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Plasmodium falciparum causes the deadliest form of humanmalaria.
Its virulence is attributed to its ability to modify the infected RBC
and to evade human immune attack through antigenic variation.
Antigenic variation is achieved through tight regulation of antigenic
switches between variable surface antigens named “P. falciparum
erythrocyte membrane protein-1” encoded by the var multicopy
gene family. Individual parasites express only a single var gene at
a time, maintaining the remaining var genes in a transcriptionally
silent state. Strict pairing between var gene promoters and a sec-
ond promoter within an intron found in each var gene is required
for silencing and counting of var genes by the mechanism that
controls mutually exclusive expression. We have identified and
characterized insulator-like DNA elements that are required for
pairing var promoters and introns and thus are essential for reg-
ulating silencing and mutually exclusive expression. These ele-
ments, found in the regulatory regions of each var gene, are
bound by distinct nuclear protein complexes. Any alteration in
the specific, paired structure of these elements by either deletion
or insertion of additional elements results in an unregulated var
gene. We propose a model by which silencing and mutually exclu-
sive expression of var genes is regulated by the precise arrange-
ment of insulator-like DNA pairing elements.

gene expression | allelic exclusion | PfEMP1

The deadliest form of human malaria, affecting millions
worldwide every year, is caused by the protozoan parasite

Plasmodium falciparum (1). Its virulence is attributed to its
ability to evade the human immune system by modifying the host
red blood cells to adhere to the vascular endothelium and to
undergo antigenic variation. The main antigenic ligands re-
sponsible for both cytoadherence and antigenic variation are
members of the P. falciparum erythrocyte membrane protein-1
(PfEMP1) family (2). These polymorphic proteins are encoded
by a multicopy gene family, var (3). Each individual parasite
expresses a single var gene at a time, maintaining the remaining
∼60 var genes found in its genome in a transcriptionally silent
state (4, 5). As the antibody response against the single expressed
PfEMP1 develops, small subpopulations of parasites switch ex-
pression to alternative forms of PfEMP1, avoid the antibody
response, and re-establish the infection (6). Immune evasion and
the maintenance of long-term chronic infections by P. falciparum
through antigenic variation depend on tight regulation of the
parasites’ ability to express only a single var gene at a time and
then to switch expression to another gene that also is expressed
in a mutually exclusive manner. Mutually exclusive expression
and antigenic switching of var genes is epigenetically regulated at
the level of transcription and involves chromatin modifications,
changes in subnuclear localization, and interactions between cis-
regulatory elements (7, 8). Silencing of individual var genes is
established epigenetically during S-phase of the cell cycle and
depends on a cooperative interaction between each var upstream
promoter and its associated intron promoter (9). Unlike allelic
exclusion in mammalian systems in which the expression of

a functional protein at the surface of the cell is required for
mutually exclusive expression (10, 11), in P. falciparum this
process is regulated solely at the level of transcription, and
functional antigen production is not required for proper var gene
regulation and viability of the parasite (12, 13). This phenome-
non suggests that each individual var gene contains the regula-
tory elements that enable it to maintain a transcriptionally silent
state, even while an adjacent gene may be active, and to be
“counted” by the mutually exclusive expression mechanism.
Bioinformatic comparison of the 5′ UTR of all 60 var genes in

the genome suggested that they can be classified into several
subgroups (UpsA, UpsB, UpsC, and UpsE) based on the se-
quence similarity of their promoter regions (14, 15). Within these
upstream regulatory regions DNA elements have been identified
by deletion analysis of the 5′UTR and EMSA (16, 17). It was
demonstrated that one of these motifs, SPE2, specifically binds
a member of a newly discovered DNA-binding protein family,
ApiAP2, which has a role in chromosome end biology (18). Re-
cently, an additional protein-binding DNA element implicated in
mutually exclusive locus recognition was identified in 44 of the var
5′ UTRs (17). Unlike var promoters, the DNA sequence of all
intron promoters is highly conserved and cannot be classified into
subgroups (15, 19). var introns also contain a specific protein-
binding element that plays a role in positioning var genes at the
nuclear periphery through interaction with nuclear actin (20).
It appears that promoter-pairing of the var and intron pro-

