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ABSTRACT: Little is known about the role of the three Jumonji
C (JmjC) enzymes in Plasmodium falciparum (Pf). Here, we show
that JIB-04 and other established inhibitors of mammalian JmjC
histone demethylases kill asexual blood stage parasites and are even
more potent at blocking gametocyte development and gamete
formation. In late stage parasites, JIB-04 increased levels of
trimethylated lysine residues on histones, suggesting the inhibition
of P. falciparum Jumonji demethylase activity. These epigenetic
defects coincide with deregulation of invasion, cell motor, and
sexual development gene programs, including gene targets
coregulated by the PfAP2-I transcription factor and chromatin-
binding factor, PfBDP1. Mechanistically, we demonstrate that
PfJmj3 converts 2-oxoglutarate to succinate in an iron-dependent manner consistent with mammalian Jumonji enzymes, and this
catalytic activity is inhibited by JIB-04 and other Jumonji inhibitors. Our pharmacological studies of Jumonji activity in the malaria
parasite provide evidence that inhibition of these enzymatic activities is detrimental to the parasite.
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The most lethal of the five species of malaria is Plasmodium
falciparum (Pf), affecting 3.4 billion humans annually.1

The P. falciparum life cycle consists of single rounds of
replication in the mosquito and human liver followed by the
release of merozoites into the bloodstream. Following red
blood cell (RBC) invasion by the extracellular merozoites, the
asexual blood stages initiate remodeling of their host cell (ring
forms and early trophozoite) followed by repeated rounds of
nuclear replication (late trophozoite/early schizont) and a
single round of cell division (schizont) ending with the release
of new merozoites from the infected RBC 48 h later. A low
percentage of schizonts form merozoites that are committed to
differentiate into male and female sexual stage gametocytes
that mediate transmission to the next host. Proper transcrip-
tional regulation at each stage of P. falciparum development is
essential for the successful completion of the life cycle.2

P. falciparum controls several key gene expression programs
through epigenetic mechanisms mediated by histone modify-
ing enzymes. The trimethylation of histones at specific
genomic loci regulates the expression of stage-specific
transcription factors such as AP2-G, of nutrient uptake
channels including the clag3 gene paralogs, of invasion

pathways, and of multigene families involved in antigenic
variation.2−11

Histone trimethylation is regulated by trimethyl writers
(including SET enzymes) and trimethyl erasers. Jumonji C
domain (JmjC) containing enzymes, a subfamily of 2-
oxoglutarate (2-OG)-dependent oxygenases that catalyze
hydroxylation and demethylation of substrates, are the
known demethylases of histone trimethylation (reviewed in
ref 12). The core of the JmjC domain is comprised of a
double-stranded β-helix fold containing the active site residues
that coordinate Fe(II), bind 2-OG, and interact with substrates
like histone tails.12,13 The binding of Fe(II) and 2-OG initiates
the oxidative decarboxylation of 2-OG, generating succinate
and an iron intermediate. Jumonji enzymes use this
intermediate to either hydroxylate or demethylate a variety
of protein and nonprotein substrates. In contrast to the large
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family of Jumonji enzymes in mammals (∼30), the
P. falciparum genome encodes only three proteins containing
JmjC enzymatic domains, designated as PfJmjC1

(PF3D7_0809900), PfJmjC2 (PF3D7_0602800), and PfJmj3
(PF3D7_1122200).14,15 The catalytic triad residues that
coordinate Fe(II) (HxD/E,H) and the 2-OG-binding residues

Figure 1. Jumonji inhibitors are active against asexual erythrocytic growth and potently block P. falciparum gametocyte development and gamete
formation. Representative Jumonji inhibitor concentration curves against (A) asexual development, (C) gametocyte development, and (D) gamete
formation. (A) 3D7 (solid line) or Dd2 (dashed line) asexual parasites synchronized to rings were treated with JIB-04 E (red circles) and Z (black
squares) isomers (left panel) or GSK-J4 (cyan circles), ML324 (orange triangles), SD-70 (green squares), CPI-455 (gray inverted triangles), and
KDM5-C70 (purple diamonds) (right panel). Asexual development was measured using the standard 3 day growth assay as described in the
Materials and Methods and is presented as a percent of vehicle-treated controls. (B) Schematic of gametocyte and gamete induction relative to
inhibitor exposure. Synchronized asexual parasites were cultured at high parasitemia on day −2 to induce gametocytogenesis. For the development
assays (dark gray boxes), gametocytes were exposed to the inhibitor starting on day +1 through day +6. Parasitemia (%PT) and gametocytemia (%
GC) were measured by flow cytometry as described in the Materials and Methods. For gamete formation assays (light gray boxes), inhibitor was
added to stage V gametocytes for 48 h prior to induction on day +14. Male exflagellation (%♂) and female gamete formation (%♀) was measured
on day +16 and day +17, respectively, as described in the Materials and Methods. (C) Representative concentration curves of JIB-04 E and Z (left
panel) and other Jumonji inhibitors (right panel) against gametocyte development relative to vehicle controls. (D) Representative concentration
curves of JIB-04 E and Z against male (left panel) and female (right panel) gamete formation relative to vehicle controls. Nonlinear regression
curves ([inhibitor] vs response − variable slope (four parameters)) were fit to the data using GraphPad Prism v8. Error bars represent the standard
deviation of technical triplicates. EC50 concentrations (μM) are presented as mean ± SEM of the fitted inhibition curves from three or more
independent experiments.
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are conserved in all three P. falciparum proteins. Furthermore,
all three P. falciparum Jumonji enzymes are expressed during
the parasite’s intraerythrocytic developmental cycle (IDC), dur-
ing gametocyte development, and in ookinetes.16−19 Jiang et al.
generated single knockout lines of Pf JmjC1 and Pf JmjC2 that
were viable, indicating that neither of these enzymes are
essential for blood stage parasite survival in a laboratory
environment.15 Pf Jmj3 has yet to be subjected to similar
knockout analysis, although a recent transposon mutagenesis
study suggests that an exonal insertion in the gene for Pf Jmj3
yields viable parasites.20 The essentiality of the Jumonji
enzymes in other stages of the P. falciparum’s life cycle has
yet to be investigated. In all organisms studied to date, Jumonji
histone lysine demethylases (KDMs) are the only family of
histone demethylases enzymatically capable of removing
trimethyl marks; thus, the aggregate PfJmj histone demethylase
activity is likely central in regulating transcriptional programs
in the parasite.12,21

