysis. The results con-
firmed that this subset of protein kinase genes also has the high-
est steady state mRNA levels in amastigote stages (Fig. 5D).

Deletion of Cis-element Results in Loss of Gene Expression in
Amastigote Stages—We asked whether the higher mRNA
abundance of the cis-element-containing transcripts in amas-
tigotes was due to the presence of the element in the 3'-UTRs.
To test this possibility, we investigated the expression of the
protein kinase 4 (Tc00.1047053507881.60) of known expres-
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sion profile (Fig. 5D) and with a small 3'-UTR easy to manipu-
late in vitro. We fused the 3'-UTRs of this protein kinase mRNA
downstream of a GFP reporter gene (Fig. 6A). The control plas-
mid pTREX-1-eGFP-tTS-3'-UTR, pTREX-1-eGFP-PK-WT-
3’-UTR (with the wild type cis-element), and pTREX-1-eGFP-
PK-MT-3'-UTR (with a mutated cis-element) were transfected
into Y strain epimastigotes by electroporation. G418 was added
48 h later to select stable transfectants. The epimastigotes were
differentiated in vitro and used to infect myoblasts. Northern
blot analysis was used to detect the eGFP mRNA in these trans-
fected cell lines. As shown in Fig. 6C, a Northern blot detected
a similar level of the eGFP signal in epimastigotes transfected
with both constructs, whereas in amastigotes, the eGFP signal is
much stronger in parasites transfected with construct contain-
ing wild type PK4 3’-UTR than containing the mutant PK4
3’-UTR. Both wild type and mutant PK4 3'-UTR produce
mature mRNAs with the same size, indicating that the muta-
tion of this cis-element has no effect in mRNA maturation. This
result suggests that this cis-element plays an important role in
maintaining the steady state eGFP mRNA level in amastigote
stages. We were unable to obtain a relatively pure population of
trypomastigotes expressing either pTREX-1-eGFP-PK-WT-
3’-UTR or pTREX-1-eGFP-PK-MT-3’-UTR as they rapidly
differentiated into extracellular amastigotes and epimastigotes.
The expression of the eGFP protein was further analyzed by live
cell imaging or by imunofluorescence analyses. Expression of
eGFP was detected in the cytosol of live epimastigotes (Fig. 6D).
Immunofluorescence was performed to detect eGFP expres-
sion in amastigotes and trypomastigotes using an antibody
against eGFP. As shown in Fig. 6B, mutation of the element
resulted in loss of eGFP signal in amastigotes. The expression of
eGFP in epimastigotes and trypomastigotes was not affected by
the mutation of the cis-element (Fig. 6, D and E).

Differential Stabilities of Genes Containing 3'-UTR Cis-
element in Epimastigotes and Amastigotes—To investigate
whether mRNA stability is responsible for the higher steady
state level of the genes containing the 3’-UTR cis-element, the
half-lives of NoRBP and NTF-2 mRNA derived from these two
life cycle stages were determined by actinomycin D treatment.
Epimastigotes and amastigotes were incubated in the presence
of 10 ug/ml actinomycin D, and total RNA was harvested at
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FIGURE 6. Loss of reporter gene expression in amastigote stage after mutation of the regulatory cis-element. A, constructs of reporter genes with TS
3'-UTR, and WT and mutated (MT) protein kinase 3’-UTR are shown. B, immunofluorescence detects eGFP expression in the cytosol of amastigotes. DIC,
differential interference contrast. C, Northern blot analysis detects steady state eGFP levels in epimastigote and amastigote stages transfected with different
constructs. The probe was stripped and hybridized to rRNA probe as a loading control. D, live cell imaging examines eGFP expression in the cytosol of
epimastigotes (left) and E, immunofluorescence to examine eGFP expression in the cytosol of trypomastigote stages. Bars in B, D, and E = 5 um. The HX1
sequence is used in the expression vector pTREX to obtain a highly efficient pre-mRNA processing. E, epimastigotes; A, amastigotes.
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FIGURE 7.NoRBP and NTF-2 decay in epimastigotes and amastigotes. A, total epimastigote (left panel) or amastigote RNA (right panel) was harvested at the
indicated times (in minutes) after actinomycin D addition and separated as described under “Experimental Procedures.” The membrane was first hybridized to
a probe against NoRBP coding region and then washed and reprobed with rRNA as a loading control. One representative experiment of three independent
experiments is shown. B and C, shown is a graphic representation of NoRBP (B) and NTF-2 (C) mRNA half-life quantitation in amastigotes (Ama) and epimastig-
otes (Epis) from three and two independent experiments, respectively, as determined by phosphorimaging analysis. The percentage of mMRNA remaining is
plotted. NoRBP, nucleolar RNA-binding protein, putative (Tc00.1047053508277.230 (B)); NTF-2, nuclear transport factor 2, putative (Tc00.1047053509567.40