moters within each gene is necessary for the proper regulation of
var gene expression. A “free” var promoter that is unpaired with
an intron promoter cannot be silenced and therefore is consti-
tutively active (9, 21–23). In addition, this free var promoter is
not counted as a var gene by the mechanism that ensures that
only a single var gene is active at a time. That is, a free var
promoter is not expressed in mutually exclusive manner, and
therefore it can be actively transcribed simultaneously with an-
other var gene in the nucleus of a single parasite (24). In addi-
tion, once a var promoter–intron pair is established, it is
maintained for many generations, suggesting a possible role in
epigenetic memory (23). The nature of this promoter–promoter
interaction and how it regulates var silencing and mutually ex-
clusive expression is still elusive. Here we report that insulator-
like DNA elements are found within both upstream var promoter
regions and that introns mediate this promoter pairing and
regulate var silencing and mutually exclusive expression.
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Results
DNA Element in the 3′ UTR of Plasmodium berghei Dihydrofolate
Reductase-Thymidylate Synthase Disrupts the Intron’s Ability to Silence
a var Promoter. Silencing and mutually exclusive expression of var
genes requires strict pairing between each var promoter and the
promoter found within each var intron (22, 24). Although these
noncoding regions are essential for proper regulation of var genes,
the coding regions of PfEMP1 seem not to have a role in var gene
regulation (12, 13). Therefore, it is possible to investigate the role of
cis-regulatory elements using stably transfected plasmids in which
var-regulatory elements control the expression of reporter genes.
Previously the pVLhIDh construct was used to demonstrate that
promoter pairing is required for silencing (22). In this construct
a var promoter and upstream regulatory region was used to drive
luciferase expression, and the intron promoter was used to drive
expression of hdhfr as a positive selectable marker to enable stable
transfection. However, in this construct both luciferase and hdhfr
were terminated with the same hrp2 3′UTR, resulting in several
recombination and rearrangement events that changed the tran-
scriptional phenotype of the var promoter of the original plasmid.
To avoid the possibility of rearrangement caused by plasmid re-
combination, we modified the pVLhIDh plasmid and created two
plasmids in which the hrp2 3′UTRs of either luciferase or hdhfr were
replaced with the 3′ UTR of Plasmodium berghei dhfr-thymidylate
synthase (PbDT 3′) (25). These constructs were termed “pVLbIDh”
and “pVLhIDb,” respectively (Fig. 1A). These constructs were
transfected into the DC-J transgenic parasite line in which a par-
ticular endogenous var promoter (PFB1055c) can be selected for
activation using blasticidin S, ensuring that the rest of the var rep-
ertoire is completely silent because of mutually exclusive expression
(12) and thus allowing controlled examination of the recognition of
our constructs. To our surprise, although the two plasmids were
almost identical, and the transfected parasites carried plasmids that
contained a 1:1 ratio of var promoter and intron (Fig. 1B), they had
different luciferase expression phenotypes. Specifically, the var pro-
moter in pVLhIDb was regulated properly and, as in pVLhIDh, was
silent as expected because of the proper pairing with an intron.
However, in pVLbIDh the var promoter was constitutively active
and was not recognized by the mechanism that controls mutually
exclusive expression. As shown in Fig. 1B, it was active at the same
time as PFB1055c. Previously, a similar plasmid pVBbIDh con-
taining bsd as a drug-selectable marker was transfected into a clonal
population of NF54 parasites. When selected on 20 μg/mL blasti-
cidin for activation of the episomal var promoter, the entire var gene
family was silenced (12), suggesting that in this case that the pro-
moter within the construct was recognized by the mechanism con-
trolling mutually exclusive expression. However, to test whether this
silencing actually was the result of the constraints of mutually ex-
clusive expression or instead was caused by promoter titration (26),
we repeated this transfection and found that without blasticidin
selection or even with a low dose (2 μg/mL) the endogenous var
gene (PFD1005c) and the episomal var promoter were active
simultaneously (Fig. S1). These data indicate that, like the un-
regulated var promoter on pVLbIDh, the var promoter on the
pVBbIDh plasmid is constitutively active and is not counted as
a var gene for mutually exclusive expression. We reasoned that the
insertion of PbDT 3′ between the var promoter and the intron
could have disrupted the interaction between these two regulatory
elements which is required for var gene silencing and for their
being counted for mutually exclusive expression.

