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Abstract

Background

During its life cycle, the human pathogen Trypanosoma cruzi must quickly adapt to different
environments, in which the variation in the gene expression of the regulatory U-rich RNA-
binding protein 1 (TcUBP1) plays a crucial role. We have previously demonstrated that the
overexpression of TCUBP1 in insect-dwelling epimastigotes orchestrates an RNA regulon to
promote differentiation to infective forms.

Methods

In an attempt to generate TcUBP1 knockout parasites by using CRISPR-Cas9 technology,
in the present study, we obtained a variant transcript that encodes a protein with 95% overall
identity and a modified N-terminal sequence. The expression of this mutant protein, named
TcUBP1mut, was notably reduced compared to that of the endogenous form found in nor-
mal cells. TcUBP1mut-knockdown epimastigotes exhibited normal growth and differentia-
tion into infective metacyclic trypomastigotes and were capable of infecting mammalian
cells.

Results

We analyzed the RNA-Seq expression profiles of these parasites and identified 276 up- and
426 downregulated genes with respect to the wildtype control sample. RNA-Seq compari-
son across distinct developmental stages revealed that the transcriptomic profile of these
TcUBP1mut-knockdown epimastigotes significantly differs not only from that of epimasti-
gotes in the stationary phase but also from the gene expression landscape characteristic of
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infective forms. This is both contrary to and consistent with the results of our recent study
involving TcUBP1-overexpressing cells.

Conclusion

Together, our findings demonstrate that the genes exhibiting opposite changes under over-
expression and knockdown conditions unveil key mRNA targets regulated by TcUBP1.
These mostly encompass transcripts that encode for trypomastigote-specific surface glyco-
proteins and ribosomal proteins, supporting a role for TcUBP1 in determining the molecular
characteristics of the infective stage.

Author summary

In the intriguing world of Trypanosoma cruzi, the parasite causing Chagas disease in
humans, a key factor known as TcUBP1 helps the pathogen navigate its different life
stages. This microorganism undergoes a complex life cycle in which it alternates between
a triatomine bug ("kissing bug") and a mammalian host. Our research demonstrated that
increasing TcUBP1 levels in insect-dwelling forms prompts a gene expression pattern
akin to infective forms, enhancing their ability to infect. Attempts to turn off TcUBPI
through gene editing resulted in TcUBP1mut, a variant with reduced expression closely
resembling the native protein. TcUBP1mut cells exhibited distinct gene expression pro-
files compared to infective forms, according to the results of RNA-Seq analysis. This study
corroborates our earlier findings on TcUBP1 overexpression, pinpointing genes with
opposing expression patterns in both scenarios. These affected genes govern the produc-
tion of infective-specific glycoproteins and ribosomal proteins, offering valuable insights
into TcUBP1’s regulatory role and unraveling mRNA targets crucial for parasite differen-
tiation and infectivity.

Introduction

The early-branching trypanosomes, such as Trypanosoma cruzi (the causative agent of Chagas
disease) and T. brucei (the causative agent of African trypanosomiasis), are protozooan micro-
organisms that cause serious health problems in humans and domestic animals. In addition to
their medical relevance, these pathogens are good models to examine novel mechanisms that
control gene expression. Unlike most eukaryotes, these protists lack regulation at the level of
transcription initiation for each gene. Contrarily, RNA polymerase II transcription is polycis-
tronic, and transcript synthesis starts at a few locations on each chromosome [1-3]. During
mRNA maturation, polycistronic pre-mRNA units are processed into monocistrons by two
coupled reactions: 5'-trans-splicing and 3’-polyadenylation [4]. Because of these unusual
genetic mechanisms, trypanosomatids primarily regulate protein levels through posttranscrip-
tional processes. RNA-binding proteins (RBPs) that are bound to an mRNA determine its fate
within the cell, affecting translation [5-7], nuclear export [8], mRNA stability [9], and mRNA
processing [10]. RBPs can act as critical trans-acting factors at each of these regulatory points
and mediate parasite differentiation in both T. cruzi and T. brucei [11-16].

The unicellular parasite T. cruzi has a complex life cycle characterized by alternating
between replicative and infective forms in insect and mammalian hosts [17]. Intracellular
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amastigotes and bloodstream trypomastigotes are present in vertebrate hosts, whereas epimas-
tigotes and metacyclic trypomastigotes are found in insect vectors of the family Reduviidae
[18]. An important finding from the first RNA-Seq transcriptome and translatome of this par-
asite was that a key factor in the control of the gene expression profiles during T. cruzi differen-
tiation is translation regulation [5]. The molecular mechanisms that could explain this
regulation have been previously described by us and other authors [8,19,20].

In previous studies of our group, we also identified a superfamily of RNA-recognition motif
(RRM)-type RBPs in the genome of kinetoplastid parasites [21]. One of the first reported try-
panosome proteins with an RRM sequence is the trypanosome-exclusive T. cruzi U-rich RBP 1
(TcUBP1). This protein is a member of a subfamily composed of a small group of closely
related proteins, including TcUBP2 [22], and plays a significant role in posttranscriptional
gene regulation. The TcUBPI and TcUBP2 genes have been found to be present in a single
dicistronic unit, separated by an intercistronic region of ~3 kbp [23], which is processed into
mature monocistrons by trans-splicing/polyadenylation events. Both the structure and func-
tion of TcCUBP1 have been the subject of extensive research due to their importance in the biol-
ogy of T. cruzi. This small RBP has been found to interact with other proteins involved in RNA
metabolism [24-26], suggesting its involvement in larger ribonucleoprotein complexes that
participate in RNA processing, transport, and translation. TcUBP1 binds specifically to U-rich
sequences within 3'-untranslated regions and has been involved in the coordinated gene regu-
lation of multiple T. cruzi transcripts termed posttranscriptional regulons [27-29]. Keene was
the first to establish the revolutionary paradigm of RNA regulons almost two decades ago
[30,31], and described that cells can coregulate subsets of transcripts with a common physio-
logical function by recognizing structural and/or sequence RNA elements. Although many
studies have provided support for the concept of RNA regulons, the strongest evidence is
found in kinetoplastid parasites [32].

Overexpression and CRISPR-Cas9 knockout models of RBPs have been valuable tools in
trypanosome research [33-35]. Overexpression has helped to reveal specific RNA interactions
and has provided insights into the functional consequences of increasing RBP levels. In a
recent study, we successfully conducted TcUBP1 overexpression experiments following RNA--
Seq and found important results regarding the regulatory functions of TcUBP1 in the parasite
life cycle [16]. Our findings showed that TcUBP1 overexpression facilitates a switch toward
the profile expression of infectious trypomastigotes by increasing the mRNA levels and trans-
lation rates of an RNA regulon for cell-surface trypomastigote glycoproteins. The genes
affected by TcUBP1 exclude the group of active trans-sialidases but include glycoproteins that
play critical roles in host-parasite interactions and immune evasion [36]. Consequently,
TcUBP1 has been involved in the control of developmental transitions, including the differen-
tiation of T. cruzi into infective forms. The influence of UBP1 knockdown on the parasite tran-
scriptome is unknown. In this study, we aimed to investigate the extent of the regulatory
effects of UBP1 by analyzing the gene expression profile that triggers its downregulation in epi-
mastigote samples. Hence, the RNA-Seq data integration of UBP1 overexpression and down-
regulation allowed a comprehensive analysis, shedding light on the function of this important
RRM-type RBP, which is crucial for differentiation to infectious stages.

Methods
Plasmid construction, parasite cultures and transfection

Culture conditions for T. cruzi CL-Brener cloned stock [18], parasite transfections parameters,
viability and differentiation experiments were according to Sabalette et al. [36].
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CRISPR-Cas9 experiments

The endonuclease cleavage site was designed using CHOPCHOP-CRISPR/gRNA (https://
chopchop.cbu.uib.no), with TcUBP1 CDS (TcCLB.507093.220) as the input sequence. The hit
with the higher score and no predicted off-targets was selected as the target site, complemen-
tary to pos. 13-36 of the TcUBP1_CDS. Target sequence: 5’ ~TTGCTGCTGCTGCAGCTGCTG
TAGTTGGGCAGTCTGGCCGTACGGATCGTACTGTGAAACCK >AACGGATTTGGCTCAT-3,
< > endonuclease site. The UBP1(13)-HYG-Rev oligonucleotide used to amplify the donor
DNA sequence contains a TGA stop codon (CTA triplet, in reverse-complement oligo). See
primers used in S1 Table.

In vitro infections

Infection experiments were conducted according to Sabalette et al. [36]. Briefly, Vero cells
were plated onto round coverslips 24 h before infection. Infections were performed for 4 h
with 2x10® metacyclic trypomastigotes per coverslip. After infection, the cells were washed
twice in 1 x PBS and incubated in fresh medium for additional 48 h to allow amastigote
replication.