.

various time points. The amount of NoRBP and NTF-2 mRNA
was then determined by Northern blot analysis and quantitated
by phosphorimaging analysis (Fig. 74). The mRNA half-life in
amastigotes was found to be ~8 = 1 h (n = 3) for NoRBP
transcript (Fig. 7B) and ~6.5 = 1.5 h (n = 2) for NTF-2 mRNA
(Fig. 7C). The decay rate in epimastigotes was much faster, with
a half-life of only ~2 * 0.2 h and ~2.5 £ 0.1 h for NoRBP and
NTF-2 mRNA, respectively (Fig. 7, B and C). These results sug-
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gest that NoRBP and NTF-2 mRNA are either stabilized in
amastigotes and/or destabilized in epimastigotes.

Element Recognition by Trypanosome-specific RBP—TcUBP1 is
asmall RNA recognition motif (RRM)-containing protein that has
been reported to control mRNA levels of some genes (27). Given
that the element under study has a U-rich composition and
TcUBP1 preferentially recognize U-rich sequences in RNA-bind-
ing assays (27), we decided to examine how many of the previously
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identified mRNA targets for this RRM-type protein (28) harbor
the 43-nt cis-element. To this end, we searched for the best motif
for TcUBP1 binding, termed UBP1m, in the genes listed in supple-
mental Table S2. The data obtained revealed that the UBP1-motif
was enriched in the group of 43-nt cis-element-containing genes,
compared with the entire T. cruzi genome (x> test, p < 0.001).
Therefore, a significant number of genes (218 of 905) have a co-oc-
currence of both elements in their 3'-UTRs (supplemental Table
S3). Because binding of TcUBP1 can occur at distinct sites of a
given 3'-UTR target sequence (28), our observations led us to
investigate if this RRM protein can interact directly with the 43-nt
RNA element. We therefore performed dihydrazide-agarose RNA
cross-linking assays with this and other RRM-type proteins
described in T. cruzi (35). For this purpose we transcribed a 43-nt
element sequence inserted into a pGEM-T polylinker transcript
(pGEM-T 43-nt(+)) and a pGEM-T polylinker transcript without
any insert (used as a negative control). Parasite extracts were incu-
bated separately with both probes, and the presence of proteins
was tested by Western blot analysis. The results showed that
TcUBP1 interacted with the transcript pGEM-T 43-nt(+) but
failed to recognize the control transcript pGEM-T. Other RRM-
containing proteins such as TcUBP2, polypyrimidine-tract bind-
ing protein 2 (7cPTB2), (Tc00.1047053511727.160) (36), or
TcPABP1 (Tc001047053506885.70) failed to show binding to any
mRNAs (Fig. 84).

To further analyze the specificity of the interaction between
the 43-nt element and 7cUBPI, the following transcripts were
in vitro transcribed and tested for binding with purified recom-
binant proteins; 1) RNA encoding the wild type cis-element
(43-nt) and 2) the mutated version previously described in Fig.
6 (43-nt (mut)). Each RNA was incubated with recombinant
GST-tagged TcUBP1 immobilized on a glutathione-agarose
matrix. After washing, the eluted RNAs were reverse-tran-
scribed, and the cDNA obtained was tested in PCRs with spe-
cific primers. As shown in Fig. 8B, TcUBP1 effectively bound to
the 43-nt element but failed to show binding when the motif
was mutated or substituted by a random sequence (Fig. 8B and
data not shown). GST and GST-TcRBP3 were used as experi-
mental controls and did not recognize any of the transcripts
tested.

