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ABSTRACT

Monoallelic expression of the var multigene family
enables immune evasion of the malaria parasite Plas-
modium falciparum in its human host. At a given time
only a single member of the 60-member var gene
family is expressed at a discrete perinuclear region
called the ‘var expression site’. However, the mecha-
nism of var gene counting remains ill-defined. We hy-
pothesize that activation factors associating specif-
ically with the expression site play a key role in this
process. Here, we investigate the role of a GC-rich
non-coding RNA (ncRNA) gene family composed of
15 highly homologous members. GC-rich genes are
positioned adjacent to var genes in chromosome-
central gene clusters but are absent near subtelom-
eric var genes. Fluorescence in situ hybridization
demonstrates that GC-rich ncRNA localizes to the
perinuclear expression site of central and subtelom-
eric var genes in trans. Importantly, overexpression
of distinct GC-rich ncRNA members disrupts the
gene counting process at the single cell level and
results in activation of a specific subset of var genes
in distinct clones. We identify the first trans-acting
factor targeted to the elusive perinuclear var expres-
sion site and open up new avenues to investigate
ncRNA function in antigenic variation of malaria and
other protozoan pathogens.

INTRODUCTION

Antigenic variation is an effective mechanism for pathogens
to evade the immune response of the host organism. It
is used by the human malaria parasite Plasmodium falci-
parum, who remains a major health threat and the cause
of death for hundreds of thousands of people per year
(1,2). During its 48h-long blood stage cycle the para-

site invades and asexually replicates in red blood cells. It
goes through three morphologically distinct developmental
stages namely ring, trophozoite and schizont. Upon rupture
of the infected red blood cell 16–32 newly formed daughter
cells are released and start a new infectious cycle.

To promote adhesion to the vascular endothelium and
prevent clearance by the spleen, the parasite remodels the
infected red blood cells by exporting variant surface pro-
teins (3). The virulence surface adhesion protein P. fal-
ciparum Erythrocyte Membrane Protein 1 (PfEMP1) has
been highly implicated in pathogenesis and is encoded by
the well-studied var variant gene family. The var gene fam-
ily is subject to monoallelic expression whereby only a sin-
gle gene of the about 60-member gene family is transcribed
while all others remain silenced (4). Switching between var
genes allows the parasite to regularly expose surface pro-
teins for which the human immune system is yet naı̈ve. Tran-
scription of the var gene peaks around 10–14 h post invasion
(hpi) (5) and is repressed during later developmental stages,
but the gene remains in a state ‘poised’ for reactivation in
the next cycle (6,7).

Monoallelic expression in P. falciparum involves multi-
ple layers of epigenetic regulation that mediate silencing,
activation and poising of a single var gene while still al-
lowing var gene switching rates optimized for efficient par-
asite infection and transmission (8–11). Post-translational
modifications of histones and especially facultative hete-
rochromatin regulated by various histone-modifying en-
zymes are required to establish a default silencing pathway
for var genes (6,12–14). Heterochromatin Protein 1 silences
var genes by binding to modified histones (15,16). Further,
conserved genetic elements within the var gene play an im-
portant role in monoallelic expression. Var genes contain
an upstream promoter sequence (ups), an exon 1 coding for
the variant extracellular protein domain, a conserved intron
and a highly conserved exon 2 containing the intracellu-
lar domain (Supplementary Figure S1A). A total of 36 var
genes are subtelomeric and driven by subtype-specific pro-
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moters termed ups A or B (Supplementary Figure S1A).
The 24 central var genes localize in 5 tandem arrays dis-
tributed over 4 chromosomes and are driven by ups C (or
B/C) promoters (Figure 1A). The promoter contains motifs
essential for monoallelic expression (8,17–19). The intron is
thought to mediate var gene silencing by strict one-to-one
pairing with the promoter and has bidirectional promoter
activity (20–23).

