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The virulence of Plasmodium falciparum, which causes the deadliest form of human
malaria, is attributed to its ability to evade the human immune response. These para-
sites “choose” to express a single variant from a repertoire of surface antigens called
PfEMP1, which are placed on the surface of the infected red cell. Immune evasion is
achieved by switches in expression between var genes, each encoding a different
Pf EMP1 variant. While the mechanisms that regulate mutually exclusive expression of
var genes are still elusive, antisense long-noncoding RNAs (lncRNAs) transcribed from
the intron of the active var gene were implicated in the “choice” of the single active var
gene. Here, we show that this lncRNA colocalizes with the site of var mRNA transcrip-
tion and is anchored to the var locus via DNA:RNA interactions. We define the var
lncRNA interactome and identify a redox sensor, P. falciparum thioredoxin peroxidase
I (Pf TPx-1), as one of the proteins associated with the var antisense lncRNA. We
show that Pf TPx-1 localizes to a nuclear subcompartment associated with active tran-
scription on the nuclear periphery, in ring-stage parasite, when var transcription occurs.
In addition, Pf TPx-1 colocalizes with S-adenosylmethionine synthetase (Pf SAMS) in
the nucleus, and its overexpression leads to activation of var2csa, similar to overexpres-
sion of Pf SAMS. Furthermore, we show that Pf TPx-1 knockdown alters the var
switch rate as well as activation of additional gene subsets. Taken together, our data
indicate that nuclear Pf TPx-1 plays a role in gene activation possibly by providing a
redox-controlled nuclear microenvironment ideal for active transcription.
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Malaria remains a serious global health issue with 241 million cases and an estimated
627,000 deaths per year (1), mostly caused by the protozoan parasite, Plasmodium falcip-
arum. The virulence of P. falciparum is attributed to its ability to modify the infected
red blood cells (iRBCs), causing them to adhere to endothelial receptors, thereby remov-
ing the iRBCs from the circulation and preventing their clearance by the spleen and at
the same time causing local inflammation and blockage of blood vessels. The major
ligand responsible for the cytoadhesive properties of the iRBCs is P. falciparum erythro-
cyte membrane protein 1 (Pf EMP1), which is expressed by the parasite, placed on the
iRBC surface, and binds to host endothelial receptors. Pf EMP1 is encoded by a multi-
copy gene family named var. Each var gene encodes a different Pf EMP1 variant, and
the var gene repertoire in different parasite isolates may vary between 47 and 90 genes
per parasite genome (2). To avoid unnecessary exposure of its antigenic repertoire, var
gene expression has evolved so that each parasite expresses a single var gene at a time and
maintains the rest of the gene family transcriptionally silent. Once the human immune
system recognizes Pf EMP1, antibodies are generated to target the invading pathogen
and often significantly reduce the number of infected cells. However, a small subset of
parasites switches expression to a different Pf EMP1 variant, thereby avoiding antibody
recognition and continuing the infection. Thus, the ability of the parasite to evade the
antibody-mediated response against Pf EMP1 relies on mutually exclusive var gene
expression and antigenic switches in expression between different var genes.
The mechanism of mutually exclusive var gene expression in human infections is

not completely understood; however, it is epigenetically regulated and involves histone
modifications, promoter pairing, and long-noncoding RNAs (lncRNAs) (3). The pro-
moter found within the var intron is bidirectional and is responsible for the production
of long-noncoding transcripts, which are capped but not polyadenylated (4), suggesting
that they are retained and function in the nucleus. The antisense lncRNA is transcribed
by the single active var gene at the ring stage when the var mRNA is produced. Ectopic
expression of var-specific antisense lncRNAs activates a silent gene in a dose-dependent
manner, while interference with the endogenous lncRNA leads to transcriptional
down-regulation of the active var gene, switching, and loss of epigenetic memory (5).
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However, the mechanism by which the lncRNA facilitates var
gene activation is not understood. In other organisms, lncRNAs
are implicated in recruitment of protein complexes important for
chromatin modifications and transcriptional control (6). We
hypothesized that the var antisense lncRNA could similarly func-
tion to recruit factors important for var expression.
We uncovered the antisense lncRNA interactome, which

includes thioredoxin peroxidase I (Pf TPx-1), a well-studied
redox protein that is responsible for H2O2 homeostasis and
redox relays to downstream proteins (7–14). During the intraer-
ythrocytic developmental cycle, the parasite is under constant
oxidative stress from both inside and outside the RBC. As the
parasite matures, it produces reactive oxygen species (ROS) from
mitochondrial electron transport and from digestion of hemo-
globin as a food source (15, 16). The parasite also encounters
high levels of ROS from antimalarial compounds, high fevers,
and immune cells. However, little is known about redox sensing
and regulation of gene expression in P. falciparum. We found
that in addition to its cytoplasmic role, Pf TPx-1 is also located
in a subcellular nuclear compartment of active transcription that
includes the var expression site. Furthermore, alterations in
Pf TPx-1 expression change var gene switching and influence
transcriptional activation of additional gene subsets. Taken
together, these results demonstrate a role for Pf TPx-1 in gene
regulation at a particular subnuclear compartment, potentially
by creating an optimal niche for transcription.

Results

var Antisense lncRNAs Colocalize with the Site of var mRNA
Transcription and Are Anchored via DNA:RNA Interactions.
We have previously shown that the antisense lncRNA is
expressed from the promoter found within the intron of the
active var gene (5). This lncRNA is incorporated into the chro-
matin and plays an important role in the activation of the sin-
gle var gene that is expressed (5). To localize the antisense
lncRNA transcript within the parasite nucleus, we performed
two-color RNA-fluorescence in situ hybridization (FISH) with
strand-specific RNA probes in the DC-J transgenic parasite line
(17). This line allows for activation of a specific var gene
(PF3D7_0223500-BSD) by culturing the parasites in the
presence of blasticidin-S-HCl (DC-J “ON”), whereas a clonal
parasite population grown in the absence of blasticidin (DC-J
“OFF”) expresses the PF3D7_0421300 var gene. Previous
work showed that var transcripts localize to a specific nuclear
site, which is distinct from the location of transcripts of unre-
lated genes (18). We observed colocalization of the var mRNA
and antisense lncRNA at the nuclear periphery during the ring
stage in both parasite populations (DC-J ON and OFF), indi-
cating that the lncRNA is found in close proximity to the
nascent var mRNA at the var expression site (Fig. 1 A and B).
The vast majority of the signals observed were characteristically
condensed spots with fewer than 5% showing a diffused pattern
(Fig. 1C). However, when performing similar RNA-FISH using
RNase H treatment to break up DNA:RNA hybrids, we found
that 100% of the antisense lncRNA signals became diffused,
while the majority of the var mRNA signals remained in con-
densed spots (Fig. 1 D–F). This result supports the idea that
the antisense lncRNA is anchored to the var expression site via
DNA:RNA interaction, possibly labeling the active locus.