To test whether the 43-nt cis-element-containing mRNAs
might indeed be able to interact with TcUBP1, we performed in
vivo IP of the mRNP complexes with anti-7cUBP1 antibody.
The association of targets with the RRM protein was then
investigated by RNA extraction from purified mRNP com-
plexes followed by RT-PCR. A preimmune serum was used as a
negative control and did not immunoprecipitate visible amount
of mRNAs. Additionally, a specificity control was done using
polyclonal antibodies against the related RRM protein T¢PTB2.
The IP samples were analyzed for the presence of different tran-
scripts: the abundant dicistronic TcUUBP RNA (as a positive
control of TcPTB2 IP (5, 6)), Amastin (a known target of
TcUBP1 (27)), and the 43-nt-containing transcripts previously
analyzed in this work. All the transcripts tested harboring the
43-nt cis-element were found in the pool of UBP1-bound
RNAs, whereas no product was amplified in IP experiments
performed with antibodies against PTB2 or control serum (Fig.
9). These findings suggest that TcUBP1 interacts with cellular
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FIGURE 8. RNA binding assay using an amastigote stage protein
extract and purified recombinant RBPs. A, cytosolic cell-free extracts of
amastigotes were incubated with dihydrazide-agarose beads cross-linked
to the following transcripts: pGEM-T polylinker (pGEM-T) or the 43-nt cis-
element (pGEM-T 43-nt(+)). After washing and elution with KCl, samples
were resolved by electrophoresis in SDS-PAGE gels and analyzed by West-
ern blot. Lane 1, input. Lane 2, beads alone. Lanes 3 and 8, washing step.
Lanes 4-7, RNA pGEM-T 43-nt(+); lanes 9-12, negative control pGEM-T
polylinker. RRM-type proteins are indicated by arrows. Molecular mass
protein standards Dalton Mark VII-L are indicated at the right. B, in vitro
transcripts encoding the 43-nt motif (43-nt) or the mutated version (43-nt
(mut)) were incubated with recombinant GST-tagged TcUBP1, TcRBP3, or
GST alone. After binding and washing, a RT-PCR was made with the prim-
ers indicated above the panels. PCR products were electrophoresed
through a 3% agarose gel and stained with ethidium bromide. A reverse
transcription experiment was performed with (+RT) or without (—RT)
SuperScript Il enzyme. Ctrl, positive PCR control; Prot, RNA-binding
reaction. The systematic gene name for the RBPs are: TcUBPI,
Tc00.1047053507093.220; TcUBP2, Tc00.1047053507093.229; TcRBP3,
Tc00.1047053507093.250; TcPABP1, Tc001047053506885.70; TcPTB2,
Tc00.1047053511727.160.

mRNAs having the 43-nt cis-elements. Taken together these
results demonstrate that TcUBP1 specifically recognizes the
short cis-element identified.