Each var Gene Contains a Conserved TG Motif in its 5′UTR and Intron.
A closer look at these DNA elements revealed that the var
promoter, intron, and PbDT 3′ all contain a similar TG-rich
DNA sequence (Fig. 1C). Calderwood et al. (19) previously
identified similar TG-rich conserved sequences in an alignment
of 12 var introns of the Dd2 parasite line (19). However, align-

ments of the 5′ UTRs of the entire var gene family revealed that
even though there is high level of sequence conservation among
different var subtypes, no sequence was identified that is shared
by all 60 genes (14, 15, 27). Nevertheless, because the interaction
between the 5′ UTR and intron is important, and each var gene
contains all the regulatory elements needed for its proper reg-
ulation, we hypothesized that similar motifs that enable the in-
teraction between these two regulatory regions could be found in
the 5′UTR and intron of each var gene. Using the MEME motif-
finding algorithm, we initially screened the introns of the entire
var gene family and identified two 12-bp TG-rich motifs shared
among all var introns (M1-2). We then used the MAST algo-
rithm to map these motifs on the 5′ UTRs of the entire var gene
family (Fig. 2). We found that each var gene contains similar
motifs in its 5′ UTR and its intron. The 8-bp motif (M3) iden-
tified by Calderwood et al. (19) also was mapped on the entire
var gene family and was found to be highly associated with M2.
Interestingly, in type 3 var genes the motifs are found on the 5′
UTR but not on their truncated nonfunctional introns. As expected
from the sequence asymmetry of var introns (19), we found an
array of motifs repeated on both edges of the introns, although in
the opposite orientations. We also noted that the distribution of
the motifs in the 5′ UTRs is similar among members of the same
var subtype.
Surprisingly, the PbDT 3′ used in our plasmids also contains the

M3 motif. Moreover, the var promoter and intron used on our
constructs contained an identical TG-rich sequence (Fig. S2). We
performed an in silico screen of the 3D7 genome and identified
this exact sequence only 131 times in the entire genome; in 121 of
these instances it was found in the var-regulatory regions of 51
different var genes (Tables S1 and S2). We reasoned that these
sequences might act as insulator-like pairing elements (PE)
that could mediate the interaction between the var promoter
and intron that is necessary for their silencing and mutually
exclusive expression.

Deletion of the PE from a var Promoter or Insertion of an Additional
Element Between a var Promoter and Intron Disrupts Silencing and
Mutually Exclusive Expression. To show that these PEs are indeed
essential for proper regulation of var genes, we modified the
pVLhIDb construct, which is properly regulated, and deleted
the last 102 bp of its 5′ UTR containing the PE, thus creating the
pVΔ102LhIDb plasmid (Fig. 3A, Upper). In addition, we inserted
an additional copy of the PE into pVLhIDb between the hrp2 3′
and the intron, creating a new plasmid termed “pVLhPEIDb”
(Fig. 3A, Lower). Both plasmids were transfected into the DC-J
parasite line, and the entire var transcription profile and lucif-
erase expression levels were measured. We found that these
modifications resulted in activation of the episomal var promoter
even though both stably transfected parasite lines maintained a 1:1
ratio of var promoters and introns on the plasmids, indicating that
no rearrangements or deletions had occurred. Moreover, these
constitutively active promoters became uncounted by the mecha-
nism that controls mutually exclusive expression, and both were
simultaneously active with the endogenous var PFB1055c (Fig.
3B). We concluded that the PEs are regulatory elements required
for pairing the var promoter with the intron and are essential for
mediating var silencing and mutually exclusive expression.

Silencing and Mutually Exclusive Expression Through PE Interactions
Is var Specific. Cooperative silencing of var promoters through
interactions with their introns was shown to be specific to var
promoters, whereas other promoters such as hrp2 could not be
silenced by the presence of an adjacent var intron (9). The pro-
moter region of hrp2 does not contain the var PE identified here,
and, therefore, if the PEs are required for these interactions as we
hypothesize, it is reasonable that pairing with a var intron would
not silence the hrp2 promoter. We were interested in testing
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whether the insertion of the PE to the hrp2 promoter would be
sufficient to achieve intron-mediated silencing and whether such
a chimeric gene would be counted for mutually exclusive var
expression. To perform this experiment, we created two con-
structs in which we replaced the var promoter of pVLhIDb with
hrp2 promoter, thus creating constructs similar to those that were
silenced by the intron (Fig. 1) except that luciferase was driven by