In addition, spatial organization of var genes is tightly
controlled and has been implied in var gene transcriptional
control. All silent var genes are targeted to a few repressive
clusters at the nuclear periphery except the active var gene,
which localizes to a distinct expression site (14,24–27). Per-
inuclear localization is mediated by telomeric sequences as
well as specific intronic motifs (25,28). Lastly, exonuclease
activity is involved in controlling cryptic transcription of
multiple var genes (29). Despite the tremendous advances
in understanding regulation of monoallelic expression key
questions remain unanswered. Default silencing and poten-
tial poising factors have been identified. The histone methyl-
transferase, PfSet10, associates with the poised var gene at
trophozoite stage when transcription is halted for the rest of
the blood stage cycle (7), but a factor specifically regulating
the activation of var genes has yet to be identified. Hence,
the perinuclear expression site remains undefined and no
factors strictly associated with it have been found to date.

Non-coding RNAs (ncRNAs) are emerging as impor-
tant regulators of eukaryotic gene expression and have been
linked to monoallelic expression in other organisms (30).
They frequently act as lynchpins for epigenetic regulators
targeting non-specific enzymes to specific sites within the
genome. Also, in P. falciparum ncRNAs have been asso-
ciated with regulation of virulence genes (31,32). Various
ncRNA transcripts have been detected by different meth-
ods (33–37). Telomeres produce long ncRNAs that local-
ize to a distinct nuclear compartment that does not overlap
with telomere clusters (38,39). Natural antisense transcripts
are very frequent and associate with >24% of all open read-
ing frames (36). Recently, transcription of TR2 ncRNA has
been correlated with permeation pathway gene expression
(40). Var genes produce ‘sterile’ transcripts from a bidirec-
tional promoter within the intron (20,41). The function of
the sense transcript produced from the intron of var genes
remains elusive. The natural antisense RNA remains asso-
ciated with chromatin and its transcription has been corre-
lated with var gene activity (21,31,42). However, it is not yet
clear whether this antisense RNA is cause or consequence
of transcriptional activation.

The RNA of Unknown Function 6 (RUF-6) gene fam-
ily encodes 15 ncRNAs with an unusually high GC-content
for P. falciparum (>50% versus 20% genome-wide aver-
age) (43). Therefore, they have been referred to as GC-rich
ncRNA or GC-rich elements (44–46). Their sequences are
highly homologous (Supplementary Figure S1B) and in-
terestingly, their gene loci are strictly associated with cen-
tral var gene clusters where they are interspersed between
var genes mostly in a tail-to-tail configuration (Figure 1A).
Their transcripts have been detected in various transcrip-
tomic studies, which indicate peak expression around late
ring stage (34,36–38,47). Bioinformatical analysis shows
conserved promoter elements, namely A- and B-box, within

the GC-rich element sequence, suggesting transcription via
RNA polymerase III (Supplementary Figure S1B) (48–50).
A recent study shows that GC-rich ncRNA expression is
clonally variant, although the members are not transcribed
in a mutually exclusive fashion (51).

Here, we characterize GC-rich ncRNA using fluores-
cence in situ hybridization (FISH) and quantitative PCR.
We find that even though GC-rich ncRNA genes can form
multiple clusters within the nucleus, their transcripts local-
ize to a single perinuclear locus in early ring stages. This
locus colocalizes with the var gene expression site of central
as well as subtelomeric var genes. Overexpression of distinct
GC-rich ncRNAs causes activation of a specific subset of
var genes and perturbs monoallelic expression at the single
cell level. We uncover the first factor strictly associated with
the active var gene expression site and provide functional
characterization of a ncRNA gene in P. falciparum. These
findings represent an important step toward better under-
standing of the mechanism of monoallelic expression in the
malaria parasite.

MATERIALS AND METHODS

Parasite culture, synchronization and panning

P. falciparum blood stage parasites were cultivated as de-
scribed previously (14). Parasite culture was synchronized
by sorbitol lysis during ring stage, subsequent plasmagel
enrichment in schizont stage, followed by another sorbitol
treatment at 6 h post invasion. Synchronized parasites were
harvested at 4% hematocrit and ∼3–5% parasitemia. Par-
asite development was monitored by Giemsa staining. To
enrich for FCR3 parasites expressing var2csa panning on
CSA receptor was carried out as previously described (52).
In brief, cell culture flasks were coated with CSA receptor to
specifically bind red blood cells infected with parasites ex-
pressing the PfEMP1 protein encoded by the var2csa gene.