DISCUSSION

In this study we identified a 43-nt U-rich element in the
3’-UTR of more than 900 mRNAs of large gene families (7,
MASP, mucin, surface protease GP63, and protein kinase) as
well as in single and low copy number genes that are predomi-
nantly detected in the intracellular amastigote stages of
T. cruzi. There are potentially more genes containing this ele-
ment in their 3'-UTR but not identified by this search because
we set a cut-off value of e '°. For example, the nucleolar RNA-
binding protein in Fig. 4B was not identified in the latest scan,
but it was originally identified when we first searched the avail-
able T. cruzi contigs (we used a cutoff of e~ ®). Accordingly, a
protein kinase 3'-UTR containing the 43-nt cis-element, but
not its mutated version, promoted the expression of the GFP
reporter gene in amastigotes. These results would indicate that
in the absence of the 3’-UTR 43nt cis-element, this protein
kinase mRNA is specifically destabilized in amastigotes but not
in trypomastigotes or epimastigotes. The 43-nt RNA element,
but not its mutated form, was shown to specifically interact in
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FIGURE 9. 43-nt cis-element-containing cellular transcripts interact in
vivo with TcUBP1. Agarose gels show the RT-PCR products of the indicated
transcripts from total RNA coimmunoprecipitated in vivo with control rabbit
serum (immunoprecipitation control (ctrl.)), anti-UBP1, or anti-PTB2 antibod-
ies. For TcUBP cDNA synthesis, we used the internal specific primer NH,/AS-
ubp1.Forthe remaining transcripts tested, the oligo(dT),4 was used (see sup-
plemental Table S1). RT was performed with (+) or without (—) SuperScript Il
enzyme. RT, reverse transcriptase enzyme; UBP, dicistronic TcUBP RNA; PK4, protein
kinase mMRNA; NTF-2, nuclear transport factor 2, putative (Tc00.1047053509567.40);
BTF-3a, basic transcription factor 3a (Tc00.10470535-4017.10); NoRBP, nucleolar
RNA-binding protein, putative (Tc00.1047053508277.230); KDAP, kinetoplast DNA-
associated protein, putative (Tc00.1047053511529.80); GTP, GTP-binding protein,
putative (Tc00.1047053509099.10); FAD, fatty acid desaturase, putative
(Tc00.1047053429257.20); MASP, mucin-associated protein (Tc00.104705351160
9.30); RBP, RNA-binding protein (Tc00.1047053506649.80) (negative control).

vitro with the RBP TcUBP1. However, this element was not
recognized by other RRM-related RBPs such as 7c¢UBP2,
TcPABP1, TcPTB2, and TcRBP3.

Results shown in Fig. 9 suggest that cellular transcripts hav-
ing the 43-nt cis-element can be identified in 7cUBP1-contain-
ing mRNP complexes, suggesting its interaction in living cells.
Because TcUBP1 binds the 43-nt cis-element-containing tran-
scripts in both amastigote (Fig. 8) and epimastigote (data not
shown) forms, it might be postulated that it plays a destabilizing
role in this last stage.

The sequence motifs that form AREs were first identified in
higher eukaryotes within the 3’-UTR of mRNA encoding sev-
eral cytokines and lymphokines (37, 38), and since then other
mRNAs encoding for proteins important for a variety of func-
tions have been found to have this motif (38, 39). It has been
estimated that 5— 8% of human genes code for ARE-containing
mRNAs (38, 40). This percentage would be considerably higher
in T. cruzi taking into account the large number of mRNAs
containing the 43-nt cis-element that we have described here.
These results are consistent with the lack of transcriptional
control in trypanosomes. Unlike mammalian cells that can
coordinate expression of multiple related genes by having spe-
cific promoters or enhancers, trypanosomes have to rely almost
exclusively on post-transcriptional control of mRNA abun-
dance. A general characteristic of AREs is the presence of
5'-AUUUA pentamers, and based on the number and distribu-
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tion of these pentamers, AREs have been grouped in three
classes (39, 41). Because the T. cruzi 43-nt cis-element has only
one 5'-AUUUA pentamer, it would correspond to Class I AREs,
which contain 1-5 dispersed 5'-AUUUA motifs in a U-rich
context. The T. cruzi 43-nt U-rich element does not contain the
5'-UUAUUUA(U/A)(U/A) nonamers found in class II AREs,
whereas class III AREs do not contain the 5'-AUUUA pentamer
(40). Other AREs have also been identified in the 3’-UTR of the
small mucin gene (SMUG) in T. cruzi (42, 43). Although both
sequences are similar and share a U-rich core, they have differ-
ent flanking regions and stage-specific expression. These ele-
ments conferred selective mRNA destabilization in stage-
specific manner, and they were recognized by trans-acting
factors (12). Interestingly, these AREs contain the
5'-UUAUUUA(U/A)(U/A) nonamer and could be classified
as class I AREs.

Although AREs can be different in sequence, it is clear that
most are able to bind more than one ARE-binding protein
(ARE-BP) and that some ARE-BPs can bind multiple mRNAs
(40). Our results indicate the interaction of the RNA element
described with TcUBP1 present in amastigote cell-free extracts.
In this regard TcUBP1 has been shown to interact with AU- and
GU-rich elements present in a great variety of trypanosome
transcripts in vitro (12). It was previously demonstrated that
TcUBP1 could act in the formation of distinct developmentally
regulated complexes, playing stabilizing or destabilizing roles
in these stages (12). It is likely that the binding of more than one
RBP is necessary to stabilize/destabilize the mRNAs in vivo or
that these interactions occur preferentially in a particular
developmental stage according to transcripts levels.