The Conserved Region of the var Antisense lncRNA Is Predicted
to Form Secondary RNA Structures. The antisense lncRNA tran-
scribed by var introns is 1.7- to 2.5-kb long and contains sequences

from the intron as well as the 30 region of exon 1 (4) (Fig. 2A).
The intronic part of the RNA transcript is conserved among the
var gene family and contains the sequence of the pairing elements,
which were shown to be essential for var gene silencing and mutu-
ally exclusive expression (19). On the other hand, the transcript
encoded by the 30 of exon 1 contains hypervariable sequences that
may contribute to the “choice” for specific var gene activation. We
hypothesized that the var antisense lncRNA may contribute to var
gene activation by forming a DNA:RNA hybrid with its gene-
specific sequence and by recruiting activation factors to the
“chosen” locus through its conserved region. Using a bioinformatic
tool for structural RNA prediction (RNAalifold Server of the Vien-
naRNA WEB), we analyzed the antisense lncRNA conserved
region from the entire var gene family. As expected, given its
sequence conservation, the analysis revealed a unique secondary
structure composed of a loop and a highly preserved stem at the
first 20 nt, which contains a repetitive TATA sequence (4) (Fig.
2B, green). This basic structure of the loop and the conserved stem
is maintained among all var genes, even though the number of
stems vary (SI Appendix, Fig. S1).

The Conserved Region of var Antisense lncRNA Binds Specific
Nuclear Proteins. As a first step to identify the nuclear proteins
that are recruited to the active var gene via the antisense
lncRNA, we used biotinylated RNA probes specific to either the
UA-RNA stem-loop (TATA) region or to the pairing element
sequences (IntPE) of the conserved region of the antisense
lncRNA of PF3D7_0223500 (Fig. 2B and SI Appendix, Table
S1). A non-Plasmodium RNA sequence (HSL RNA) was used as
a control. These probes were incubated with nuclear extract
taken from ring-stage parasites (Fig. 2C). Identification of bound
proteins by liquid chromatography tandem mass spectrometry
(LC-MS/MS) revealed 33 and 39 proteins that were exclusively
bound, or enriched more than 10-fold, to the TATA and PE
probes, respectively (SI Appendix, Table S2 and S3). Interest-
ingly, 28 proteins were shared between the two experiments, and
among them are proteins involved in DNA:RNA binding, cellu-
lar metabolism, and translation (Table 1). To confirm that the
proteins identified in the in vitro pull-down are present at the
active var locus in cultured parasites, we performed domain-
specific chromatin isolation by RNA purification, (dChIRP)
(20, 21). RNA probes were designed for the conserved-intron
region (P1), the hypervariable region (P2), and the 50 region of
exon 1 (P3), a region that does not have a complementary anti-
sense transcript associated with it (Fig. 2D and SI Appendix,
Table S4). It is worth noting that in this experiment, the variable
P2 region is much larger than the conserved P1 region (206 bp
vs. 1,663 bp). Nevertheless, P1 pulled down more proteins than
P2 (55 vs. 19), and most of the P2-associated proteins were histo-
nes. These results support our hypothesis that P1 might be
involved in recruiting proteins to the active var gene locus. We
identified 28 proteins that were uniquely associated with the con-
served P1 domain of the antisense lncRNA (Fig. 2E and SI
Appendix, Tables S5 and S6). To narrow down our analysis, we
looked at the overlap between the proteins identified by all three
approaches and found three proteins: thioredoxin peroxidase I
(Pf TPx-1, PF3D7_1438900), ornithine aminotransferase (Pf OAT,
PF3D7_0608800), and elongation factor 2 (PF3D7_1451100)
(Table 1, boldface). Given the reasons below, we chose to focus
on Pf TPx-1.

Pf TPx-1 Is Localized to the Active var Expression Site in Ring-
Stage Parasites. Pf TPx-1 belongs to the 2-Cys peroxiredoxin fam-
ily that is responsible for detoxifying ROS and reactive nitrogen
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species from the parasite’s oxygen-rich environment (14). In addi-
tion to their peroxidase activity, peroxiredoxins are now recognized
as sensors and transducers of H2O2 status via the transfer of their
oxidation state to effector proteins (22). Plasmodium parasites pos-
sess five peroxiredoxins localizing to various organelles, including
the nucleus, cytoplasm, and mitochondria (23). Pf TPx-1 is abun-
dantly expressed in the trophozoite stage and is described as a cyto-
plasmic protein (7). We were intrigued that we repeatedly identified
Pf TPx-1 as a nuclear protein associated with the lncRNA tran-
scribed by the active var gene, and decided to further investigate the
nuclear role of Pf TPx-1, specifically looking at var gene regulation.
As a first step, we created a recombinant Pf TPx-1 and confirmed
its ability to directly bind the var antisense lncRNA by RNA
EMSA (SI Appendix, Fig. S2).
We then created a transgenic line using the selection-linked

integration (pSLI) system (24), where Pf TPx-1 was endoge-
nously tagged with 3× HA-tags and the glmS ribozyme was
fused with the mRNA transcript to allow for inducible knock-
down of the gene upon the addition of glucosamine (25) (SI
Appendix, Fig. S3). Immunofluorescence analysis (IFA) revealed
that Pf TPx-1 localizes to a distinct focus at the nuclear periph-
ery in ring-stage parasites and is more diffused in late stages
(Fig. 3A and SI Appendix, Fig. S4). Using superresolution