RNA-FISH, DNA-FISH and immunofluorescence

Infected red blood cells were lysed with 0.015% Saponin
in RPMI and the released parasites were fixed in suspen-
sion with 4% paraformaldehyde in phophate buffered saline
(PBS) over night at 4◦C. Parasites were then deposited
on #1.5 cover glasses, permeabilized 15 min with 0.1%
Triton-X-100 and subjected to DNA or RNA FISH as
described previously in a detailed methods chapter (53).
For sequential RNA-, DNA-FISH the transcript was la-
beled first with a GC-rich ncRNA probe. After another
fixation step we carried out DNA-FISH using a probe la-
beling exclusively the non-transcribed 5′ region of all GC-
rich genes. FISH probes were PCR amplified from genomic
DNA using primers (Supplementary Table S1) and labeled
by nick translation using FITC, DIG or Biotin High-Prime
(Roche). RNA-FISH combined with immunofluorescence
was carried out in an endogenously tagged PfSet10-HA par-
asite strain using anti-HA antibody (Roche, 3F10) at 1:200
in PBS/3%BSA as described previously (7,53,54).

RNA extraction and quantitative real-time PCR

RNA was extracted after Saponin lysis in 0.06% Saponin
in PBS followed by one wash in PBS and resuspension in
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Figure 1. GC-rich ncRNA localizes to the perinuclear var gene expression site in trans. (A) Genomic organization of all GC-rich ncRNA elements (red
arrowheads) and var genes (black arrowheads) on chromosomes 4, 7, 8 and 12. Only five last digits of gene IDs are displayed (PF3D7 chr#xxxxx). Direction
of the arrowhead indicates orientation of gene. Drawing is not to scale and only parts chromosomes are shown. Upstream promoter sequence (ups) subtype
for each var gene is labeled (A, A/B, B, B/C, C or E). (B) Fluorescent microscopy images of RNA-FISH labeling of parasites at different life cycle stages
using a probe targeting all GC-rich ncRNA transcripts (green). All nuclei are stained with DAPI (blue) and overlayed with widefield image. All scale bars,
1 �m. On the right real-time PCR quantification of GC-rich ncRNA levels at the respective stages. (C) Colocalization analysis of GC-rich ncRNA and
var gene expression site. Fluorescent microscopy images of ring stage parasites labeled in two colors with RNA-FISH probes targeting GC-rich ncRNAs
(green) and mRNA (red) of a central (PF3D7 0412700) var (left), subtelomeric (var2csa) (middle) or Serine-tRNA ligase control gene (right). Percentages
indicate frequency of colocalization. (D) Combination of DNA-FISH using a probe against GC-rich element gene loci (red) with RNA-FISH using probe
targeting all GC-rich ncRNA transcript (green). Images of one representative cell with overlapping signal (left panels) and with non-overlapping signals
(right panels) are shown. Percentages indicate occurrence of overlap or non-overlap within the imaged population.

Trizol. RNA was purified using the miRNeasy kit, which
collects RNA fragments down to 20 bp in size (Qiagen). Af-
ter on-column DNase treatment (Qiagen) reverse transcrip-
tion of 200 ng of RNA was carried out using Superscript
VILO kit (Life technologies) with random hexamer primers,
to prevent loss of ncRNAs. cDNA levels were quantified
in the CFX384 qPCR machine (Bio-Rad) using gene spe-
cific primers (Supplementary Table S2) and 2x Power SYBR
Green master mix (Applied biosciences). Data were ana-
lyzed using the Bio-Rad CFX manager software after nor-
malization to T-Serine ligase (PF3D7 0717700) transcrip-
tion levels. GC-rich ncRNA was quantified by using two
primer pairs covering small sequence variation in all mem-
bers of the gene family. To assess total var gene levels expres-
sion values for all ups subtype specific primers were added.
Quantitative real-time PCR experiments were carried out

in triplicates. Limits of detection were calculated as mean
of the blank plus three times the standard deviation.