Antibodies and Western blotting

The antibodies used in this work were polyclonal rabbit antibody reacting with RNA-binding
of TcUBP1 (anti-RRM) and polyclonal mouse antibody reacting with the N-terminal portion
of TcUBP1 (anti-NH2-UBP1) [24]. Protein samples were resolved by SDS-PAGE gels 12.5%,
transferred onto Hybond C nitrocellulose membrane (GE Healthcare), probed with primary
antibodies anti-RRM diluted 1:300, and developed using horseradish peroxide-conjugated
antibodies and Supersignal WestPico Chemiluminescent Substrate (Thermo Scientific). Pro-
tein expression values in KD epimastigote samples (n = 3) were determined relative to WT
controls by Western blotting analysis of TcUBP1 levels normalized to total protein loading, as
measured by Coomassie Blue staining.

Microscopy analysis

Immunofluorescence assays and epifluorescence experiments were according to Sabalette

et al. [36]. The dilutions used for primary antibodies were 1:300 (anti-RRM) and 1:200 (anti-
NH2-UBP1) and the dilution used for Alexa 568-conjugated goat anti-rabbit IgG (H+L) was
1:10,000 (Molecular Probes). Coverslips were mounted and photographed using a Nikon Y-FL
fluorescence microscope.

RNA preparation, RNA-Seq and overall quality of parameters of the
transcriptomic data

RNA preparation, sequencing, and bioinformatic analysis were according to Sabalette et al.
[16]. Three independent replicates of each condition were sequenced. A library was prepared
at the BGI Americas Corporation. The samples were used for paired-end (PE) deep sequencing
and the libraries were sequenced using 2 x 100 PE chemistry on DNBSeq platform to generate
~3.9 GB of data per sample. After trimming of low-quality sequences, a total of ~24M reads
were obtained for each KD sample. The mapped read numbers obtained for UBP1mut-KD
against the reference CL Brener Esmeraldo-like strain were 40,431,666 (replicate 1), 40,209,
302 (replicate 2) and 40,373,538 (replicate 3).
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Read processing and data analysis

Read processing and data analysis were performed as described [16]. Briefly, short reads below
50 bases were removed to eliminate sequencing artifacts. Read quality was assessed using
FASTQC toolkit (score >35) [37]. High-quality reads were de novo assembled with bowtie2
(—verysensitive-local). Samtools indexed the output, and reads were quantitatively assessed
with featureCounts using parameters ’-p -t "CDS" -g"ID" -T 40’ [38]. Differential gene analysis
employed DESeq2 [39], with criteria of at least two-fold change (|log2 fold change| >1, Benja-
mini-Hochberg false discovery rate (FDR) adjusted p-value < 0.05) for identification of differ-
entially expressed genes (DEGs). FPKM values were log-transformed and normalized, and
used to calculate matrix distance with Euclidean distance and complete-linkage methods. The
R package pheatmap was used to construct the heatmap. DEGs were subjected to GO terms/
KEGG pathway enrichment analyses using hypergeometric test equivalent to one-tailed Fish-
er’s exact test with FDR value of 0.05. Volcano and violin plots were created using R with
ggplot2 package (https://cran.r-project.org). Al RNA-seq raw data files for UBP1mut-KD
samples are available in the NCBI SRA database with the following accession number:
PRJNA949967.

Functional annotation of gene lists

Gene ontology (GO) analysis was carried out for the DEGs from the TriTrypDB database
(http://www.tritrypdb.org). All the genes for T. cruzi were taken as the reference set and the
DEGs for both OE and KD were taken as the test set (consistent genes stabilized in OE and
destabilized in KD and vice versa). The GO annotations were extracted and visualized as bub-
ble charts using ggplot2 in R (www.r-project.org). Also, the results were visualized as word
cloud using the Analyze Result tool from TriTrypDB.

Results

Targeted transgene insertion into the TcUBPI sequence generated a
downregulated N-terminal mutant in epimastigote cells

To further investigate the regulatory role of TcCUBP1, we intended to generate a population of
CL Brener parasites knockout for this RRM protein by using the CRISPR-Cas9 technique. We
initially tested the system by transfecting epimastigote cells with the plasmid pROCK--
Cas9-GFP, which constitutively and ectopically expresses Streptococcus pyrogenes Cas9
(spCas9), the endonuclease used to generate the cut in the DNA molecule. We analyzed the
correct expression and nuclear localization of the nuclease by using fluorescence microscopy
(Fig 1A) and verified that the population presented a normal morphology, which allowed us to
rule out the possibility of spCas9 toxicity on parasites in our working conditions. This popula-
tion was in vitro transcribed with the RNA guide transcript sequence (see Methods). The strat-
egy was optimized by incorporating the hammerhead and Hepatitis Delta Virus ribozymes to
the 5" and 3’ ends of the guide RNA respectively [40], increasing transfection efficiency by
reducing the final length of the RNA molecule (100 nt) (SLA Fig). Finally, to be able to select
the parasites with the interrupted TcUBPI gene and obtain a knockout epimastigote culture,
we used a DNA donor molecule for the hygromycin resistance gene flanked at both ends by
sequences complementary to the target gene (S1B Fig). Aliquots from transfected cultures with
guiding RNA and donor DNA, as well as the respective spCas9-GFP and wildtype (WT) para-
sites, were analyzed by PCR. As expected, samples corresponding to the population with inter-
rupted TcUBPI amplified a PCR fragment of >1500 bp by using specific primers for TcUBPI,
corresponding with the sum of the size of the endogenous UBP1 coding sequence (CDS) (675
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Fig 1. Diminished expression of the N-terminal mutant protein in TcCUBP1mut knockdown parasites. A, T. cruzi
controls parasites transfected with pPROCK-Cas9-GFP. A representative image of a transfected epimastigote cell.
Grayscale images of each channel are shown on the left, and a merged image showing expression of GFP (in green) and
DAPI staining (in blue) for visualization of kinetoplast (K) and nuclear DNA (N) is shown on the right. B, Equal
amounts of protein extracts from WT and KD epimastigotes were layered on each lane (see left panel, Coomassie
staining gel). The blot was reacted with rabbit polyclonal anti-RRM antibodies. TcUBP1 and TcUBP1mut are indicated
by arrows and relative quantification of the protein is indicated below each lane. C, Scheme of the chimera
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monocistronic RNA identified by sequencing in the UBP1mut population. Fragments of CDS for TcUBP2 (green) and
TcUBPI (tomato) are shown indicating the starting and ending positions. Scheme of TcUBP1, TcUBP2 and UBP1mut
proteins and sequence alignment of the N-terminus of TcUBP1 and TcUBP1mut is shown. N, nucleus; K, kinetoplast
DNA; SL, spliced leader sequence; AAAAA, poly(A) tail.

https://doi.org/10.1371/journal.pntd.0012179.g001

nt) and the hygromycin resistance CDS (1023 nt), whereas, in the controls, the amplicon size
corresponded to the TcUBPI sequence (S1C Fig). When using hygromycin-specific primers,
the presence of this gene was observed in the population transfected with the complete system
(spCas9-gRNA-donor DNA), and no band was detected in the control populations (S1C Fig).
Next, to corroborate the lack of expression of TcCUBP1 in the parasites modified by CRISPR-
Cas9, a Western blot analysis was performed using specific antibodies. Unexpectedly, the
experiment revealed the presence of a protein band with a molecular weight slightly lower
than that of TcUBP1, whose expression level was approximately 30% of the signal relative to
the endogenous protein in WT parasites (0.27 + 0.11 times) (Fig 1B).

We then attempted to find out whether the protein band revealed by Western blot corre-
sponded to the TcUBP1 CDS located downstream of the hygromycin STOP codon. To this end,
an RT-PCR was performed using total RNA extracted from UBP1-CRISPR-Cas9-transfected
parasites. cDNA was synthesized by using a T7(dT) primer, and subsequent PCRs were per-
formed with different TcUBPI specific primers, combined with reverse T7 or forward spliced-
leader (SL) oligonucleotides to detect a putative mutant TcUBPI monocistronic processed
sequence (S1D Fig). Surprinsingly, DNA sequences from cDNA clones and RNA-Seq counts
revealed the composition of a chimeric mRNA sequence coding for a hybrid TcUBP2-TcUBP1
product (S1E and S2A Figs). This sequence was possibly generated by an unusual rearrange-
ment of the RNA molecule (see Discussion). The chimeric mRNA molecule codes for a protein
with a 31-residue deletion at the N-terminal end compared to the TcUBP1 sequence and
whose first 17 residues are the same as those of the TcCUBP2 N-terminal end (Fig 1C).