Previous studies have reported that T. cruzi displays significant
stage-dependent regulation of relative transcript abundances for
thousands of genes (1). For many gene families relative transcript
abundance correlates to known protein expression profiles (1). For
example, proteomic analyses indicated that most 7S gene expres-
sion occurs in trypomastigotes, fewer TS proteins are detected in
amastigotes and metacyclics, and none in epimastigotes (44).
Similar correlations were found with ribosomal protein tran-
scripts (down-regulated in metacyclics), genes in the histidine-
to-glutamate pathway (up-regulated in epimastigotes), mucin
genes (up-regulated in trypomastigotes), and flagellum-associ-
ated genes (down-regulated in amastigotes) (1). These results
suggest that in some cases mRNA relative abundances could be
useful indicators of the protein expression levels in 7. cruzi (1).

Another interesting observation related to our findings is
that genes in paralog clusters could have divergent mRNA rel-
ative abundance patterns (1). These results were proposed to be
due to differences in the 3’-UTR of paralogs with divergent
expression patterns (1). In agreement with this hypothesis, we
found that only 169 of 1430 TS and 67 of 1377 MASP genes have
the 43-nt cis-element, and their expression is up-regulated in
amastigote stages in contrast with the other family members
that are up-regulated in trypomastigotes. The presence of this
element in some but not all members of large gene families
suggests that these protein-coding sequences were co-selected
with these elements because they are developmentally relevant
genes. These results also suggest that the identification of the
presence of the 43-nt element in these genes could help to iden-
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tify and study in more detail amastigote-specific paralogs of
large gene families.

Coevolution of the ORFs and UTRs probably made some of
paralogs more appropriate for a particular stage. Further stud-
ies are needed to investigate differential expression of members
of the same gene family.

Keene (13-15) initially suggested that RBPs organize nascent
RNA transcripts into groups to facilitate their splicing, nuclear
export, stability, and translation so that proteins are produced
to meet the needs of the cell. The trans-acting factors (primarily
RBPs, but also non-coding RNAs or metabolites) would inter-
act with regulatory elements within the mRNAs, which were
termed USERs (untranslated sequence elements for regulation)
(15). The presence of the 43-nt U-rich element in mRNAs that
are up-regulated in the amastigote stages of 7. cruzi provides
new evidence in support of a post-transcriptional regulon to
coordinate the stage-specific expression of a large number of
genes. The existence of such regulons could be extremely
important for trypomastigote to amastigote differentiation in
the mammalian host, a process that occurs in only a few hours
but with drastic morphological and metabolic changes. For
example, it has been reported that incubation of trypomastig-
otes in medium at pH 5.0 for 2 h is sufficient to trigger their
transformation into amastigotes (45). Differentiation of epi-
mastigotes to metacyclic trypomastigotes also results in drastic
changes in mRNA and protein expression, and these changes
are accompanied by the formation of stress granules that con-
tain proteins orthologous to those present in P bodies and stress
granules from metazoan organisms (8). Among the proteins
localized in these granules are TcUBP1 and Tc¢UBP2 (8). It is
possible that the pH stress during differentiation of trypomas-
tigotes to amastigotes could also result in the formation of
stress granules where RBPs could store the 43-nt cis-element-
containing mRNAs until translation occurs. The results suggest
that a subset of stage-specific transcripts that harbor the 43-nt
cis-element could be organized by one (or more) sequence-
specific RBP, such as TcUBPI, into a post-transcriptional
regulon.

Although the notion of post-transcriptional regulons in
Trypanosoma brucei and Leishmania spp. has been discussed
previously (17,46 —51), it has been pointed out that searches for
shared motifs in clusters of co-regulated genes in 7. brucei met
with limited success (17). Our work shows that these shared
motifs exist in T. cruzi and suggests the presence of functional
post-transcriptional regulons in these parasites.
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