the hrp2 promoter. In one of these constructs we maintained the
last 102 bp of the var 5′ UTR containing the PE at the same
location as in the silent pVLhIDb plasmid. These two constructs
were named “pHLhIDb” and “ pHPELhIDb,” respectively (Fig.
3C). In parasite populations that stably carried these constructs,
the episomal hrp2 promoter was constitutively active simulta-
neously with the endogenous var gene (PFB1055c), even though
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Fig. 1. A DNA element found in the PbDT 3′ UTR disrupts the intron’s ability to silence a var promoter. Stably transfected parasite lines carried constructs
mimicking var gene structure with luciferase as a reporter gene for var promoter expression and hdhfr as a positive selectable marker expressed by the var
intron. (A) (Upper) Schematic of the pVLhIDb episome that contains a var promoter paired with a var intron. This var promoter is properly regulated and silent
by default. (Lower) Schematic of the pVLbIDh episome, which is identical to pVLhIDb except for the replacement of the 3′ UTR that terminates luciferase. This
replacement resulted in activation of the var promoter, which no longer is recognized by the mechanism that controls mutually exclusive expression. (B)
Results of pVLhIDb (Upper) and pVLbIDh (Lower) in the DC-J parasite line. Quantification of the ratio between var promoter and intron by qRT-PCR (Left).
Steady-state mRNA levels of each individual var gene measured by qRT-PCR are presented as copy number relative to the housekeeping genes arginyl-tRNA
synthetase (PFL0900c) (Center) and the levels of luciferase expression (Right). The D10 parasite line (22) constitutively expressing luciferase from an en-
dogenous var promoter was used as a positive control. All values presented are the average of at least two biological replicates. Error bars represent SE. (C) A
similar TG-rich DNA element is found within the PbDT 3′ UTR, var promoter, and var intron. In the schematic of the construct, the TG-rich element is shown as
a red circle, the PbDT 3′ UTR is boxed, and the hrp2 3′ UTR is shown as a bold black line.
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M2 M3 M1 

Fig. 2. Bioinformatic analysis of the entire var gene family revealed a unique TG-rich DNA motif in all var introns and 5′UTRs. The MEME motif-finding
algorithm was used for the initial screen for TG-rich DNA motifs on all var introns of the 3D7 parasite line. Three T[G/A] motifs were identified, which were
termed “M1-3” and are marked with light blue, blue, and red, respectively. The MAST algorithm was used to locate their presence in the 5′ UTRs of all
var genes. This screen was limited to sequences with at least 25% G/C content. The presentation of these motifs above or below the genes indicates their
orientation on the DNA strands.
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Fig. 3. DNA PEs regulate silencing and mutually exclusive expression of var genes through specific promoter–promoter interaction. The deletion of a PE or
insertion of an extra PE results in the activation of a var gene. In the schematic of the construct, the TG-rich element is shown as a red circle, the PbDT 3′ UTR is
boxed, and the hrp2 3′ UTR is shown as a bold black line. (A) (Upper) Schematic of the pVΔ102LhIDb in which the last 102 bp of the var promoter containing the PE
were deleted. (Lower) Schematic of the pVLhPEIDh episome, which is identical to pVLhIDb except that an additional PE is inserted upstream of the var intron.
These modifications resulted in activation of the var promoter, which no longer is recognized by the mechanism that controls mutually exclusive expression. (B)
Results of pVΔ102LhIDb (Upper) and pVLhPEIDb (Lower) in the DC-J parasite line. Quantification of the ratio between var promoter and intron by qRT-PCR (Left),
steady-state mRNA levels of each individual var gene measured by qRT-PCR presented as relative copy number to the housekeeping genes arginyl-tRNA syn-
thetase (PFL0900c) (Center), and the levels of luciferase expression (Right). The D10 parasite line (22) constitutively expressing luciferase from an endogenous var
promoter was used as a positive control. (C) The interaction between the two DNA elements is specific to var genes. Schematic of the pHLhIDb (Upper) and
pHPELhIDb (Lower) constructs made by replacing the var promoter from pVLhIDb with the hrp2 promoter with or without the last 102 bp of the var promoter that
contains the PE. The promoters of both plasmids were constitutively active simultaneously with the endogenous var gene in the DC-J parasite line. (D) Results of
pHLhIDb (Upper) and pHPELhIDb (Lower) in the DC-J parasite line. (Left) Quantification of the ratio between var promoter and intron by qRT-PCR. Steady-state
mRNA levels of each individual var gene measured by qRT-PCR are presented as relative copy number to the housekeeping genes arginyl-tRNA synthetase
(PFL0900c) (Center) and the levels of luciferase expression (Right). The D10 parasite line (22) constitutively expressing luciferase from an endogenous var promoter
was used as a positive control. All values presented are the average of at least two biological replicates. Error bars represent SEs.
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they maintained a 1:1 ratio of the hrp2 promoter and var intron
on the plasmid. These results indicated that cooperative silenc-
ing and mutually exclusive expression mediated by the PE is
specific to var genes and probably is determined by additional
elements found specifically within var 5′ UTRs.