Given that the nucleotides coded by TcUBP2 are highly similar to the CDS of TcUBP1,
when performing a pairwise alignment, the chimeric protein UBP2(;_;7,/UBP14;_3; showed
95.3% identity to the TcUBP1 sequence (ktuple 2, gap penalty 4, gap length 12) (S2B Fig). Con-
sidering this high sequence similarity, we refer to these modified parasites as mutant TcUBP1
knockdown (hereafter UBP1mut-KD) epimastigotes.

Epimastigote parasites underexpressing an N-terminal mutant of TcUBP1
present normal morphology, viability, and differentiation to metacyclic
trypomastigotes

We next analyzed the endogenously modified parasites with lower expression of the mutant
TcUBPI, using microscopic techniques. This allowed us to observe the normal morphology of
the epimastigotes, as well as the correct location of the nucleus and the kinetoplastid DNA
(Fig 2A). In addition, we checked for the loss of TcUBP1 expression by incubating the KD
samples with antibodies specific to TcUBP1 (anti-RRM and anti-NH2 TcUBP1) (Fig 2A and
2B). Fig 2 also shows the results of a normal WT sample (upper panels). As an experimental
control, samples were incubated without primary antibodies, followed by incubation with sec-
ondary antibodies and detection reagents (S3 Fig).

We then evaluated axenic cultures of the UBP1mut-KD epimastigotes and observed that
growth curves and differentiation to metacyclic trypomastigotes (when undergoing starvation
stress) presented values similar to those of WT parasites and spCas9-GFP controls (Fig 2C and
2D). These results indicate that endogenous levels of TcCUBP1 expression in replicative epimas-
tigotes are not essential for parasite growth or differentiation to infective metacyclic
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Fig 2. UBP1mut knockdown parasites have normal morphology and viability. A, Representative grayscale images of
each channel are shown on the left for wildtype (WT), pROCK-spCas9-GFP (Cas9-GFP) and UBP1mut (KD)
CRISPR-Cas9 transfected epimastigotes. Merged images showing expression of TcUBP1 (anti-RRM signal, in red) and
DAPI staining (in blue) for visualization of kinetoplast (K) and nuclear DNA (N) are shown on the right. B, the key is
as for A) using a mouse polyclonal N-terminal-specific antibody (anti-NH2-TcUBP1 signal in red) for visualization of
TcUBPI expression. C, Parasite growth curves of UBP1mut-KD (continuous line), wildtype populations (WT) and
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epimastigotes transfected with spCas9-GFP as experimental control (pointed lines, with markers in crosses and circles,
respectively). Values of x10” parasites/mL of culture medium are plotted according to the time at which a sample was
taken (mean + SD of three independent replicates). D, Differentiation from late-stationary phase cultured
epimastigotes UBP1mut-KD (continuous lines) and those transfected with spCas9-GFP as controls (pointed lines).
The percentage of the total population is plotted according to the time at which a sample was taken (mean + SD of
three independent replicates). Markers in circles refer to epimastigotes and crosses refer to metacyclic trypomastigotes.

https://doi.org/10.1371/journal.pntd.0012179.g002

trypomastigotes. We next performed Vero cell infection assays (Fig 3A) using CRISPR/Cas9
edited metacyclic trypomastigotes previously obtained. Results showed that the metacyclogen-
esis process (Fig 2D), the infection of mammalian cells (Fig 3B), and the subsequent differenti-
ation and replication of intracellular amastigotes occurred normally (Fig 3C). The experiments
with the spCas9-GFP control populations proceeded normally and the results indicated no sig-
nificant differences in the infection percentage or the number of amastigotes per cell in com-
parison with the TcUBP1mut-KD population (Student’s ¢-test, p value > 0.05).

TcUBP1mut knockdown and full-length overexpression in epimastigotes
have opposing effects on the parasite transcriptome

Our investigation continued to explore potential regulatory mechanisms that may be impacted
by the downregulation of TcCUBP1. Considering that this protein is involved in the stabilization
or degradation of multiple mRNAs of different nature, we wondered whether the reduced
TcUBPI levels might play a role in gene expression. To achieve this objective, we conducted
an RNA-Seq experiment from samples overexpressing the full-length TcUBP1 (OE), a mutated
UBP1-knockdown (KD), and wildtype (WT) epimastigotes. We first verified the correct rela-
tionship between replicas and variability between experiments (Fig 4A). The expression pro-
files of these OE samples have been recently examined in our lab [16]. Now, we expanded the
transcriptome analysis to the KD samples. As expected, TcUBP1 was >6 log2 higher in the OE
samples (false discovery rate (FDR)-adjusted p value = 2.09E-84) and ~-1 log2 lower in the KD
samples (FDR-adjusted p value = 0.021), with respect to WT control parasites. Thus, the UBP1
downregulated expression value in KD parasites was comparable to the protein levels of UBP1-
mut detected in the Western blots (Fig 1B, lane KD: ~0.3X or three-fold downregulated).

After validating the expression of TcUBP1 in the KD dataset, we started the analysis of the
expression profiles. We obtained a total of 6,487 significant genes with FDR-adjusted p
value < 0.05 and 1,256 DEGs with [log2 fold change | > 1. At a large-scale level, we observed a
higher number of genes whose abundance was lower than that of controls as a result of
TcUBP1 knockdown. The expression patterns for the DEGs in the control, OE and KD sam-
ples are shown in Fig 4B. The light blue, white, and orange colors indicate less expressed,
medium-level and highly expressed genes, respectively (Fig 4B). In particular, 26 genes were
two-fold upregulated and 67 genes were two-fold downregulated in TcUBP1mut-KD samples
relative to the WT (|log2 fold change| > 1, FDR-adjusted p value < 0.05; S1 File). A volcano
plot of gene expression in UBP1mut-KD versus WT parasites is shown in Fig 4C, where signifi-
cantly expressed genes are separated from non-significantly expressed genes by different color
codes. By expanding the analysis of the expression profile of regulated genes using a criterion
of at least 1.5-fold (|log2 fold change| > 0.58, FDR-adjusted p value < 0.05), we confirmed that
the overall effect of UBP1mut-KD is primarily to destabilize the parasite transcriptome. We
observed that 276 mRNAs increased in abundance, while 426 mRNAs decreased (S2 File).
This result is consistent with the antagonistic effect observed after TCUBP1 overexpression
[16]. Also, the Top 20 list with the most differentially over- or underexpressed genes from the
OE, KD and WT epimastigotes (based on fold changes values) is shown in S4 Fig. Expression
analysis using a four-quadrant scatter plot of fold change values between OE versus KD
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Fig 3. UBP1mut knockdown parasites present normal infection and intracellular replication in mammalian cells. A,
Representative photographs of infected cells with wildtype metacyclic trypomastigotes (WT), derived from epimastigotes transfected
with spCas9-GFP or UBP1mut-KD. DAPI staining (in blue), TcCUBP1 expression (anti-RRM signal in red). The images were taken
four days after the infection. B, Quantification of number of infected cells obtained after 12 h from infections carried out with
metacyclic trypomastigotes derived from spCas9-GFP or UBP1mut-KD samples (in percentage). C, Quantification of intracellular
amastigotes obtained after 12 h from infections carried out in B (in amastigotes/cell). The values are expressed as the means of three
independent experiments with the corresponding standard deviation bars (Student’s -test, p value > 0.05).

https://doi.org/10.1371/journal.pntd.0012179.g003

revealed their partly opposite expression patterns, evident in quadrants 2 and 4 (Fig 4D). Spe-
cifically, in quadrant 2 (Q2) 185 genes met the criteria of log2 fold change OE/WT > 0.58 &
log2 fold change KD/WT < -0.58 and FDR-adjusted p value < 0.05, while cuadrant 4 (Q4)
comprised 38 genes meeting the criteria log2 fold change OE/WT < -0.58 & log2 fold change
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Fig 4. Hierarchical clustering of genes in OE, KD and WT samples defined by DESeq2. A, PCA plot displaying all 9
samples along PC1 and PC2, which describe 93% and 4% of the variability, respectively, within the expression data set.
PC analysis was applied to normalized (reads per kb of transcript per million mapped reads) and log-transformed
count data. B, Heatmap and complete linkage clustering using all replicates per group, 1,230 significant genes with |
log2 fold change | > 1 were clustered. Groups on the vertical represent clustered genes based on gene expression with
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an FDR-adjusted p value lower than 0.05, the horizontal line represents a single gene and the color of the line indicates
the gene expression. The Z-score scale bar represents relative expression +/- SD from the mean. C, volcano plot
showing the differential expression analysis of genes in UBP1mut-KD and WT parasites. Tomato and cyan dots show
nonsignificant and significant DEGs, respectively. D, Four-quadrant scatter plot showing the log2 fold change values in
UBP1-OE (y axis) versus UBP1mut-KD (x axis). Quadrants Q2 and Q4 exhibit consistent gene profiles, as discussed in
the text. Tomato and cyan dots show nonsignificant and significant DEGs, respectively.

https://doi.org/10.1371/journal.pntd.0012179.9004

KD/WT > 0.58 (S3 File). In light of this, we will refer to these genes as ‘robust genes’ or ‘con-
sistent genes’ (see below).