stochastic optical reconstruction microscopy (STORM) imag-
ing, we were able to visualize the nuclear signal at higher reso-
lution and obtained two patterns of localization: one in which
the Pf TPx-1 signal is clustered to one concentrated spot on the
nuclear periphery (Fig. 3 B, Left), and another where the signal
is in patches along one side of the nuclear periphery (Fig. 3 B,
Right). While this difference is likely due to differences in ori-
entation of the parasite, it seems that Pf TPx-1 occupies a larger
nuclear region than just the var expression site. To confirm
that Pf TPx-1 is indeed nuclear in ring-stage parasites, we per-
formed subcellular fractionation and detected Pf TPx-1 in both
nuclear and cytoplasmic compartments in ring-stage parasites,
while in later stages it is mostly cytoplasmic (Fig. 3C). This is
in agreement with a previous proteomic analysis that also found
Pf TPx-1 in the nucleus (26). To determine whether the
nuclear Pf TPx-1 observed in ring-stage parasites localizes to
the var expression site, we performed RNA-FISH in parasites
exclusively expressing var2csa (CSA line). We visualized the
active var gene using var2csa-specific probes and observed
colocalization of Pf TPx-1 with the var mRNA signal in all the
cells where both signals were present (n = 111), confirming the
results of our pull-down experiments that Pf TPx-1 is found at
the var expression site (Fig. 3D and SI Appendix, Fig. S5).

Fig. 1. var antisense lncRNAs colocalize with
the site of var mRNA transcription and are
anchored via DNA:RNA interactions. Dual color
RNA-FISH of the var antisense lncRNA and the
var mRNA of two different active var genes in
tightly synchronized ring stage parasites at
∼18 h postinvasion. Nuclei are stained with
DAPI (blue). (A) Dual color RNA-FISH showing
the nuclear positioning of messenger RNA
(red) and antisense ncRNA (green) actively
transcribed from the PF3D7_0223500-BSD
(Upper) or PF3D7_0421300 (Lower) var genes.
(B) Quantification of positive nuclei shown in A.
(C) Quantification of fluorescent signal appear-
ance (diffused vs. spotted) of positive nuclei
shown in A. (D) Nuclear positioning of mRNA
(red) and antisense ncRNA (green) actively tran-
scribed from the PF3D7_0223500-BSD (Upper) or
PF3D7_0421300 (Lower) var genes after treat-
ment with 120U of RNase-H. (E) Quantification
of positive nuclei shown in D. (F) Quantification
of fluorescent signal appearance (diffused vs.
spotted) of positive nuclei shown in D. (Scale
bars, 5 μm.)
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Remarkably, while the signal of the var2csa transcript overlaps
with Pf TPx-1 (Mander’s overlap coefficient 0.97), the Pf TPx-1
signal occupies a larger nuclear area (Mander’s overlap coefficient
0.34), indicating that Pf TPx-1 may have additional nuclear
functions that are not limited to the var expression site.

PfTPx-1 Localizes to a Transcriptionally Active Nuclear Region
in Ring-Stage Parasites. We were further interested in checking
whether additional genes transcribed at a particular subnuclear
compartment are associated with Pf TPx-1. One of the most
abundant RNA species transcribed in ring-stage parasites are
rRNAs located in a peri-nuclear compartment overlapping with
the nucleolar marker fibrillarin (PF3D7_1407100), also
referred to as Pf Nop1 (27). Although a defined nucleolus was
never observed in Plasmodium, Pf TPx-1 has been shown to
interact with Pf Nop1 in vitro (8, 10). Using IFA analysis, we
found that in ring-stage parasites Pf TPx-1 and Pf Nop1 were
adjacent at the nuclear periphery, with some regions of overlap

(Fig. 4A). Superresolution STORM imaging confirmed this
observation and more clearly distinguished regions where the
two proteins colocalized (Fig. 4B), indicating that Pf TPx-1 is
also present in the area referred to as the nucleolus where active
transcription of rDNA takes place. An additional subnuclear
compartment associated with active transcription is the region
near the nuclear pore complexes (NPC). Gene positioning near
the NPC is thought to enhance transcription and aid in imme-
diate mRNA transport (28, 29). P. falciparum shows a unique
clustering of the NPC at a distinct region of the nuclear enve-
lope in ring-stage parasites, as well as in late schizonts, where
these clusters are located adjacent to euchromatic regions (30,
31). Given that Pf TPx-1 is present in a region of active tran-
scription, we tested whether active transcription could take
place near the NPC. We used Pf Sec13, which was shown to
be an essential nucleoporin, as a marker for the NPC (30). We
found that in ring-stage parasites, Pf TPx-1 colocalizes with
Pf Sec13, with Pf TPx-1 once again occupying a larger region