Plasmid construction and transfection

To construct overexpression vectors synthetic gene frag-
ments containing parts of U6 promoter either coding for
a GC-rich ncRNA gene PF3D7 1241000, PF3D7 0808500
or a Luciferase control fragment of same size were or-
dered (Custom gene synthesis, Genscript) and cloned into
pL6-egfp vector previously described in (55) using DraII
and SwaI restriction site followed by Gibson assembly (In-
fusion, HD Clontech). pU6-Luc, pU6-GC12 and pU6-
GC08 constructs were transfected as described previously
(56) and maintained under WR99210 drug selection pres-
sure.
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Image acquisition and analysis

Images were captured using a Nikon Eclipse 80i microscope
equipped with 100x NA 1.42 objective and CoolSnap HQ2
camera (Photometrics). Camera pixel size corresponds to
64 nm. NIS Elements 3.0 software (Nikon) was used for
acquisition and Fiji (http://fiji.sc) for analysis. Numbers of
FISH dots were quantified counting all cells positive for
staining. Colocalization was scored in cell nuclei positive for
both fluorescent signals when they overlapped while using
the same contrast adjustments throughout all images. Scor-
ing was performed by direct optical observation using Fiji
(http://fiji.sc). For each analysis images from at least two in-
dependent replicas were combined.

RESULTS

GC-rich ncRNA localizes to the perinuclear var gene expres-
sion site in trans

GC-rich gene loci are adjacent to central var genes (Figure
1A), which have been reported to cluster at the nuclear pe-
riphery (14). Our DNA-FISH analysis confirms that GC-
rich ncRNA genes form between 1–4 perinuclear clusters
(n = 75, 48, 20 and 9, respectively) in a population of ring
stage parasites prior to genome replication (Supplementary
Figure S2). To characterize the localization pattern of GC-
rich ncRNA transcripts we carried out RNA-FISH using
a probe targeting all GC-rich ncRNAs. We analyzed fluo-
rescent images of labeled cells at 12, 24 and 36 hpi (Figure
1B). Notably, at 12 hpi all labeled cells exhibited only a sin-
gle perinuclear focus (n > 50). At 24 hpi most of the cells
still show a single focus of increased fluorescence intensity.
However, this signal was no longer particularly associated
with the nuclear periphery. All detected signals were exclu-
sively nuclear. In the trophozoite stage, at 36 hpi, we did not
detect any cells with a distinct GC-rich ncRNA signal. Flu-
orescent signal intensities throughout the cell cycle corre-
late with the GC-rich ncRNA levels quantified by real time
PCR carried out on RNA harvested at the same timepoints
using primer pairs detecting all GC-rich ncRNA members
(Figure 1B). Peak ncRNA levels occur at 24 hpi and drop
again at 36 hpi. The lack of distinct GC-rich ncRNA signal
at 36 hpi suggests that transcripts do not accumulate at a
single site that can be detected by FISH. Next, we investi-
gated the colocalization of GC-rich ncRNA with PfSet10,
a histone methyltransferase that associates with the poised
var gene during trophozoite stage (7). Due to the different
temporal expression we could, however, not test for over-
lap between the PfSet10 and GC-rich ncRNA signal (Sup-
plementary Figure S3). Importantly, the GC-rich ncRNA
localization pattern that does not mimic the clustered dis-
tribution of the GC-rich gene loci in ring stage parasites,
but suggests targeting to a specific perinuclear site.

Since the localization pattern of GC-rich ncRNA is rem-
iniscent of the var gene expression site, we carried out
dual color RNA-FISH of GC-rich ncRNA and var gene
mRNA in ring stage parasites to test for colocalization. We
used two different parasite lines that express either a cen-
tral var gene (PF3D7 0412700) or the subtelomeric var2csa
gene. As a negative control we used a T-serine ligase RNA
(PF3D7 0717700, see Supplementary Figure S1A) probe.

We found that GC-rich ncRNA signal overlapped with the
central var mRNA in 30 of 32 cells, with var2csa mRNA in
19 out of 19 cells whereas T-Serine ligase mRNA showed
colocalization in only 3 out of 16 cases (Figure 1C). While
the central var gene could colocalize with GC-rich ncRNA
due to spatial proximity of both genes on the chromo-
some, var2csa mRNA is expressed from a subtelomeric lo-
cus distant from any GC-rich element cluster (Supplemen-
tary Figure S1A). These data on GC-rich ncRNA localiza-
tion demonstrate the first specific targeting of a molecular
factor to the active var gene expression site.