We next evaluated how the variations of the TcUBP1 protein abundance levels in OE and
KD samples are correlated with both the number of affected genes and the levels of variation
they show. We found that several robust genes are consistently regulated, either increasing or
decreasing their mRNA levels depending on the abundance of TcUBP1 and being oppositely
affected in OE and KD conditions (Table 1 and intersected genes in the Venn diagrams of
Fig 5A). By analyzing the nature of these robust gene groups that were consistently affected, we
identified 10 genes that were stabilized by TcUBP1, using a criterion of at least two-fold change
(Jlog2 fold change| >1) compared with WT parasites (Fig 5A, right). As expected, four of these
transcripts were mucins: TcCLB.509631.90 (MUCII_1), TcCLB.510275.330 (MUCII_2),
TcCLB.504039.120 (MUCII_3), and TcCLB.508097.81 (MUCII_4), five were mucin-associated
surface proteins: TcCLB.506677.70 (MASP_1), TcCLB.506763.260 (MASP_2),
TcCLB.510377.134 (MASP_3), TcCLB.506501.350 (MASP_4), and TcCLB.507957.150
(MASP_5), and one was a putative peptidase-domain containing protein TcCLB.506755.50
(PPPDE) (Table 1 and Fig 5B, right). On the other hand, six genes were found destabilized by
TcUBPI (Fig 5A, left), all coding for hypothetical proteins: TcCLB.503599.60 (HYPO_1),
TcCLB.503599.70 (HYPO_2), TcCLB.503453.10 (HYPO_3), TcCLB.508125.40 (HYPO_4),
TcCLB.511469.105 (HYPO_5), and TcCLB.5034534.4 (HYPO_6) (Table 1 and Fig 5B, left).

Revisiting the analysis depicted in Fig 4D, by using a less stringent expression cutoff of
1.5-fold change, we were able to identify 185 consistent genes up- and 38 downregulated by
TcUBP1 (Sheets A and B in S3 File, respectively and S5 Fig). Table 2 illustrates that gene ontol-
ogy (GO) analyses using TriTrypDB performed on these two groups, for the molecular function
domain, showed a distribution of 13 and 14 GO overrepresented terms, respectively (see the
gene list for each GO term in S3 File). A plot for all the three GO domains, biological process,
cellular component, and molecular function is presented in Fig 6 and revealed that genes upre-
gulated in OE cells and downregulated in KD cells are involved in critical T. cruzi functions,
such as alpha-sialidase activity (Fig 6A), and that genes upregulated in KD and downregulated
in OE samples are mostly involved in translation and rRNA binding (Fig 6B). This analysis was
also visualized using an enrichment word cloud for the four quadrants of Fig 4D. Upon review-
ing the word cloud for Q1, no distinctive terms stand out prominently and in the word cloud
for Q3, the term "calcium ion binding" barely emerges from the rest (S6 Fig), suggesting that
quadrants Q2 and Q4 are most prominently enriched in a specific biological pathway.

Clusters of transcripts coding for cell-surface trypomastigote glycoproteins
and ribosomal proteins are directly influenced by TcUBP1 expression levels

By performing a comparative analysis of several functional gene groups, we further analyzed
the expression profile triggered by TcUBP1. Based on the data presented in the section above,
we manually classified 1,758 sequences obtained from UBP1-OE and KD parasites into 11 dif-
ferent categories: mucin-associated proteins (MASP), mucins (MUCI/II), the trans-sialidase/
trans-sialidase like (TcS) superfamily, ribosomal proteins, protein phosphatases, protein
kinases, heat-shock proteins, proteins involved in synthetic pathways, polymerases, RNA
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Table 1. Oppositely affected genes after UBP1 overexpression and knockdown.

Regulation GenelD Product name log2 OE/WT log2 KD/WT

Stabilized mRNAs TcCLB.509631.90 mucin TcMUCII, putative 2.34 -1.03
TcCLB.510275.330 mucin TcMUCII, putative 1.66 -1.07

TcCLB.506767.70 Mucin-associated surface protein (MASP), subgroup S072 1.54 -1.11

TcCLB.506763.260 Mucin-associated surface protein (MASP), subgroup S001 1.53 -1.19

TcCLB.506755.50 PPPDE putative peptidase domain containing protein, putative 1.46 -1.04

TcCLB.510377.134 Mucin-associated surface protein (MASP), subgroup S001 1.40 -1.17

TcCLB.504039.120 mucin TcMUCII, putative 1.25 -1.08

TcCLB.506501.350 Mucin-associated surface protein (MASP), subgroup S105 1.08 -1.22

TcCLB.507957.150 Mucin-associated surface protein (MASP), subgroup S074 1.07 -1.17

TcCLB.508097.81 mucin TcMUCII, putative 1.06 -1.27

Destabilized mRNAs TcCLB.503599.60 hypothetical protein, conserved -1.11 1.09
TcCLB.503599.70 hypothetical protein, conserved -1.13 1.11

TcCLB.503453.10 hypothetical protein, conserved -1.41 1.05

TcCLB.508125.40 hypothetical protein -1.51 1.11

TcCLB.511469.105 hypothetical protein -2.13 1.08

TcCLB.503453.4 Protein of unknown function (DUF1242), putative -3.68 1.44

Stabilized mRNAs: list of 10 genes oppositely regulated by TcUBP1 using a combined fold change criteria of log2 fold change OE/WT >1 and log2 fold change KD/WT
<-1 (FC 2X, FDR-adjusted p value < 0.05). Destabilized mRNAs: list of six genes oppositely regulated by TcUBP1 using a combined fold change criteria of log2 fold

change OE/WT <-1 and log2 fold change KD/WT >1 (FC 2X, FDR-adjusted p value < 0.05).

https://doi.org/10.1371/journal.pntd.0012179.t001

transcription, and transporter proteins. We then analyzed the abundance distribution of the
transcripts in each category in both conditions (OE and KD) relative to the control (WT) by
using violin plots showing expression values (log2 fold change OE/WT compared to KD/WT)
(Fig 7). Results confirmed that the only group that showed significant enrichment in the KD
samples with respect to the OE corresponded to ribosomal proteins, which are mostly
expressed in replicative stages, whereas the groups of genes significantly enriched in the OE
samples compared to KD are specific to the infective stages: MASP, MUCI/II and the TcS
superfamily (Student’s ¢-test, ***p value < 0.001). Moreover, proteins involved in synthetic
pathways, protein kinases and phosphatases revealed significant differences between condi-
tions (Student’s t-test, *p value < 0.05; **p value < 0.01). Finally, the categories of polymerase
enzymes, heat-shock proteins, transporter proteins and transcription-associated proteins
showed no significant differences as a consequence of TcUBP1 expression levels. Taken
together, transcriptome analysis of both KD and OE parasites reveals that the expression of
four mRNA families key for establishing a replicative or infective profile (ribosomal proteins,
MASP, MUCI/II and TcS), respond directly and proportionally to TcUBP1 protein levels, indi-
cating that this RBP plays a pivotal role in either triggering or not the differentiation process.
The most abundant cluster among the upregulated genes in the OE transcriptome was that
coding for trypomastigote cell-surface glycoproteins [16]. Within the T¢S superfamily group,
we identified 42 significant robust genes (Table 3), whose abundance in both OE and KD con-
ditions varied in a coordinated way, by either increasing or decreasing their mRNA levels
depending on the abundance of TcUBP1 (|log2 fold change| >0.45, FDR-adjusted p
value < 10%, Fig 8A). From this list, 29 genes (69%) are increased more than 1.5-fold in the
OE experiment, and decreased in the KD condition (|log2 Fold change| >0.58, FDR-adjusted
p value < 10%), a value that is restricted to nine genes, when considering those that decrease
more than 1.75 times in relation to the WT control sample (|log2 Fold change| >0.8, FDR-
adjusted p value < 10%; marked with black dots in Fig 8A). These results suggest that the
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>1). In green, upregulated genes; in light red, downregulated genes; in orange, robust genes regulated in a coordinated
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and decreases in parasites overexpressing UBP1 (OE). Right, vice versa. The complete gene IDs and names of the genes
are shown in Table 1. The pointed line marks a difference of + 2X.

https://doi.org/10.1371/journal.pntd.0012179.9005

mRNA abundances of members of the T¢S superfamily are directly influenced by TcUBP1 lev-
els, both increasing their expression when UBP1 protein levels are high and decreasing their
expression when UBP1 protein levels are low.