Fig. 2. The conserved region of the var anti-
sense lncRNA is predicted to form secondary
RNA structure and binds specific nuclear pro-
teins. (A) Schematic diagram of var gene struc-
ture. The antisense lncRNA (gray line, ∼1.7 kb
in length) is transcribed from a bidirectional
promoter located at the var intron (black
arrows) and can be divided into two regions:
conserved region complimentary to the var
intron (∼400 nt in length) and a hypervariable
region complimentary to exon 1 (∼1,300 nt in
length). The pairing element (PE) repeats of the
var intron are marked with light blue, dark
blue, and red rectangles. The presentation of
the PE motifs above or below the genes repre-
sents their orientation on the DNA strands and
on the lncRNA. (B) Secondary structure of
PF3D7_0223500-BSD var antisense conserved
region. Positions marked in green served for
the antisense UA-RNA stem-loop probe (TATA)
and positions marked in red served for the
antisense PE RNA probe (IntPE). Prediction of
secondary structures was done using the RNA-
fold Server of the ViennaRNA WEB. (C) Sche-
matic diagram of affinity chromatography assay
using streptavidin coated magnetic beads (blue
circle), biotinylated nucleic acid probes (green
circle and orange line, respectively), and nuclear
extract (colored shapes). Purified proteins were
analyzed using MS. Affinity chromatography
was performed with nuclear extract produced
from DC-J ON parasite line in which the chro-
mosomal bsd cassette (PF3D7_0223500-BSD) is
active. (D) dChIRP was performed using the
DC-J OFF parasite line in which the var gene,
PF3D7_0421300, is active. Two sets of probes
were designed to bind the antisense lncRNA of
PF3D7_0421300 (odds and evens) and were
divided to three pools; probes designed to bind
the conserved region of the antisense lncRNA
(P1), probes designed to bind the hypervariable
region of the antisense lncRNA (P2), and probes
that are complementary to the 50 edge of exon
1 in which the var lncRNA antisense does not
reach (P3). Tightly synchronized ring-stage para-
sites at ∼18 h postinvasion were cross-linked and
sonicated. Biotinylated probes were incubated
with parasite extract and were bound to strepta-
vidin magnetic beads. Proteins bound in each
pool were identified using LC-MS/MS. (E) Venn
diagram depicting the overlap in proteins identi-
fied using the three experimental approaches:
TATA-stem loop affinity chromatography, IntPE
single-stranded RNA affinity chromatography,
and dCHIRP.
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than Pf Sec13 (Fig. 4C). Furthermore, since we found that the
active var gene colocalized with Pf TPx-1 (Fig. 3D), we tested
the association of the var expression site and the NPC. We per-
formed RNA-FISH in the var2csa expressing line, ectopically
expressing a Pf Sec13-Halo fusion protein, and found that
Pf Sec13 colocalizes with the active var gene in over 80% of the
parasites (n = 128) (Fig. 4D). Altogether, these observations indi-
cate that Pf TPx-1 is located in regions of active transcription
near the NPC during the ring stage.

PfTPx-1 Is Involved in var Gene Switching. Given that Pf TPx-1
is found at the var expression site, we reasoned that altering
expression of Pf TPx-1 may lead to changes in var gene expres-
sion. The Pf TPx-1HAglmS transgenic line was created in the
DC-J background to allow for selective activation of the var-bsd
gene (PF3D7_0223500-BSD), which also enables controlled
monitoring of var switching patterns over time upon Pf TPx-1
knockdown. We chose a clone in which the var-bsd transgene
was silent and another var gene was active (PF3D7_1240300/
1240600) (SI Appendix, Fig. S6D), and knocked down Pf TPx-1
expression using 5 mM GlcN (Fig. 5A and SI Appendix, Fig.
S6A). We observed that upon the addition of blasticidin, RNA
levels of the active var gene go down as the var-bsd transgene
(PF3D7_0223500-BSD) becomes the dominant transcript in
the parasite culture (Fig. 5C and SI Appendix, Fig. S8B), indicat-
ing that switching can occur despite Pf TPx-1 knockdown. We
then removed blasticidin from the cultures and followed var
switching patterns over time (Fig. 5A). We found that the switch

rate per generation in parasites in which Pf TPx-1 was knocked
down by GlcN was reduced by 40 to 55% (1.2 to 1.26 off rate
per generation) compared to the DC-J parent line where Pf TPx-1
is expressed and displayed a 2.1 to 2.7% off rate per generation
(32) (Fig. 5B). Pf TPx-1HAglmS parasites growing on regular
media displayed a 15 to 41% reduction in switch rate (1.6 to 1.8
off rate per generation) compared to the parent line. Interest-
ingly, we found that Pf TPx-1 expression levels, measured by
RT-qPCR, were reduced in the Pf TPx-1HAglmS transgenic line
even without addition of GlcN (SI Appendix, Fig. S6B), which is
associated with the reduction in var switch rate (Fig. 5B). In
addition, we observed unusually high levels of the active var tran-
script in our Pf TPx-1HAglmS transgenic line, where Pf TPx-1
transcription levels are low as compared to the DC-J control (SI
Appendix, Figs. S6B, S7, and S8A). This increase in transcript
abundance is even more pronounced upon Pf TPx-1 knock-
down, suggesting that switching away from the active var gene is
altered when Pf TPx-1 levels are low (SI Appendix, Fig. S7).
Taken together, these data suggest that var gene switching is
delayed without sufficient Pf TPx-1 expression.

Overexpression of PfTPx-1 Induces Switching to var2csa. As a
complementary approach to Pf TPx-1 knockdown, we used a
regulatable system (33) to overexpress Pf TPx-1 in an NF54
clonal population (C3) by increasing blasticidin concentrations
(SI Appendix, Fig. S9A). To control for any off-target effects of
blasticidin, a similar plasmid expressing GFP was transfected
into the same parasite line. We monitored the expression of the

Table 1. Nuclear proteins identified by affinity chromatography in both the TATA-stem loop and PE sequences of
the antisense lncRNA

Cellular process PlasmoDB ID Annotation

Enrichment

IntPE TATA

DNA/RNA binding PF3D7_0919000 Nucleosome assembly protein * *
PF3D7_1006200 DNA/RNA-binding protein Alba 3 * *
PF3D7_1011800 PRE-binding protein * *
PF3D7_1105100 Histone H2B 63-fold 55-fold
PF3D7_1202900 High mobility group protein B1 * *
PF3D7_1224300 Polyadenylate-binding protein 1, putative * *
PF3D7_1347500 DNA/RNA-binding protein Alba 4 * *
PF3D7_1426100 Transcription factor BTF3, putative * *
PF3D7_1438900 Thioredoxin peroxidase 1 50-fold 42-fold

Metabolism PF3D7_0513300 Purine nucleoside phosphorylase * *
PF3D7_0608800 Ornithine aminotransferase * *
PF3D7_0922500 Phosphoglycerate kinase * *
PF3D7_1324900 L-lactate dehydrogenase * *
PF3D7_1444800 Fructose-bisphosphate aldolase * *
PF3D7_1462800 Glyceraldehyde-3-phosphate dehydrogenase * *