Colocalization of var mRNA and GC-rich ncRNA could
occur by two different mechanisms. The GC-rich ncRNA
and active var gene loci could loop together via a long-range
chromosomal interaction. Alternatively, GC-rich ncRNA
could freely diffuse before being targeted to the var gene ex-
pression site. To test these hypotheses we combined DNA-
FISH of the GC-rich gene loci with RNA-FISH of the GC-
rich ncRNA transcript (Figure 1D). After FISH labeling
GC-rich ncRNA in cells primarily expressing the subtelom-
eric var2csa gene, we labeled the GC-rich gene locus with a
DNA-FISH probe exclusively targeting the 5′ region of all
gene family members to avoid any recognition of the tran-
script. We found overlap between signals in only 7 out of
30 cells. These data suggest that GC-rich ncRNA can relo-
cate to the var gene expression site independently of its gene
locus.

Overexpression of GC-rich ncRNAs activates distinct subsets
of var genes

Despite their high sequence similarity (Supplementary Fig-
ure S1B), in silico prediction using the RNAfold webserver
indicates some structural variability within the gene family
resulting in four major ‘classes’ of RNA secondary struc-
tures (Figure 2A). While the lower stem loop structure is
highly preserved, the ‘head’ region displays much more flex-
ible base pairing configurations. Conservation of specific
promoter elements, the A- and B-box, suggests that RNA
Polymerase III drives GC-rich ncRNA transcription (Sup-
plementary Figure S1B). Hence, we designed a construct
overexpressing GC-rich ncRNA under the highly active Pol
III-dependent U6 promoter (Figure 2B). We inserted GC-
rich ncRNA sequences of two distinct structural variant
types (PF3D7 1241000, PF3D7 0808500) or a Luciferase
control fragment of similar length and GC content into the
previously described pL6-egfp vector backbone (55), gen-
erating pU6-GC12, pU6-GC08 and pU6-Luc, respectively.
We transfected these constructs into a 3D7 parasite line and
isolated one clone carrying pU6-Luc and two independent
clones each carrying pU6-GC12 and pU6-GC08. Quanti-
tative real time PCR analysis of cDNA derived from RNA
harvested at 12 hpi demonstrated that pU6-GC12 and pU6-
GC08 transfected clones have increased in GC-rich ncRNA
levels (Figure 2C). Total var RNA levels, as quantified by a
subset of qPCR primers covering the entire gene family, are
also increased in GC-rich ncRNA overexpression clones.

Next, we analyzed the RNA levels for all individual var
genes in the five clones also using T-Serine RNA ligase lev-
els for normalization (Figure 2D). The pU6-Luc transfected
clone expressed only a single var gene, displaying func-

http://fiji.sc
http://fiji.sc
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Figure 2. GC-rich ncRNA overexpression causes activation of distinct subsets of var genes. (A) Bioinformatic RNA structure prediction using RNAfold
webserver (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). Four representative structures covering diversity within entire GC-rich ncRNA gene family
are shown. Members with similar structure are listed below. Colored scale represents relative base pairing probabilities. (B) Plasmid map of pU6-GC or
pU6-Luc constructs used to overexpress GC-rich ncRNA (PF3D7 1241000 and PF3D7 0808500) or Luciferase control fragment, respectively. (C) Real
time qPCR quantification of GC-rich ncRNA and total var mRNA levels in pU6-Luc transfected clone (C12, blue), two pU6-GC12 transfected clones
(E11 and F7, red) and two pU6-GC08 clones (D9 and D10, green). (D) Expression profile of all var gene mRNAs as quantified by real time qPCR for
pU6-Luc and pU6-GC clones. Relative copy numbers are normalized to T-Serine ligase (PF3D7 0717700) transcription levels. Limit of detection (LOD)
for this data set is 0.0114.