var PEs Form Specific DNA–Protein Complexes. Interactions between
distant regulatory elements that lead to changes in transcrip-
tional activation often are mediated through the action-specific
proteins (28). We hypothesized that the PE-dependent pro-
moter–promoter interactions of var genes could be mediated by
the binding of the PEs by specific mediator proteins. We per-
formed EMSA with radiolabeled probes containing the PEs in-
cubated with nuclear extracts. The radiolabeled probe containing
the PE of the var promoter (Ups1) forms a specific protein–DNA
complex only when incubated with nuclear extracts (Fig. 4A).
A competition assay indicated that an unlabeled Ups1 probe
interferes with the formation of the complex in a dose-dependent
manner. However, formation of this complex was not affected by
competition using the hrp2 3′ probe that does not contain the PE
and therefore did not interfere with var gene regulation on our
plasmid. These results indicate that this complex forms from the
specific binding to the Ups1 probe. Moreover, competition assays
using probes containing the PE of the intron (Int1) and the PbDT
3′ showed that those probes disrupted complex formation in
a dose-dependent manner similar to the Ups1 probe. To verify
these results, we performed the reciprocal experiment using
a radiolabeled probe containing the PE of the var intron (Int1)
(Fig. S3). Similar to the results obtained using the Ups1 probe, this
DNA element also forms a specific DNA–protein complex only
when incubated with nuclear extract. All the probes containing
the PE (i.e., Int1, Ups1, and PbDT 3′) specifically interrupted the
formation of the complex in a dose-dependent manner, but the
hrp2 3′ probe did not.
To identify the nucleotides that are important for the in-

teraction between the PEs and nuclear proteins, we performed
competition EMSA with competitor ligands containing different
mutations along the PE and its flanking sequence (Fig. 4C). In
these mutants we performed serial substitutions of three nucleo-
tides of the core PE with three cytosine bases. This mutants were
named “mut1-3,” “mut3-5,” and so forth, according to the location
of these replacements. In addition we used ligands in which the
flanking regions of the PE were mutated. We found that the PE
without its flanking regions (PEtrunc1-2) does not compete for
protein binding, but the PE with a different sequence at its
flanking region competes very well, indicating that the flanking
region is essential for protein binding without sequence specificity.
In addition base-pair replacement along the PE indicated that any
change in the core sequence of the PE (base pairs 6–13) reduced
its ability to form a complex, and therefore these ligands did not
compete for binding. Mutated PE ligands with sequence changes
at base pairs 1–3 and 17–18 still could compete for binding, in-
dicating that the sequence at these positions has less effect on
binding (Fig. 4 C–E). Taken together, these data indicate that
the PEs found in var promoters and introns form specific DNA–
protein complexes with nuclear proteins.

Discussion
The epigenetic control of var gene transcription involves com-
plex, multilayer levels of regulation. The primary regulatory
determinants of var transcription are found within the noncoding
DNA regions in var upstream promoters and in their introns.
The interaction between these two cis elements is essential for
coordinated regulation of var expression in a mutually exclusive
manner. Without an adjacent intron a free var promoter is
constitutively active and is not counted as a member of the var
gene family (29). Here we showed that the interactions between
the intronic and upstream regulatory regions are mediated by