Translation PF3D7_0309600 60S acidic ribosomal protein P2 * *
PF3D7_0517000 60S ribosomal protein L12, putative * *
PF3D7_0913200 Elongation factor 1-β * *
PF3D7_1357100 Elongation factor 1-α 22-fold 12-fold
PF3D7_1451100 Elongation factor 2 * *

Conserved unknown function PF3D7_0721100 Conserved protein, unknown function * *
PF3D7_0813300 Conserved protein, unknown function * *
PF3D7_1115800 Conserved Plasmodium protein, unknown function * *

Other PF3D7_0505800 Small ubiquitin-related modifier * *
PF3D7_0826700 Receptor for activated c kinase * *
PF3D7_1115600 Peptidyl-prolyl cis-trans isomerase * *
PF3D7_1129100 Parasitophorous vacuolar protein 1 * *
PF3D7_1229400 Macrophage migration inhibitory factor * *

Proteins were grouped by function. The three proteins shaded in boldface were also identified using the dCHIRP methodology. A full list of proteins identified in each method can be
found in SI Appendix, Tables S2, S3, S5, and S6. Asterisks (*) denotes proteins exclusively found in antisense specific versus control probes.
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entire var gene family by RT-qPCR (34) over time to detect
changes caused by Pf TPx-1 overexpression. The initial C3 cul-
ture displayed heterogeneous var gene expression with no domi-
nant var gene being transcribed in the parasite population (Fig. 6
A, Top, and SI Appendix, Fig. S9B). After the transfected parasite
lines were established by selection with 2 μg/mL blasticidin, we
performed RT-qPCR to obtain a baseline var transcription profile
(Fig. 6), since transfection presents a bottleneck where var gene
expression could change simply due to isolation of subpopulations
from the original culture. The amount of blasticidin in the media
was then increased to 10 μg/mL and RNA samples of ring-stage
parasites were collected after 3 wk and 3 mo. We noticed that
over time there was a gradual shift toward expression of var2csa
in the line overexpressing Pf TPx-1, while var2csa levels remained
low in the GFP overexpression control (11.2% vs. 2.5% at 3 wk
and 24.3% vs. 2% at 3 mo) (Fig. 6A and SI Appendix, Fig. S9 C
and D). Both the original culture and the GFP control exhibited
var gene switching, as is typical for a heterogenous culture, but
the rate of var2csa activation remained low compared to the
Pf TPx-1 overexpression line (Fig. 6 and SI Appendix, Fig. S9 B
and C). This result suggests that overexpression of Pf TPx-1 leads

to transcriptional changes that cause parasites within the popula-
tion to switch to var2csa at an accelerated rate.

Pf TPx-1 Colocalizes with Pf SAMS in the Nucleus of Ring-Stage
Parasites. Accelerated activation of var2csa upon Pf TPx-1 over-
expression is similar to a phenotype previously observed when a
dominant–negative version of the histone methyl-transferase
Pf SET2 was overexpressed (35). Histone methylation requires a
constant supply of methyl groups, primarily supplied by the
methyl donor, S-adenosylmethionine (SAM). Pf TPx-1 has been
shown to interact with enzymes involved in SAM metabolism
in vitro, including SAM-synthetase (SAMS) (PF3D7_0922200)
(8, 10), and has experimentally been shown to act as an oxidore-
ductase and enhance SAMS activity in vitro (36). Although
SAM is needed for DNA and RNA methylation in the nucleus,
SAM metabolism is generally thought to take place in the cyto-
plasm. To test whether the nuclear Pf TPx-1 found at the var
expression site could possibly interact with SAMS in the nucleus,
we transfected a plasmid expressing Pf SAMS-3 X MYC into the
transgenic Pf TPx-1HA-glmS line. By IFA, we found that
Pf SAMS localized to a distinct region on the nuclear periphery
in ring-stage parasites and showed partial overlapping occupancy
with Pf TPx-1 (Fig. 7A). Nuclear localization of Pf SAMS was
confirmed by cellular fractionation (Fig. 7B). The proximity of
Pf TPx-1 to Pf SAMS in the nucleus in ring-stage parasites sug-
gests that they may act together at the var expression site to epi-
genetically regulate var gene expression. Interestingly, when we
overexpressed Pf SAMS in the Pf TPx-1 line, var2csa was acti-
vated, similar to the phenotype observed when Pf TPx-1 was
overexpressed (Fig. 7C). This similarity further supports the idea
that Pf TPx-1 may be recruited to the active var gene to support
optimal redox conditions for Pf SAMS enzymatic activity that
appears to be important for epigenetic regulation.

PfTPx-1 Knockdown Causes Transcriptional Changes of Several
Gene Subsets. To look at the global transcriptional changes caused
by Pf TPx-1 down-regulation, RNA sequencing (RNA-seq) was
performed on tightly synchronized late ring stages of the DC-J
line and a clone of the Pf TPx-1HAglmS line grown in the
absence or presence of 5 mM GlcN for 96 h. Performing this
comparison two cycles after knockdown, at late ring stages when
Pf TPx-1 is mostly nuclear, maximizes our ability to potentially
detect both primary and secondary transcriptional changes. We
found that Pf TPx-1 mRNA levels were 3.5-fold down-
regulated in the Pf TPx-1HAglmS compared to the parent DC-J
line, and 78-fold down-regulated upon GlcN treatment (Fig. 8).
We ensured that the RNA-seq data from all samples
corresponded to hour 16 of the cell cycle, indicating that any dif-
ferences observed are due to the treatment condition (GlcN/
Pf TPx-1 knockdown) and not due to differences in cell-cycle
timing. Our analysis indicated that there are few transcriptomic
differences between DC-J and Pf TPx-1HAglmS growing on regular
media (Fig. 8B); however, upon Pf TPx-1 knockdown (+GlcN),
692 transcripts were significantly changed (Padj < 0.05) by at least
twofold as compared to the DC-J control grown on GlcN (Fig.
8C). Strikingly, 91% (632 of 692) of these transcripts were
down-regulated and only 9% were up-regulated, indicating that
Pf TPx-1 may function as a nuclear factor that is involved in pro-
viding the optimal conditions for transcriptional activation. Our
data showing that Pf TPx-1 is present in the part of the nucleus
where active transcription takes place is in line with this observa-
tion. The up-regulated genes consisted primarily of genes from
multicopy gene families (Pf EMP-1, stevor, rifins, Pf MC-2TM),
which are often distinct between two clonal populations. Despite