By contrast, the main cluster among the downregulated genes previously reported in the
OE parasite transcriptome was that coding for ribosomal proteins [16]. Within this functional
category, we found 15 genes whose abundance varied in a coordinated way in both OE and
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Table 2. List of GO terms of the molecular function category enriched in the gene lists A and B.

List ID
A GO:0016787
G0:0004308
GO0:0016997
GO:0004553
GO:0016798
GO:0000828
GO:0004054
GO:0004111
GO:0016775
G0:0000827
GO:0008440
G0:0019202
GO:0051766
B GO:0003723
GO:0016491
GO:0003735
GO:0005198
GO:0000104
GO:0016627
G0:0003924
GO:0004213
GO:0047560
GO:0003863
GO:0004576
GO:0016156
GO:0016628
GO:0016624

GO term
hydrolase activity
exo-alpha-sialidase activity
alpha-sialidase activity
hydrolase activity, hydrolyzing O-glycosyl compounds
hydrolase activity, acting on glycosyl bonds
inositol hexakisphosphate kinase activity
arginine kinase activity
creatine kinase activity
phosphotransferase activity, nitrogenous group as acceptor
inositol-1,3,4,5,6-pentakisphosphate kinase activity
inositol-1,4,5-trisphosphate 3-kinase activity
amino acid kinase activity
inositol trisphosphate kinase activity
RNA binding
oxidoreductase activity
structural constituent of ribosome
structural molecule activity

succinate dehydrogenase activity

oxidoreductase activity, acting on the CH-CH group of donors

GTPase activity
obsolete cathepsin B activity

3-dehydrosphinganine reductase activity

3-methyl-2-oxobutanoate dehydrogenase (2-methylpropanoyl-transferring) activity

oligosaccharyl transferase activity

fumarate reductase (NADH) activity

oxidoreductase activity, acting on the CH-CH group of donors, NAD or NADP as acceptor

oxidoreductase activity, acting on the aldehyde or oxo group of donors, disulfide as acceptor

879
230
230
246
252

W N NN === =

422
227
148
177

26

N U W NN =

II
31
26
26
26

—_

e T T S e T e N I T i N T OO OO T O . N e B e e e I =

111
3.5
11.3
11.3
10.6
10.3
100
100
100
100
50
50
50
33.3
1.4
1.8

1.7
66.7
7.7
34
100
100
50
50
33.3
20
14.3

Fold
2.17
6.94
6.94
6.49
6.33
61.4
61.4
61.4
61.4
30.7
30.7
30.7
20.47
3.37
4.17
4.8
4.01
157.9
18.22
8.03
236.8
236.8
118.4
118.4
78.94
47.36
33.83

P
1.6E-05
1.5E-15
1.5E-15
8.0E-15
1.4E-14
1.6E-02
1.6E-02
1.6E-02
1.6E-02
3.2E-02
3.2E-02
3.2E-02
4.8E-02
7.3E-03
1.4E-02
2.4E-02
3.8E-02
5.1E-05
5.2E-03
2.5E-02
4.2E-03
4.2E-03
8.4E-03
8.4E-03
1.3E-02
2.1E-02
2.9E-02

Padj
1.1E-04
2.8E-14
2.8E-14
9.6E-14
1.3E-13
6.5E-02
6.5E-02
6.5E-02
6.5E-02
9.7E-02
9.7E-02
9.7E-02
1.3E-01
7.6E-02
1.0E-01
1.3E-01
1.7E-01
3.2E-03
7.6E-02
1.3E-01
7.6E-02
7.6E-02
7.6E-02
7.6E-02
9.9E-02
1.3E-01
1.4E-01

List A (n = 185) corresponds to genes augmented in OE and diminished in KD samples. List B (n = 38) correspond to the opposite type of regulation. I, background

count; II, result count; III, percentage of background; Fold, fold enrichment; P, p value; Padj, Benjamini correction.

https://doi.org/10.1371/journal.pntd.0012179.t002

KD conditions (|log2 fold change| >0.45, FDR-adjusted p value < 5%), Fig 8B and Table 4).
These results confirm that the mRNA abundance of several genes coding for ribosomal pro-

teins is inversely influenced by TcUBP1 levels, either decreasing when UBP1 protein levels are
high or increasing when UBP1 protein levels are low. Overall, the analysis of the consistent
mRNAs that were affected in both conditions in opposite ways revealed the genes whose regu-
lation is directly governed by TcUBP1. These were mRNAs coding for cell-surface glycopro-
teins, augmented by UBP1; and transcripts coding for ribosomal and a group of hypothetical

proteins, diminished by UBP1.

The gene expression profile observed in UBP1-OE parasites resembles that
of stationary-phase epimastigotes, while UBP1mut-KD exhibits a profile
more similar to a replicative stage

In this section, we utilized the RNA-Seq data from UBP1mut-KD to compare its expression
profile with those of the four stages of T. cruzi [5,41]. We calculated the percentage of regulated

transcripts in KD parasites among the most up- or downregulated genes in a pairwise
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in OE and downregulated in KD samples. B, 38 genes putatively diminished by TcUBP1: upregulated in KD and downregulated in OE samples.

https://doi.org/10.1371/journal.pntd.0012179.g006

Genes destabilized by TcUBP1

Fig 6. GO enrichment analysis of genes oppositely regulated in UBP1-OE and KD parasites. GO classification of DEGs using a criterion of at least 1.5-fold
change (|log2 fold change| > 0.58); the graphs show up to 5 GO terms with most genes annotated. BP, CC and MF charts indicated GO terms clustered in the
biological process, cellular component and molecular function terms, respectively. The size of the dots diameter indicates the number of genes; color depth
indicates significance; abscissa indicates enrichment; and the ordinate indicates different pathways. A, 185 genes putatively augmented by TcUBP1: upregulated

comparison between the epimastigotes (Epi), amastigotes (Ama), metacyclic trypomastigotes
(MT) and trypomastigotes (Trypo) stages (Fig 9A). It was found that the KD transcriptome

showed greater similarity, albeit low, with the Ama/Trypo and Epi/Trypo datasets (genes over-
represented in Ama or Epi with respect to Trypo). This can be visualized by the different statis-
tically significant colored clusters in the heatmap depicted in Fig 9A.

Besides, we obtained fold change values for 2337 genes from the RNA-Seq experiments.
These expression values were then used to calculate the Pearson correlation of all the samples,

revealing a generally low correlation of the KD/Epi sample with the rest of the variables (col-
umn boxed in Fig 9B). Again, positive correlations were noted with Ama/Trypo (0.3471) and
Epi/Trypo (0.2323), suggesting a weak but direct association. No significant correlation was
found between KD and any of the remaining RNA-Seq experiments (Fig 9B). This analysis
showed that the expression profile of the UBP1-KD population is more similar to that of the
replicative stages than to that of the infective stages.
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Fig 7. Violin plots displaying the expression distribution of the genes within 11 different functional categories in the OE or KD
transcriptomes relative to the WT control (log2 fold change, FDR-adjusted p value < 10%). Categories in the figure are indicated at
the top of each panel. Student’s ¢-test, * p value < 0.05,** p value < 0.01,*** p value < 0.001.

https://doi.org/10.1371/journal.pntd.0012179.g007

We next performed a comparative transcriptomic analysis using the recently published
RNA-Seq data from Smircich et al. [42] to compare the expression profiles of TcCUBP1-OE and
KD parasites with those of T. cruzi epimastigotes in prolonged culture conditions (maintained
until days 14, 21 and 28). For this, we obtained fold change values for 681 genes from the
RNA-Seq experiments. The transcriptomic data groups in this analysis were: UBP1-OE,
UBP1mut-KD, three successive growing selected points: early (Se, day 14), intermediate (Si,
day 21) and final epimastigote stationary phase (Sf, day 28) relative to exponentially growing
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Table 3. Stabilization of trypomastigote glycoprotein-coding genes mediated by TcUBP1.