specific protein-binding DNA elements. These PEs are found in
both var promoters and introns. Deletion of this element from
the var promoter or insertion of an additional element adjacent
to the one found within the intron disrupts these promoter–
promoter interactions and effectively leads to an unregulated var
promoter similar to a free var promoter that has been separated
from an intron (22, 24). In the current study the promoter ac-
tivity of the intron previously shown to be essential for its
function as a silencer of var promoters (19, 21) was not disrupted
and was used to drive a drug-selectable marker. Nevertheless,
repositioning the PEs by the genetic manipulations described
above caused the transcriptionally silent var promoter to revert
to an active one even though it still was adjacent to a functional
intron promoter. These results indicate that, in addition to the
promoter activity of the intron, which is a prerequisite for var
silencing, the promoter–promoter interactions are dependent on
and are mediated by these DNA elements. Similar interference
with promoter–promoter interaction was observed in a trans-
genic parasite line in which an entire selectable marker cassette
was inserted in between the var promoter and its intron. This
rearrangement in the original gene structure of var2sca caused
the loss of silencing of the endogenous var promoter, which
became constitutively active (30). Nevertheless, constitutively
active var promoters also can silence the entire var gene family in
a mechanism that is different from mutually exclusive expression.
It is possible to force transfected parasites to have up to 20 copies
of active var promoters on episomes using different levels of drug
selection (13, 26, 31). These multiple active var promoters clearly
are not counted by the mechanism that controls mutually exclusive
expression, but they cause complete silencing of the entire var
gene family, possibly by titration of a limited nuclear factor re-
quired for var gene activation. Recently, Brancucci et al. (17)
performed an elegant and thorough promoter deletion analysis
and identified a novel protein-binding motif (MEE) that is found
in 44 var 5′ UTRs. In their careful deletion analyses they showed
that the MEE motif is essential to achieve complete PfEMP1
knockdown in parasites selected to carry active episomal var
promoters. This knockdown could be caused by the recognition of
the episomal var promoters by the mechanism that controls mu-
tually exclusive expression. Alternatively, it is possible that the
entire var gene family was silenced by titration by the competing
episomes through binding of the MEE to the nuclear proteins
required for var gene activation. Further investigation is needed to
differentiate between these alternative hypotheses.
The effect of cis rearrangement of the var PEs on the tran-

scriptional activation of a var promoter has many similarities to
the effect of cis rearrangement of Su(Hw) chromatin insulators
on enhancer-blocking activity reported in several Drosophila
transgenes (32, 33). Chromatin insulators are specialized DNA-
regulatory elements that affect gene expression by marking the
boundaries of chromatin domains and limiting the range of
interaction of enhancers and silencers with promoters (34).
A model was proposed by which insulators can regulate gene
expression by changes in chromatin conformation that would
facilitate the spatial interactions between distant regulatory
elements, such as enhancers or silencers, with a particular pro-
moter. Although the PEs described here could not be considered
chromatin insulators per se, a similar model that proposes long-
range interactions of gene-regulatory elements dependent on
a specific cis arrangement of DNA elements could explain the var
promoter silencing and activation we observed in our constructs
(see summary Fig. P1). The intron promoter can interact with
a var promoter and act as its silencer only if the PEs are found
both on the intron and the var promoter. Thus, the PEs define
the interactions between cis-regulatory elements which are lo-
cated 9–11 kb from each other. The absence of one PE or inter-
ruption of proper pairing by an additional PE leads to a “silencer-
blocking effect” and prevents the intron from silencing. It is
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possible that these promoter–promoter interactions are me-
diated by the DNA-binding proteins that specifically bind to
the PEs and contribute to the formation of possible 3D chro-
matin structures that would enable the intron to silence its var
promoter. Recent studies have implicated enhancer-mediated
noncoding RNAs (ncRNAs) in transcriptional regulation. The
significance of these ncRNAs is still unknown, but they were
postulated to recruit chromatin-modifying factors to their inter-

acting promoters (35–39). It is possible that var intron promoters,
which give rise to long ncRNAs, function as silencers in a similar
way. However, these hypotheses require further experimental
validation.
Long-range interactions between promoters and their distant

regulatory elements occur in many gene loci. These long-range
interactions require the formation of chromatin loops that allow
direct association between distant sequences found on the same
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Fig. 4. The var PEs form a specific DNA–protein complex. (A) EMSA of extracts using a radiolabeled (32P) DNA ligand containing the PE of the var 5′UTR
(Ups1) shows specific DNA–protein complex formation when incubated with a nuclear extract. Specific competition assays were performed with increasing
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E3684 | www.pnas.org/cgi/doi/10.1073/pnas.1214572109 Avraham et al.