Fig. 3. PfTPx-1 is localized to the active var expression site in ring-stage
parasites. (A) Immunofluorescence microscopy of PfTPx-1, endogenously
tagged with HAx3 in ring (Upper) and schizont (Lower) parasites. Nuclei are
stained with DAPI. (Scale bar, 2 μm.) (B) Superresolution STORM imaging of
tightly synchronized ring-stage parasites (∼18 h postinfection) expressing
PfTPx-1HAx3. Nuclei stained with YOYO1 were imaged by conventional epi-
fluorescence for cellular orientation. (Scale bar, 0.5 μm.) (C) Cellular frac-
tionation of synchronized ring and late-stage parasites was performed on
the PfTPx-1HAglmS line and nuclear and cytoplasmic extracts (NE and CE,
respectively). PfTPx-1 was detected with anti-HA, antialdolase was used as
a cytoplasmic marker, and antihistone H3 as a nuclear marker. (D) RNA-
FISH, of var2csa-expressing parasites that episomally express sfGFP-PfTPx-1
fusion (green), using custom-designed Stellaris probes that hybridize to
var2csa (red). In all nuclei (n = 111) PfTPx-1 was found to overlap with the
active var mRNA. (Scale bar, 1 μm.)
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the almost 80-fold reduction in Pf TPx-1 transcript, the resulting
down-regulation of other transcripts was more modest (average
3.24-fold down-regulation, range log2fold �10 to �1), yet signif-
icant. Gene ontology and metabolic pathway enrichment analysis
of down-regulated genes showed significant enrichment in the cat-
egories of nucleotide biosynthesis, mitochondrial electron trans-
port, DNA binding and replication, and oxidoreductase activity
(SI Appendix, Fig. S10). Overall, these data suggest that Pf TPx-1
is needed for transcriptional activation of particular gene subsets.

Discussion

The var antisense lncRNA transcripts were previously shown to
be involved in var gene activation (5); however, the mechanism
is unknown. In this study, we provide evidence that these
lncRNAs are located at the var expression site, in close proximity
to the nascent var mRNA, and that they are held in place by
DNA:RNA interactions. These transcripts contain a hypervari-
able sequence that can confer gene specificity by marking a single
gene for activation, while the conserved intronic sequence could
be involved in an activation mechanism common to the entire
var gene family. Indeed, in our dChIRP analysis, the majority of

protein–RNA interactions were obtained with the conserved part
of the var lncRNA, while histones were the primary proteins
pulled down with the gene-specific sequence of the lncRNA.
These data support our observation that the lncRNA is anchored
by DNA:RNA interactions and is incorporated into chromatin
(5). Therefore, it is reasonable to suggest a model by which the
gene-specific sequence of the antisense transcript marks the locus
by forming a DNA:RNA hybrid, while the conserved region is
involved in protein recruitment. lncRNAs can mediate transcrip-
tional and epigenetic changes by recruiting transcriptional activa-
tors or chromatin-modifying enzymes (6). We further used the
conserved region of the antisense lncRNA as bait and identified
the proteins that interact with these transcripts. The var lncRNA
interactome contained DNA/RNA binding proteins, such as
Alba3/4 and polyadenylate binding protein, which have previously
been mapped to var gene loci (37, 38), validating our methodolo-
gies. However, while it is well established that var genes are epige-
netically regulated (39), we did not pull down any histone
modifiers. Such interactions could be transient, or alternatively his-
tone modifiers may act later in the cell cycle when the epigenetic
imprint for the next cycle is needed (37). Though Pf TPx-1 was
previously believed to be cytoplasmic, we consistently observed its

Fig. 4. PfTPx-1 localizes to a transcriptionally
active nuclear region in ring-stage parasites. (A,
Left) Immunofluorescence microscopy of PfTPx-
1HAglms parasites where PfTPx-1 (green) is
associated with the nucleolar protein, PfNop1
(red). Nuclei are stained with DAPI. (Scale bar, 1
μm.) (Right) An anti hNop1/Fibrillarin antibody
specifically detects PfNop1 in parasite extract.
(B) Superresolution STORM imaging of PfTPx-1
(green) and PfNop1 (red) in synchronized ring-
stage PfTPx-1HA parasites. Nuclei stained with
YOYO1 were imaged by conventional epifluor-
escence for cellular orientation. An area of
overlap is enlarged (square Inset). (Scale bar,
0.5 and 0.2 μm, respectively.) (C) Immunofluo-
rescence of ring-stage PfTPx-1HAglms (PfTPx-1
in green) transfected with a Sec13-Halo plasmid
(red). (Scale bar, 2 μm.) (D) RNA-FISH of CSA
expressing parasites that carry a Sec13-Halo
plasmid (green). RNA-FISH was performed using
custom-designed Stellaris probes that hybridize
to var2csa transcripts (red). Representative
images of colocalized signals (Upper) and adja-
cent signals (Lower) are shown. (Scale bar, 1
μm.) Quantification of signals (n = 128) that
were found to be overlapping or adjacent to
each other are shown to the right.
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association with var lncRNAs within the nucleus. While it is diffi-
cult to discriminate between direct RNA–protein interaction or
via protein complexes, using affinity chromatography and
dChIRP, our RNA-EMSA on recombinant Pf TPx-1 supports
direct interaction. Similarly, TPx-1 from humans (40) and Plasmo-
dium knowlesi (PkTPx-1), exhibits DNA and RNA binding
in vitro, and PkTPx-1 was shown to be able to melt an RNA
stem-loop structure upon binding and act as an RNA chaperone
(41), indicating that Pf TPx-1 might also be involved in molecular
mechanisms in the nucleus that influence gene expression.
Interestingly, down-regulation of endogenous Pf TPx-1

slowed the var switch rate, while its overexpression accelerated
activation of var2csa. var2csa is unique among the var gene fam-
ily; it is highly conserved among different isolates and has an
upstream open reading frame, which leads to its translational
repression (42). Due to its conserved sequence and translational
control, var2csa could be the ideal switch intermediate; var2csa is
present in all parasite isolates and its activation would not neces-
sarily initiate an immune response. This hypothesis is supported

by studies that observed selective activation of var2csa when var
switching was induced through inhibition of histone modifiers
(35, 43), as well as computational modeling that identified an
important role for a common switch intermediate (or “sink
node”), a function that could be fulfilled by var2csa (35, 44). In
our experiments Pf TPx-1 was constitutively overexpressed and
caused var2csa to remain activated for long periods, rather than
the transient activation that would be predicted for a switch
intermediate during a natural infection.