GenelD Product name log2 OE/WT padj OE log2 KD/WT padj KD
TcCLB.508229.40 trans-sialidase, Group V, putative 0.82 1.5E-06 -0.74 1.5E-04
TcCLB.507953.140 trans-sialidase, Group V, putative 0.88 3.2E-11 -0.62 7.3E-05
TcCLB.425435.10 trans-sialidase, putative (fragment) 2.07 3.9E-18 -0.84 1.0E-02
TcCLB.508157.50 trans-sialidase, putative 1.12 4.1E-10 -0.49 3.8E-02
TcCLB.506129.50 trans-sialidase, Group IV, putative 1.00 2.6E-04 -1.00 9.8E-04
TcCLB.507121.11 trans-sialidase, putative (fragment) 0.85 7.6E-04 -0.74 2.4E-02
TcCLB.507953.100 trans-sialidase, Group V, putative 1.64 7.0E-22 -0.52 1.8E-02
TcCLB.510061.30 trans-sialidase, Group V, putative 1.39 2.7E-12 -0.97 1.8E-04
TcCLB.506377.10 trans-sialidase, putative 0.50 5.0E-03 -1.27 1.2E-10
TcCLB.508109.60 trans-sialidase, Group V, putative 1.33 2.6E-22 -0.49 3.8E-03
TcCLB.506603.40 trans-sialidase, Group V, putative 1.53 3.4E-25 -0.61 7.8E-04
TcCLB.508229.10 trans-sialidase, putative 1.69 2.0E-10 -0.84 2.3E-02
TcCLB.506757.60 trans-sialidase, Group V, putative 1.11 2.1E-21 -0.83 2.2E-10
TcCLB.508163.234 trans-sialidase, putative 0.86 5.1E-07 -0.77 2.0E-04
TcCLB.509081.166 trans-sialidase, putative (fragment) 1.09 7.7E-09 -0.51 3.9E-02
TcCLB.510025.50 trans-sialidase, Group V, putative 1.39 2.7E-24 -0.72 7.7E-06
TcCLB.504239.260 trans-sialidase, Group V, putative 1.13 2.6E-10 -0.64 3.5E-03
TcCLB.510377.330 trans-sialidase, Group V, putative 1.13 6.8E-18 -0.81 9.6E-08
TcCLB.510307.284" trans-sialidase, Group IV, putative 1.01 2.4E-06 -0.45 9.8E-02
TcCLB.504341.10 trans-sialidase, Group IV, putative 1.75 2.4E-14 -0.63 3.7E-02
TcCLB.507145.60 trans-sialidase, Group V, putative 1.60 5.6E-27 -0.46 2.4E-02
TcCLB.509843.20 trans-sialidase, Group VII, putative 0.53 4.8E-04 -1.01 6.9E-10
TcCLB.503659.30 trans-sialidase, putative 1.20 9.3E-12 -0.64 4.5E-03
TcCLB.511599.80 trans-sialidase, Group V, putative 1.28 4.4E-17 -0.84 4.7E-06
TcCLB.509377.20% trans-sialidase, Group VII, putative 1.81 5.5E-07 -0.80 8.2E-02
TcCLB.418405.30% trans-sialidase, putative 1.97 8.7E-22 -0.56 5.3E-02
TcCLB.509979.320 trans-sialidase, Group V, putative 1.54 5.8E-33 -0.46 3.0E-03
TcCLB.509265.110 trans-sialidase, Group IV, putative 0.77 2.5E-02 -1.18 1.8E-03
TcCLB.506757.120 trans-sialidase, Group V, putative 1.13 3.2E-21 -0.76 1.1E-08
TcCLB.507479.70 trans-sialidase, Group IV, putative 1.02 1.8E-05 -0.62 4.0E-02
TcCLB.506597.40 trans-sialidase, Group V, putative 1.38 3.3E-35 -0.61 3.6E-06
TcCLB.510205.40 trans-sialidase, Group V, putative 1.15 1.6E-14 -0.56 2.1E-03
TcCLB.511625.130 trans-sialidase, Group V, putative 1.19 6.2E-18 -0.72 9.7E-06
TcCLB.511603.450 trans-sialidase, Group V, putative 1.34 3.1E-15 -0.46 4.4E-02
TcCLB.510021.180 trans-sialidase, Group V, putative 1.37 3.4E-25 -0.79 2.8E-07
TcCLB.510371.90 trans-sialidase, Group V, putative 1.50 1.9E-29 -0.50 2.6E-03
TcCLB.504425.10 trans-sialidase, Group III, putative 1.14 1.1E-10 -0.61 3.2E-03
TcCLB.507953.10 trans-sialidase, Group V, putative 1.27 8.9E-09 -0.87 2.6E-03
TcCLB.510021.120 trans-sialidase, Group V, putative 1.09 2.8E-21 -0.74 1.2E-08
TcCLB.507283.10 trans-sialidase, Group V, putative 1.52 1.9E-41 -0.74 2.9E-08
TcCLB.510163.60 trans-sialidase, Group V, putative 1.67 1.8E-55 -0.67 7.1E-08
TcCLB.508325.230 trans-sialidase, Group IV, putative 1.46 9.7E-17 -0.66 1.2E-03

42 significant UBP1-mRNA targets coding for TcS superfamily members oppositely regulated in OE (stabilized) and KD (destabilized) parasites using a combined

criterion of log2 fold change OE/WT > 0.45 and log2 fold change KD/WT < -0.45 (1.37X, FDR-adjusted p value < 5%).

*Genes with FDR-adjusted p value in KD parasites < 10%.

https://doi.org/10.1371/journal.pntd.0012179.t003
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Fig 8. Bar charts displaying enrichment levels of transcripts encoding TcS and ribosomal proteins oppositely regulated by TcUBP1. Genes from
Tables 3 and 4 were identified as significant using an FDR-adjusted p value < 5%, or for a few TcS genes < 10%, in both the OE and the KD samples
with respect to the control WT population. A, TcS cluster (n = 42). B, Ribosomal protein-coding cluster (n = 15). The expression differences of +1.41,

and +2 times are marked with different pointed lines.

https://doi.org/10.1371/journal.pntd.0012179.9008
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Table 4. Destabilization of ribosomal protein-coding genes mediated by TcUBP1.

GenelD Product name log2 OE/WT padj OE log2 KD/WT padj KD
TcCLB.506413.20 40S ribosomal protein S33, putative -0.68 2.9E-10 0.45 1.8E-04
TcCLB.511001.18 40S ribosomal protein S3A, putative -1.03 3.1E-25 0.46 2.7E-05
TcCLB.511001.120 60S ribosomal protein L18a, putative -0.46 3.2E-09 0.46 2.7E-08
TcCLB.506413.30 40S ribosomal protein S33, putative -0.62 2.2E-07 0.46 4.1E-04
TcCLB.506677.39" Elongation factor G1, mitochondrial, putative -0.38 4.5E-05 0.49 3.4E-07
TcCLB.510293.40 ubiquitin/ribosomal protein S27a, putative -0.54 6.6E-07 0.50 1.9E-05
TcCLB.510999.39 40S ribosomal protein S3A, putative -1.09 4.8E-17 0.52 3.5E-04
TcCLB.511001.9 40S ribosomal protein S3A, putative -1.07 6.3E-24 0.55 1.8E-06
TcCLB.510123.10 Mitochondrial large ribosomal subunit mL40, putative -1.02 3.9E-20 0.55 3.6E-06
TcCLB.504163.30 408 ribosomal protein S9, putative -0.63 3.7E-14 0.55 2.0E-10
TcCLB.508169.20 elongation factor 2, putative -1.15 2.4E-16 0.64 3.0E-05
TcCLB.503611.20 ribosomal protein L24, putative -0.76 3.0E-15 0.67 3.5E-11
TcCLB.503453.40 60S ribosomal protein L30, putative -0.95 7.7E-20 0.73 3.2E-11
TcCLB.510963.90 elongation factor 2, putative -1.16 9.8E-16 0.78 4.8E-07
TcCLB.503453.30 60S ribosomal protein L30, putative -0.97 1.4E-18 0.84 2.6E-13

15 significant UBP1-mRNA targets coding for ribosomal proteins oppositely regulated in OE (Down) and KD (Up) parasites using a combined criterion of log2 fold
change OE/WT < -0.45 (expect for TcCLB.506677.39) and log2 fold change KD/WT > 0.45 (1.37X, FDR-adjusted p value < 5%).
*Gene having a log2 fold change in OE higher than -0.45.

https://doi.org/10.1371/journal.pntd.0012179.t1004

epimastigotes (E, day 7), and Sf compared to Se or Si points (Sf versus Se/Si). The correlation
analysis showed that UBP1-OE parasites had the highest correlation with the datasets of epi-
mastigotes in the stationary phase (r = 0.6640 for Sf, r = 0.6307 for Si, and r = 0.5735 for Se).
No significant correlation was found between the UBP1-OE and KD RNA-Seq datasets, or
between the KD sample and any of the other epimastigote stationary-phase datasets (Fig 9C).

The RNA-Seq expression table was also used to perform a principal component analysis
(PCA) to compare the dispersion of the different datasets. The horizontal and vertical axes
describe 77.3% of the variability, and, considering both PC1 and PC2, the UBP1-OE sample is
distinctly located closer to the Se and Si experiments than to UBP-KD. Thus, this analysis
showed that the expression profile of the UBP1-OE population is more similar to that of the
stationary-phase epimastigotes than to that of the UBP1mut-KD condition (Fig 9D). The PCA
and correlation between the different experiments analyzed showed that the expression profile
of UBP1-overexpressing parasites resembles that of the epimastigote long-lasting growth
points.