tional monoallelic expression. Notably, both GC12 over-
expressing clones primarily transcribed the same four var
genes, while both GC08 overexpressing clones transcribed
the same set of six var genes. Despite transfections being
carried out in the same 3D7 parent strain, the expression
profiles for pU6-Luc, pU6-GC12 and pU6-GC08 did not
have any var genes in common except for PF3D7 0600200
(Figure 2D and Supplementary Figure S4). RNA levels
of up-regulated var genes varied slightly within the same
cloned parasite line, but the profile was virtually identical
between two clones. Given, that we observe a similar sub-
set of var gene expression in bulk culture before the cloning

step, overexpression of distinct GC ncRNA could lead to
the activation of that specific var gene subset (Supplemen-
tary Figure S4). The temporal regulation of var and GC-
rich ncRNA levels was not altered in mutant parasite clones
(Supplementary Figure S5A). Lastly, to interfere with GC-
rich ncRNA function, we also attempted overexpression
of GC-rich antisense RNA in the same vector, which did
not cause a significant change in GC-rich ncRNA levels
or affected var gene mRNA levels (Supplementary Figure
S5B). Taken together, our data suggest that distinct GC-
rich ncRNA members activate distinct subsets of var genes
establishing a ‘hardwired’ expression profile.

http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
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GC-rich ncRNA overexpression perturbs monoallelic var
gene expression at single cell level

Our quantitative PCR data suggest that GC-rich ncRNA
overexpression interferes with monoallelic var gene expres-
sion. To test this in individual parasites we carried out
multi-color RNA-FISH with gene specific probes target-
ing three of the highly expressed var mRNAs in the context
of GC-rich ncRNA (PF3D7 1241000) overexpression (Fig-
ure 2D). Parasites carrying the pU6-Luc control construct
show a single var gene (PF3D7 0808600) signal colocaliz-
ing with GC-rich ncRNA in 20 out of 21 cells (Figure 3A).
When labeling GC-rich ncRNA overexpressing parasites
with probes against a central var mRNA (PF3D7 0712000)
and var2csa mRNA, we found that 31 out of 59 labeled
cells were positive for both signals (Figure 3B). We found
similar results when combining the central var mRNA
(PF3D7 0712000) probe with another subtelomeric var
mRNA (PF3D7 1300300) probe (double staining in 12 out
of 19 cells). The lack of double staining in about half of
cells could be explained by incomplete labeling of all cells by
all probes. Nevertheless, our data show that overexpression
of GC-rich ncRNA can disrupt monoallelic expression at
single cell level, linking a trans-acting ncRNA to antigenic
variation in malaria parasites.

DISCUSSION

In this work, we demonstrate the specific targeting of GC-
rich ncRNA to the actively transcribed expression site of var
genes. This is the first identification of a marker molecule
for a nuclear structure that remains ill-defined despite be-
ing a hallmark for monoallelic expression in protozoan
pathogens such as P. falciparum and African Trypanosomes
(57). It has been postulated that, in the context of monoal-
lelic expression, an as yet unknown limiting factor exists
that allows for the activation of only a single var gene lo-
cus (10,18). GC-rich ncRNA is a potential candidate for
such a limiting factor. Indeed, when we overexpress GC-
rich ncRNA, we detect multiple different var transcripts in a
single cell. Our study predicts that GC-rich ncRNA knock-
down mutants could reduce var gene expression. However,
due to the presence of 15 GC-rich ncRNA genes generating
mutants by sequential knockout, despite the recent intro-
duction of CRISPR technology to malaria parasites, rep-
resents a long-term approach (55,58). A recent study ob-
served only a minor effect of GC-rich ncRNA overexpres-
sion on var gene transcription (51). Important technical dif-
ferences used in their study such as the use of a Pol II in-
stead of a Pol III promoter for the production of the GC-
rich ncRNA could explain the observed phenotype. In addi-
tion, their study focused only on central var genes, omitting
most members of the multigene family represented by the
subtelomeric var genes from their transcriptional analysis
(51).