Activation of var2csa was previously reported upon overex-
pression of a dominant–negative Pf SET2 construct and treat-
ment with the histone methyltransferase inhibitor chaetocin
(35, 43), like the phenotype observed here when Pf TPx-1 is
overexpressed. In addition, overexpression of SAM synthase
(Pf SAMS) resulted in var2csa activation similar to overexpres-
sion of dominant–negative Pf SET2 and Pf TPx-1. However,
var2csa activation occurred more rapidly when Pf SAMs is over-
expressed possibly because SAMS enzymatic activity is the limit-
ing factor for providing the methyl groups essential for var2csa

Fig. 5. PfTPx-1 is involved in var gene switch-
ing. (A) Schematic of experimental design. Para-
sites were grown in the absence or presence of
5 mM glucosamine for the duration of the
experiment (±GlcN). Blasticidin was added con-
tinuously for 3 wk to induce switching to the
var-bsd (+blast, red rectangle). Blasticidin was
then removed from the cultures to monitor
switching away from var-bsd (�blast, blue rect-
angle). Parasites were collected 3, 6, or 12 wk
following blasticidin removal. Synchronous ring-
stage parasite (20 to 22 h postsynchronization)
cultures were collected for RNA, and RT-qPCR
for the var gene family was performed on
cDNA at the times indicated. (B) Off switch rates
per generation were calculated and plotted
against the relative PfTPx-1 mRNA levels of the
different parasite lines. The results of the two
biological replicates are shown in blue or red
dots. The ranges of the calculated switch rates
per generation, for each of the parasite lines,
are presented in the lower table. (C) Dynamics
in var switching patterns over time measured
by RT-qPCR. Each pie graph represents the total
of var gene transcripts with each slice of the pie
representing the abundance of an individual
var gene within the pool of var transcripts. The
percentage of bsd transcript present in the total
var gene pool is written below each pie graph
and the off rate of bsd is written in red.
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activation. Here we show that Pf TPx-1 and Pf SAMS occupy a
subnuclear compartment where active transcription takes place.
The nuclear localization of Pf SAMS may provide the methyl
groups necessary for nearby histone methyltransferases to epigeneti-
cally mark their target genes. Several histone methylation marks
are implicated in the epigenetic regulation of var gene expression
(39). H3K36me3 is present at both active and silent var loci (35,
43), while H3K9me3 is found only at silent members of variant
gene families and serves to recruit Pf HP1 (45–47). H3K4me3, on
the other hand, is only present at the active var gene and is thought
to be responsible for keeping the active var poised for the next cell
cycle (37). Interestingly, in model organisms the histone methyl-
transferase that deposits H3K4me3 is sensitive to fluctuations in
SAM levels (48). Studies have shown that cellular metabolism can
influence gene expression via changes in histone methylation (49).
In view of the interaction between Pf SAMS and Pf TPx-1 (10),
the demonstrated role of Pf TPx-1 on the enzymatic activity of
Pf SAMS (8), and their colocalization in the nucleus, it is possible
that Pf SAMS and Pf TPx-1 play a role in providing methyl
groups to methyltransferases at a specific nuclear subcompartment
to influence gene expression.

The nuclear localization of Pf TPx-1 supports its association
with transcriptional activity. It appears to reside in a perinuclear
region that contains the var expression site, a portion of the
nucleolus defined by Nop1, and the NPC marked by the nucleo-
porin Pf Sec13. The association of the var expression site with
the NPC, as demonstrated here, is contrary to a previous report
that used an antibody raised against a Plasmodium protein
(PF3D7_1473700) that shares sequence similarity to the yeast
ScNup116 (34% identity, 50% similarity), that did not colocalize
with the var expression site (50). It remains to be determined
whether the identified P. falciparum Nup116 is a bona fide nucle-
oporin. Interestingly, Nup116 is absent from Plasmodium berghei
and is the only known putative nucleoporin that is not conserved
among the different Plasmodium species (51). The spatial posi-
tioning of the var active site near the nuclear pore is in agreement
with what is known from many model organisms and may con-
tribute to efficient nuclear export of the var mRNA (28, 29).

In vivo var expression switching is postulated to occur in
response to the adaptive immune attack against the expressed
Pf EMP1 variant. However, the mechanistic process that gov-
erns such switching is not understood. Immune complexes

Fig. 6. PfTPx-1 overexpression induces activa-
tion of var2csa. (A) var gene-expression profiles
were determined by RT-qPCR for each culture
posttransfection at low levels of PfTPx-1 or GFP
(control) overexpression and then 3 wk and
3 mo after increasing levels of overexpression
by increasing the dose of blasticidin from 2 to
10 μg/mL. var gene expression was also deter-
mined from the original parent culture, C3, at
3 wk and 3 mo in culture. Each pie graph rep-
resents the total of var gene transcripts with
each slice of the pie representing the abun-
dance of an individual var gene within the pool
of var transcripts. The percentage of var2csa
transcript present in the total var gene pool is
written below each pie graph. (B) Quantifica-
tion of the percentage of var2csa transcript
within the total var transcript pool for each
parasite population.
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consisting of antibody–antigen pairs are powerful stimulators of
immune cells, which can release a burst of ROS (52, 53). Inter-
estingly, we observed an increase in Pf TPx-1 expression follow-
ing exposure to different sources of oxidative stress (SI Appendix,
Fig. S11) suggesting that Pf TPx-1 can sense and respond to
stress conditions present in a human infection. It has been dem-
onstrated that peroxiredoxins act as sensors that influence activi-
ties of their target proteins based on the cell’s redox status
(22, 54), and it is tempting to suggest that Pf TPx-1 could
mediate transcriptional changes in response to changing environ-
mental conditions and immune response.
While cellular metabolism is generally thought to occur outside