We focused on the analysis of shared DEGs in prolonged cultures of epimastigotes
(SeNSiNSt, hereinafter named as ST) with UBP1-OE or UBP1mut-KD parasites using a [log2
fold change| > 0.58 and FDR-adjusted p value < 0.10. For the UBP1-OE comparison, we fil-
tered genes simultaneously up- or downregulated in both the ST and UBP1-OE groups
(Fig 9E). For the UBP1mut-KD comparison, we focused on genes downregulated in KD and
upregulated in ST (Fig 9F, left) or vice versa (Fig 9F, right). Regarding the STNOE DEGs, the
upregulated list included 85 genes (Fig 9E, left and Sheet A in S4 File), of which 40% code for
trypomastigote cell surface-associated glycoproteins. The downregulated list contains 100
genes coding for proteins related to mitochondria or involved in translation and ribosome
binding (Fig 9E, right and Sheet B in $4 File). For STNKD, we found 12 genes within the DEGs
downregulated in UBP1mut-KD and upregulated in ST, where six hits were related to surface
glycoproteins of the trypomastigote form (Fig 9F, left and Sheet C in S4 File). Lastly, six genes
were obtained when intersecting the DEGs upregulated in UBP1mut-KD and downregulated
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Fig 9. Comparison of UBP1-OE and UBP1mut-KD transcriptomes with distinct RNA-Seq datasets of T. cruzi. A, heatmap
representation of the percentages of shared genes between UBP1mut-KD and different pairwise comparisons. The brown/orange color
indicates greater overlap, whereas the yellow color indicates less overlap. B, heatmap representation of the Pearson correlation between
KD samples with different T. cruzi stages. C, heatmap representation of the Pearson correlation between OE and KD samples with
different epimastigote stationary points: Se (early stationary, day 17 vs. 7), Si (intermediate stationary, day 21 vs. 7), Sf (final stationary,
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day 28 vs. 7), Sf vs. Si and Sf vs. Se. The red/orange color indicates a high correlation, whereas the blue/yellow color indicates a low
correlation. D, principal component (PC) analysis plot displaying the same samples as in A, along PC1 and PC2, which describe 57% and
20% of the variability, respectively. PC analysis was applied to 681 genes with log2 fold change data for all the pairwise comparisons. E,
Venn diagrams of Se, Si, Sf and UBP1-OE upregulated (left) and downregulated (right) genes. F, Venn diagrams of DEGs upregulated in
Se, Si and Sf with UBP1mut-KD downregulated genes (left) and vice versa (right).

https://doi.org/10.1371/journal.pntd.0012179.g009

in ST (Fig 9F, right and Sheet D in S4 File). While these proteins have distinct functions, some
may be related to common cellular processess such as stress response and protein degradation.
Overall, the gene expression profile observed in T. cruzi UBP1-OE samples shared with the epi-
mastigotes in starving conditions is compatible with a transitional parasite stage from replicative
into infective metacyclic trypomastigotes in the insect host, while in the KD parasites, what is
observed is that the transcriptomic signature more closely resembles that of replicative forms.

Discussion

Evolutionary conserved RBP networks and ncRNAs regulate the synthesis of populations of
transcripts encoding proteins that participate in a common cellular process [reviewed in 43].
Trypanosomatid RBPs play a crucial role in orchestrating parasite differentiation, by coordi-
nating the precise timing of developmental processes [11,14,15,44,45]. This holds for TcUBP1,
a protein expressed across all developmental stages of the parasite. TcUBP1 functions by stabi-
lizing or destabilizing myriad mRNAs, depending on the interaction with other stage-specific
components of ribonucleoprotein complexes throughout the parasite life cycle [10]. Our previ-
ous findings revealed that overexpression of TcUBP1 in insect-dwelling epimastigotes
enhanced the abundance of TcS transcripts and altered their subcellular localization to a peri-
nuclear region [36,46]. These observations were further supported by a shift toward mRNA
expression characteristic of infective trypomastigotes [16,36]. These findings agree with previ-
ous reports indicating a three-fold increase in TcUBP1 protein levels during parasite differen-
tiation into metacyclic trypomastigotes [47].

In this study, we briefly present the methodology by which we obtained epimastigotes CL
Brener UBP1mut-KD (Fig 1). These parasites are viable and capable of differentiating into
metacyclic trypomastigote forms at levels similar to the control (Fig 2D), while the OE para-
sites show a higher rate of metacyclogenesis [43]. The KD phenotype does not exhibit an
opposing effect to TcUBP1-OE at this point, possibly because the amount of UBP1 present in
the KD epimastigotes still suffices to carry out differentiation. Analysis of RNA-Seq data from
KD samples confirmed that mapped reads for TcUBPI were interrupted at position 18, where
the hygromycin CDS from the donor sequence was inserted, as outlined in the CRISPR-Cas9
experiment (S2A Fig). Western blotting allowed detecting a band of ~24 kDa, with notably
reduced expression. Worth noting, through cDNA analysis, we obtained a chimeric sequence
with a 5'-end fragment from UBP2 and a 3'-end segment from UBPI. Both open reading
frames are encoded in the same polycistronic gene cluster, with the UBP2 CDS upstream of
the UBPI CDS [23], and we identified putative donor and acceptor splicing sites in both genes
that could generate a product identical in sequence to the UBP1mut protein. Given the diverse
splicing processing that this molecule must undergo, it is feasible to hypothesize that a particu-
lar RNA rearrangement could have been carried out to potentially reverse the TcUBPI knock-
out. Given that the orthologous RRM-motif proteins TbUBP1 and TbUBP?2 are essential for
normal trypanosome growth in T. brucei [48], it is plausible to assume that this condition
applies to T. cruzi as well.

The evidence shown in this paper confirms that TcUBP1 works by affecting the stability of
its mRNA targets. TCUBP1 overexpression in the epimastigote cells led to a significant increase
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in the abundance of 793 genes and a downregulation of 371 genes [16]. In the population of
UBP1mut-KD parasites, a significant decrease of 426 genes and an increase of 276 genes was
observed (|log2 fold change| > 0.58, FRD-adjusted p value < 5%) (S2 File). Genes encoding
surface proteins are the major targets of TCUBP1 and reside in the disruptive genome com-
partment, which shows important variations when comparing CL Brener haplotypes [49].
Because of this, an additional analysis was conducted by mapping the RNA-Seq reads against
the non-hybrid genome Dm28c (TcI) [50], resulting in the identification of groups of DEGs
similar to those obtained previously (see S7 Fig). Thus, the results of the present study rein-
force the idea that the global balance of the TcUBP1 function on the epimastigote cells is
mostly stabilization (Fig 4). By analyzing the transcriptome of these parasites using RNA-Seq
experiments, we identified clusters having partly opposite expression patterns, increasing their
expression in the UBP1-OE parasites and decreasing in the UBP1mut-KD population (S3 File
and S5 Fig). Among the trypomastigote-stage specific genes, 16 were also upregulated in the
transcriptome or translatome of metacyclic trypomastigotes [5] (see S8A Fig). Notably, 13 out
of these 16 genes were trypomastigote-associated cell surface proteins (S8B Fig). Additionally,
six genes were found at the intersection of all the analyzed datasets. Of these six, four are pro-
teins belonging to the TcS superfamily (marked in red in S8 Fig).

Conversely, another cluster of genes related to translation showed increased expression in
the UBP1mut-KD condition and decreased expression in the UBP1-OE condition. This
change in abundances showed that numerous mRNAs differentially expressed in the transcrip-
tome of UBP1mut-KD parasites are regulated in a contrasting manner with respect to those of
the UBP1-OE population. The observed pattern of decreased expression in the OE sample and
increased expression in the UBP1mut-KD sample suggests a potential involvement of these
proteins in the replicative stages of the parasite (we identified six genes coding for hypothetical
proteins in Table 1). In this context, through the use of a homemade bioinformatic algorithm,
we successfully identified the TcCLB.503453.10 gene (HYPO_3) as the Complex I NDUFA5
subunit family (available at https://github.com/sradiouy/DARK). This could suggest a height-
ened relevance during the replicative stages of the parasite, due to the role of the mammalian
protein NADH:ubiquinone oxidoreductase subunit A5 in energy production.