Previous studies in P. falciparum described the transcrip-
tion and localization of various ncRNA species such as
subtelomeric RNA and natural antisense RNA, but their
mechanisms or biological roles are still unclear (32). In
this study, we present experimental data that posits GC-
rich ncRNA as a trans-acting factor that contributes to the
control of var gene activation at the perinuclear expression

site. Because GC-rich ncRNA elements are only in close
proximity to central var genes (Supplementary Figure S1),
a cis-regulatory function has been suggested for these ele-
ments. Furthermore, their positioning in intergenic spaces
and recent experimental evidence based on GC-rich ele-
ment associated silencing of an adjacent GFP gene on epi-
somal constructs has led to speculation that they might act
as insulator elements that prevent spreading of epigenetic
marks (51). While this hypothesis remains possible, our data
strongly support a general trans-acting function linked to
monoallelic expression of all var gene members (Figure 3C).
The mechanism by which GC-rich ncRNA is targeted to
the expression site remains unclear. Bioinformatic predic-
tion, however, suggests a relatively strong secondary RNA
structure (Figure 2A), which could mediate specific RNA–
RNA and RNA–protein interactions (34,43). Since cryptic
var gene transcription has recently been demonstrated (29)
GC-rich ncRNA could, hypothetically, bind to nascent var
mRNA to target transcriptional activation factors to the
expression site. Transcriptional activation would generate
more var RNA recruiting more GC-rich ncRNA thereby
generating the positive feedback loop that drives singular
gene choice. A similar mechanism has recently been de-
scribed in the Epstein-Barr virus (59). Here, a viral ncRNA,
EBER2, recruits a host transcription factor to the viral
DNA locus via base-pairing interactions with nascent tran-
script and thereby modulates transcription. Hence, it is of
utmost importance to identify interacting proteins to ob-
tain insight into the underlying molecular mechanism by
which this ncRNA regulates monoallelic expression. It is
noteworthy that GC-rich ncRNA levels peak only at 24 hpi
when var gene transcription is already repressed. GC-rich
ncRNA function at this stage remains elusive, but despite its
distinct colocalization with var genes, it is possible that it is
linked to the expression of other clonally variant genes such
as rifins as well (60,61). RNA-seq analysis of parasites that
overexpress GC-rich ncRNA may reveal regulation of other
target genes or gene families. Interestingly, Plasmodium re-
ichenowi, the only other species carrying a GC-rich ncRNA
gene family with almost identical sequences and structures,
is also the only other sequenced malaria species encoding
the var and rifin gene families (plasmodb.org).

The most striking result of this study is that overexpres-
sion of a single member of the GC-rich gene family dis-
rupts monoallelic gene counting. Interestingly, five out of
nine of the preferentially activated var genes are subtelom-
eric, emphasizing that GC-rich ncRNA function is not re-
stricted to central var genes. Further, in distinct overexpres-
sion clones, the same subset of var genes is up-regulated,
indicating a ‘hardwired’ activation program. A similar ob-
servation was made when the histone deacetylase PfSir2a
was inactivated, resulting in the de-repression of a specific
subset of var genes (62). Considering that GC-rich ncRNAs
are clonally variant it is tempting to speculate that indi-
vidual GC-rich elements could have a preference for spe-
cific subsets of var genes and thus, decide on which silent
var gene may be activated at the next switch in expression.
Given that switching is not understood in malaria parasites
at the molecular level, our work points to a promising new
research avenue that may lead to a better insight into a pro-
cess that is key to antigenic variation.
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Figure 3. GC-rich ncRNA overexpression disrupts monoallelic expression. (A) Fluorescent microscopy images of multicolor RNA-FISH labeling. pU6-
Luc transfected parasites were labeled with probe against GC-rich ncRNA (green) and var mRNA PFD3D7 0808600 (red). (B) pU6-GC transfected
parasites were triple labeled with probe against GC-rich ncRNA (green), var mRNA PFD3D7 0712000 (yellow) and var2csa mRNA (red, middle panels)
or var mRNA PFD3D7 1300300 (red, lower panels). Nuclei are stained with DAPI (blue) and overlayed with widefield image. Scale bars, 1 �m. (C)
Schematic working model shows relocalization of GC-rich ncRNA (green) from central var gene clusters (red-green stripes) to the distinct perinuclear var
expression site (red). Telomeres (black) cluster at the nuclear membrane (blue).

Many years after the discovery of monoallelic var gene
expression, we are only now beginning to understand the
elusive expression site. These findings expand our knowl-
edge about ncRNA genes as novel players in monoallelic
expression and will open avenues to deepen our understand-
ing of antigenic variation in the malaria parasite and other
protozoan pathogens.
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