the nucleus, the presence of nuclear metabolic enzymes is now
widely accepted. Many of these enzymes function both in their
canonical metabolic role and also take on additional roles in tran-
scriptional regulation, providing a way for organisms to adapt their
transcriptional program in response to metabolic stress (55).
Therefore, it is not surprising that metabolic enzymes were found
in the var lncRNA interactome. The recently published var inter-
actome, using CRIPSR-dCas9 to target both active and silent var
genes, also uncovered metabolic enzymes associated with var genes
(38). Intriguingly, four glycolytic enzymes (Table 1) were found to
interact with the nuclear var lncRNA. One of the main products

of glycolysis is NADH/NAD+, which is impermeable to the
nuclear membrane. Since many transcription factors require
NADH to function, nuclear production of NADH is linked to
transcriptional control (55). Interestingly, the NAD+-dependent
histone deacetylases, Pf Sir2a and Pf Sir2b, have been implicated
in heterochromatin formation and var gene silencing (56, 57),
although their functions may be strain-dependent (58). Aside
from their canonical roles, in other organisms, glycolytic enzymes
were shown to have noncanonical functions in the nucleus partici-
pating in transcription, DNA replication, and telomere mainte-
nance (59). Interestingly, some of these glycolytic enzymes were
also shown to interact with Pf TPx-1, suggesting that their func-
tions may be redox-controlled (10). In addition, OAT was present
in all three pull-down methodologies and has previously been
shown to interact with Pf TPx-1 (8). Although there are reports of
OAT being present in the nucleus in other organisms (60), to the
best of our knowledge the nuclear roles of OAT are still elusive.

In conclusion, Pf TPx-1’s association with var lncRNAs and
its presence, adjacent to Pf SAMS, in the transcriptionally
active region of the nucleus, provides a mechanistic clue as to
how the parasite may sense and react to the changing condi-
tions within the human host and switch var gene expression in
response to malaria progression and immune attack.

Fig. 7. PfTPx-1 colocalizes with PfSAMS in the
nucleus of ring stage parasites. (A) Immunofluo-
rescence microscopy of PfTPx-1HAglmS para-
sites (PfTPx-1 in red) transfected with a plasmid
expressing PfSAM-synthetase with a mycx3 tag
(green) in ring (Upper) and schizont (Lower)
parasites. Nuclei are stained with DAPI. (Scale
bar, 1 μm.) (B) PfSAMS is primarily nuclear in
ring-stage parasites. Cellular fractionation of
synchronized ring- and late-stage parasites was
performed and the nuclear and cytoplasmic
extracts (NE and CE, respectively) were sub-
jected to Western blot analysis. PfSAMS was
detected using anti-myc antibody; antialdolase
antibody was used to confirm cytoplasmic
extraction, while antihistone H2A was used as a
nuclear marker. (C) var gene-expression profiles
were determined by RT-qPCR for PfTPx-1HAglmS
ring-stage parasites overexpressing PfSAMS
or GFP control after 1 mo of overexpression
(5 μg/mL blasticidin). The percentage of var2csa
transcript present in the total var gene pool was
calculated and is written below each pie graph.
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Materials and Methods

Detailed materials and methods are found in the SI Appendix. Parasite cul-
ture, transfection, and selection was previously described (61–63). Genomic
DNA extraction, RNA extraction, and cDNA synthesis were done as described
previously (17, 64, 65). Transcript copy numbers was measured by RT-qPCR
and were determined using the equation 2�ΔΔCT as described in the Applied
Biosystems User Bulletin and previously published (17). TSA and Stellaris RNA
FISH, nuclear fractionation, and affinity chromatography were performed as
described previously with some modifications (66–68). Imaging analysis was
performed using JACoP ImageJ plugin to calculate the Mander’s overlap coef-
ficient (69). dChIRP was performed as described previously (20, 21, 70).
Probes were designed using Biosearch technologies Stellaris FISH Probe
Designer. Probes were added to cross-linked and sonicated parasite samples,
and after reverse cross-linking, protein samples were sent to LC-MS/MS.
A detailed protocol can be found in SI Appendix, Supplementary Methods.

STORM imaging and analysis was performed as previously described (71). Cal-
culation of off rate for individual var loci were calculated as previously
described (32), where off rate is defined as the decrease of transcript from a
particular var locus per generation. Parasite collection and RNA preparation
for RNA-seq, as well as data analysis, is described in details in SI Appendix.
Cell-cycle progression of our samples was normalized by comparing our RNA-
seq data to Otto et al. (72). Significance threshold was taken as Padj < 0.05.

Data, Materials, and Software Availability. All study data are included in
the article and supporting information.
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Fig. 8. PfTPx-1 knockdown causes transcrip-
tional changes of several gene subsets. (A)
Expression profile for the PfTPx-1 transcript
(PF3D7_1438900) (bedgraph coverage illustra-
tion of relative expression from IGV) showing
the knockdown of the PfTPx-1 in the trans-
genic line compared to the parent DC-J line.
Western blot analysis demonstrating the
reduction of PfTPx-1 protein levels in the
transgenic lines are shown on the right. (B and
C) MAplots of PfTPx-1HAglmS vs. DC-J control
without (B) and with GlcN (C), show genes that
are differentially regulated upon down-
regulation of PfTPx-1 with GlcN. Within the
plots, black dots represent nonsignificant
genes. Significantly up-regulated and down-
regulated genes (Padj < 0.05) are shown in red
and blue, respectively. Significantly changed
genes of the multicopy gene families are
shown in gray. Triangles are used to represent
values that are beyond the axes limit.
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