Our comparative transcriptome analysis revealed that the expression pattern of the
UBP1-OE population closely resembles that of epimastigotes in the stationary phase, while
it differs significantly from the UBP1mut-KD condition (Fig 9). These results highlight a
substantial overlap between UBP1-OE and epimastigote stationary phase DEGs, supporting
the notion that UBP1-overexpressing parasites exhibit characteristics of a transitional para-
site form between epimastigotes and metacyclic trypomastigotes in the insect host. The
transition from replicative to infective-type cell also requires a decrease in the rate of trans-
lation, and we currently know that this step is regulated by the expression and phosphoryla-
tion levels of the initiation factor eIF2o. [20]. The knockout of TcK2 protein kinase, which
phosphorylates T. cruzi eIF2a, showed lower release of cell-derived trypomastigotes than
the control [51]. Moreover, the overexpression of eIF2a in amastigotes increases translation
levels and decreases differentiation to infective trypomastigotes [20]. In the same line, over-
expression of UBP1 in a replicative stage decreases the abundance of numerous transcripts
coding for ribosomal proteins, probably withdrawing translation global levels and trigger-
ing an infective-type expression profile. So far, our results evidence once more the close
relationship between regulatory posttranscriptional mechanisms and parasite differentia-
tion, where TcUBP1 stands out as a central factor. In this regard, and in line with our
results, it has been reported that mice immunized with parasites mutants for active trans-
sialidases, which show less differentiation to cell-derived trypomastigotes, were fully pro-
tected against a challenge infection with the virulent T. cruzi Y strain [52]. Since these
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surface glycoproteins are part of a superfamily composed of numerous genes, studying the

role of an upstream regulator, such as TcUBPI, in replicative amastigote cells is promising.
Therefore, future research focusing on mutated TcUBP1 may pave the way for the develop-
ment of new approaches to prevent the spread of infection.

Supporting information

S1 Fig. CRISPR-Cas9 genome editing of TcUBP1, PCR verification. A, Scheme of the gRNA
construct cloned into pEASY-T1 used for in vitro transcription. The T7 promoter region
(black), HH ribozyme (magenta), the gRNA target complementary sequence (orange), the
gRNA target sequence (green), and the cleavage sites of the ribosomes (dotted lines) are
marked. B, Ethidium bromide-stained 2% agarose gel with denatured samples of the in vitro
transcription gRNA product and a known-length RNA marker used as size control (Ctrl.
RNA, 130 nt). The band of greater size corresponds to the gRNA upstream sequence (a), and
one smaller band that is the gRNA sequence (b) are indicated with arrows; the sequence down-
stream to the gRNA is not observed in the gel due to its low size (left), Scheme of the construct
obtained after transfection with the complete system. The hygromycin resistance CDS was
used as donor DNA (cyan) flanked by homologous sequences on both sides to the spCas9 site
(tomato). The spCas9 cutting site is indicated within the coding sequence of TcUBPI (red
arrow), TcUBPI CDS (tomato), 5’ and 3'-untranslated region of TcUBP1, and target sequence
recognized by the gRNA (orange) (right). C, Agarose gel electrophoresis of PCR products from
genomic DNA extracted from wildtype (WT) populations (lane 1), spCas9-GFP (lane 2) or
populations transfected with the complete system (spCas9-gRNA-DNA donor) (lane 3) gener-
ated using forward and reverse-specific primers for hygromycin, for TcUBP1, or a combination
of specific forward oligo for TcUBPI and reverse oligo for hygromycin. D, PCR products from
c¢DNA of KD or WT parasites generated using a forward primer specific to the Spliced leader
sequence and a reverse primer specific to the TcUBPI CDS; or with both specific primers for
TcUBPI CDS. E, PCR products from cDNA of KD or WT parasites generated using a combi-
nation of forward/reverse primers specific for TcUBPI, TcUBP2, SL, T7 or hygromycin. Molec-
ular mass protein standards or DNA markers are indicated on the left. Pos. Ctrl., positive PCR
control; Neg. Ctrl., negative PCR control. SL, spliced-leader sequence.

(TIF)

S2 Fig. TcUBP1: visualization of RNA-seq reads and protein sequence alignment. A,
Mapped reads were visualized using IGV software. Coverage of reads is shown on the upper
part of the IGV image. The scheme shows the 5'-end of TcUBPI CDS and the arrow indicates
the position where the hygromycin gene was inserted. B, Pairwise sequence comparison
between TcUBP1 and TcUBP1mut proteins obtained with the Jotun Hein Method. Sequences
were aligned using Lasergene package (DNASTAR Inc.).

(TIF)

$3 Fig. Microscopy images of control samples processed without the primary antibody.
Immunohistochemical staining of WT and KD samples processed without the primary anti-
body (red channel, control). In the DAPI panel (blue channel, DNA), the nuclear (N) and
kinetoplast (K) DNA of T. cruzi are indicated.

(TIF)

S4 Fig. Most correlated samples (n = 20 genes). The key is as for Fig 4B. The Z-score scale
bar represents relative expression +/- SD from the mean.
(TTF)
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S5 Fig. Transcripts whose abundance inversely responds to TcCUBP1 expression levels. The
key is as for Fig 5 but showing the number of genes 1.5-fold regulated in each condition OE
and KD with respect to the WT control (|log2 fold change| >0.58). TcUBP1
(TcCLB.507093.220) is not plotted, due to its extreme scale.

(TIF)

$6 Fig. GO enrichment analysis of all the genes regulated in UBP1-OE versus KD parasites.
GO classification of DEGs using a criterion of at least 1.5-fold change (|log2 fold change| >
0.58); the graphs show a word cloud of terms for each quadrant of Fig 4D (only for GO
domain: molecular function). Q1, n = 61 genes; Q2, n = 185 genes; Q3, n = 45 genes; Q4,

n = 38 genes.

(TIF)

S7 Fig. RNA-seq analysis of OE, KD and WT samples against the non-hybrid Dm28c
genome. A, PCA plot displaying all 9 samples along PC1 and PC2, which describe 91% and 5%
of the variability, respectively, within the expression data set. B, Heatmap and complete linkage
clustering using all replicates per group, 1,990 significant genes with |log2 fold change | > 1
were clustered. The key is as for Fig 4B. C, volcano plot showing the differential expression
analysis of genes in UBP1mut-KD and WT parasites. Tomato and cyan dots show nonsignifi-
cant and significant DEGs, respectively. D, Venn diagrams showing the number of genes
1.5-fold affected in each condition (OE and KD) with respect to the WT control (|log2 fold
change| >0.58). The graphs show the word clouds of GO terms generated from the gene lists
obtained from each intersection (only for GO domain: molecular function). E, Violin plots dis-
playing the expression distribution of the genes within four categories in the OE or KD tran-
scriptomes relative to the WT control (log2 fold change, FDR-adjusted p value < 10%).
Categories in the figure are indicated at the top of each panel; they display significantly differ-
ent values between the two conditions (Student’s ¢-test, p value < 0.001).

(TIF)

S8 Fig. Venn diagram representing the total number of DEGs among UBP1-OE, UBP1-
mut-KD, metacyclic transcriptome and translatome. A, UBP1-OE upregulated (log2 fold
change >0.58), UBP1-mutKD downregulated (log2 fold change < -0.58), and transcriptome
or translatome upregulated in MT (log2 fold change >1) are shown. B, list of the intersection
of genes belonging to UBP1-OE (upregulated) N UBP1mut-KD (downregulated) N [MTvsE-
transcriptome (upregulated) U MTvsE-translatome (upregulated)]. In red, glycoprotein mem-
bers of the TcS superfamily.

(TIF)

S1 Table. Oligonucleotides used in this work.
(XLSX)

S1 File. DEGs (>2X) up- or downregulated in UBP1mut-KD parasites. List of up- and
downregulated genes after UBP1 knockdown based on [log2 fold change| > 1 & FDR-adjusted
p value < 0.05.

(XLSX)

S2 File. DEGs (>1.5X) up- or downregulated in UBP1mut-KD parasites. List of up- and
downregulated genes after UBP1 knockdown based on [log2 fold change| > 0.58 & FDR-
adjusted p value < 0.05.

(XLSX)
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S3 File. Consistent genes affected in the opposite way in both OE and KD conditions
(>1.5-fold or |Log?2 fold change| = 0.58, FDR-adjusted p value < 0.05). Sheet A, 185 genes
stabilized in OE parasites and destabilized in KD parasites; Sheet B, 38 genes stabilized in KD
parasites and destabilized in OE parasites. Sheet C, extra information on Table 2.

(XLSX)

$4 File. Shared DEGs of the prolonged cultures of epimastigotes with UBP1-OE or UBP1-
mut-KD parasites (|log2 fold change| > 0.58 and FDR-adjusted p value < 0.10). Sheet 4, 85
DEGs upregulated in OE and upregulated in SeNSiNSf; Sheet B, 100 DEGs downregulated in
OE and downregulated in SeNSiNSf; Sheet C, 12 DEGs downregulated in UBP1mut-KD and
upregulated in SeNSiNSt; Sheet D, 6 DEGs upregulated in UBP1mut-KD and downregulated
in SeNSiNSt.

(XLSX)
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