www.pnas.org/cgi/doi/10.1073/pnas.1214572109


or even on another chromosome (28). Such long-range inter-
actions that physically connect enhancers and core promoters
and thus affect gene functions were found in the β-globin gene
and its locus control region (40), between the olfactory receptors
in mammals and the H enhancers (41), in the activation of oct4
in murine embryonic stem cells (42), and upon differentiation of
TH2 and TH1 T cells (43, 44), as well as in human Hep3B cells
(45). Several mediator proteins, such as CCCTC-binding factor
and cohesin, which bind both enhancers and promoters, play
a role in the maintenance of chromatin loops that enable these
long-range interactions.
The proximity of coregulated genes and their regulatory ele-

ments with the components of their transcriptional machinery at
distinct nuclear locations has been termed “chromatin hubs” or
“transcriptional factories” (28). This proximity ensures efficient
transcription and associated dynamics in nuclear architecture
with transcription regulation. Dynamics in subnuclear organiza-
tion also have been implicated in the regulation of var gene ex-
pression. Silent var genes seem to be associated with telomeric
clusters at the nuclear periphery (46) and, when activated, re-
position to a different location at the nuclear periphery (47). var
positioning at the nuclear periphery was shown to be mediated
by the interaction of nuclear actin and a conserved element
found in var introns (20). In parasites in which mutually exclusive
expression was partially disrupted by deletion of one intron, two
active var genes colocalized to a distinct focus at the nuclear
periphery. This result suggests that an element within var pro-
moters directs the active var genes to a specific subnuclear var
expression site (24). Similarly, Joergensen et al. (48) have iso-
lated a parasite line in which two PfEMP1 types are expressed by
a single parasite and showed that the two simultaneously active
var genes colocalized at the nuclear periphery. In addition, an
active rif gene, which belongs to another multicopy gene family,
colocalized with an active var gene, suggesting that the expres-
sion site is shared with other gene families (31). Recently it was
shown that the active var gene colocalizes with a histone meth-
yltransferase, PfSET10, which has been implicated in the main-
tenance of the epigenetic memory at its “poised” state (49).
These data support the role of subnuclear organization in var
gene regulation, possibly by formation of transcriptional facto-
ries that contain the genes’ regulatory elements and the tran-
scriptional machinery that regulates gene expression.
var genes often are found in clusters in chromosomal loci and

sometimes are separated from each other by as little as 3 kb. In

these var clusters the intron of one gene can be closer to the
promoter of the gene downstream than to its own promoter. It
has been shown that an intron integrated upstream to a free var
promoter will silence it (22). In addition, recent work on con-
structs having two var promoters and one intron showed that the
single intron could silence in both orientations and alternate in
silencing each of the two var promoters at a given time (23).
However, in its native chromosomal location, each var gene is
regulated as a separate independent unit, and the restrictions of
their mutually exclusive expression ensure that, when one gene
is active, its neighboring genes remain transcriptionally silent.
This mutual exclusion would imply that distinct boundary ele-
ments separate var genes; however, to our knowledge neither
boundary elements nor chromatin insulators have yet been
identified in Plasmodium. The discovery of the PEs and their
crucial role in the interactions between var-regulatory elements
will contribute to our understanding of the spatial organization
of the genome and the dynamics in nuclear architecture involved
in the regulation of var gene expression.

Materials and Methods
Details of materials and methods used, including plasmid construction and
probes used for EMSA, are found in SI Materials and Methods. Parasite
culture, transfection, and selection were described previously (19, 50, 51).
Genomic DNA extraction and RNA extraction and synthesis were done as
described (12, 26, 52). Transcript copy numbers were measured by quanti-
tative RT-PCR (qRT-PCR) and were determined using equation 2−ΔΔCT in
Applied Biosystems User Bulletin 2 and as previously published (12). Lucif-
erase assay protocols are described in SI Materials and Methods. The D10
parasite line (22) constitutively expressing luciferase from the endogenous
var promoter was used as a positive control, and the DC-J parasite line (12)
was used as negative control. For gel shift assays the competitive unlabeled
ligands were added in increasing concentrations as indicated. Parasites’
protein extracts were added last to ensure that the probe and its com-
petitors have the same probability of binding the nuclear extract. The re-
action mixtures were incubated on ice for 30 min; then samples were loaded
on a 6% (wt/vol) native polyacrylamide gel in TAE buffer [6.7 mM Tris·ace-
tate, 3.3 mM sodium acetate, 1 mM EDTA (pH 7.5)]. Electrophoresis was
conducted at 2–4 °C and 16 V/cm for 1 h. Protein–DNA complexes were vi-
sualized and quantified by a Bio Imaging Analyzer (BAS1000; Fuji).
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