We and others have developed small molecule inhibitors of
mammalian Jumonji KDM enzymes that interfere with
catalysis by disrupting interactions with the iron cofactor, the
2-OG cosubstrate, and/or the histone substrate.22−29 Since
PfJmj proteins contain the conserved amino acid residues for
binding to cofactor, cosubstrate, and substrate, we speculated
that these inhibitors would block the total Jumonji catalytic
activity in the parasite. We therefore evaluated the antimalarial
activity of a collection of small molecule inhibitors of
mammalian Jumonji KDM enzymes with a range of
specificities against various subfamilies. We find that inhibitors
of mammalian Jumonji KDMs arrest parasite develop-
ment and trigger parasite death in replicating blood stages,
and potently prevent gametocyte development and gamete
formation. Furthermore, we show that three of the four small
molecules inhibit conversion of 2-OG to succinate by
recombinant PfJmj3. Consistent with the inhibition of malarial
Jumonji KDMs, Jumonji inhibitors alter global levels of histone
trimethylation in P. falciparum, resulting in the deregulation of
the parasite’s transcriptional developmental program and
ultimately parasite death.

■ RESULTS
Inhibitors of Mammalian Jumonji Enzymes Have

Antimalarial Activity against Drug Sensitive and Drug
Resistant Asexual Blood Stage Parasites in Culture. The
Plasmodium falciparum (Pf) genome encodes three proteins
containing JmjC enzymatic domains, designated as PfJmjC1
(PF3D7_0809900), PfJmjC2 (PF3D7_0602800), and PfJmj3
(PF3D7_1122200) (Figure S1A). Residues in the mammalian
Jumonji enzymes that are required for catalysis through iron
and 2-oxoglutarate (2-OG) binding and for substrate binding
are conserved in all three P. falciparum proteins (Figure S1B).
Since several known inhibitors of mammalian Jumonji enzyme
activity interfere with iron/2-OG/substrate binding, we
evaluated these small molecules for antimalarial activity.22−29

We first tested our own pan-selective inhibitor of Jumonji
KDMs, JIB-04, in its active (E) and inactive (Z) isomeric
forms since it is potent in culture and active in vivo against
KDMs in cancer mammalian models (Table S1).23 We
measured the inhibition of blood stage asexual parasite growth
using a standard 3 day assay in parasites synchronized to
rings.30 The JIB-04 E isomer blocked the viability of both drug-
sensitive 3D7 as well as multidrug-resistant Dd2 parasites with
an EC50 of 1.6 μM, while the inactive Z isomer was far less

effective (EC50 > 10 μM) (Figures 1A, left panel, and S1C). To
establish the generality of these findings, we then tested a panel
of other known Jumonji inhibitors with various specificities for
the mammalian enzymes (Table S1). GSK-J4, which
preferentially inhibits H3K27me3 Jumonji KDMs in some
model systems, also inhibited both 3D7 and Dd2 parasites
while the less active isomer GSK-J5 did not (Figures 1A, right
panel, and S1C,D).23,27,31−33 ML324 and SD-70, reported to
inhibit KMD4 Jumonji family members, were also active
against 3D7 and Dd2 parasites (Figures 1A, right panel, and
S1D).34,35 Inhibitors known to selectively target the KDM5
subfamily of Jumonji enzymes such as CPI-455 and KDM5-
C70 lacked antimalarial activity even at the highest doses
tested (40 μM) (Figure 1A, right panel, and S1D).26,29,36

Inhibition by JIB-04 E, GSK-J4, ML324, and SD-70, but not by
CPI-455 or KDM5-C70, all active site inhibitors, suggests that
effects on parasite growth are specific and not simply the result
of general iron chelation or cytotoxicity against RBCs. Taken
together, these studies establish that multiple Jumonji KDM
inhibitors targeting mammalian enzymes other than
only KDM5s are effective at blocking the viability of both
drug-sensitive and drug-resistant blood stage P. falciparum
parasites with similar potency.

Jumonji Inhibitors Disrupt Gametocyte Development
and Gamete Formation. Next, we investigated the effects of
Jumonji inhibitors on gametocyte (GC) development.
Following sexual commitment, reinvaded ring stages were
exposed to N-acetylglucosamine to kill asexual parasites and to
Jumonji inhibitors for 6 days. Gametocytotemia was quantified
by flow cytometry on day 6 (%GC) (Figure 1B; gametocyte
development). JIB-04 E was highly effective in preventing
gametocyte development as were SD-70 and ML324. Dose
response studies determined that, among these Jumonji
inhibitors, JIB-04 E is the most potent inhibitor of gametocyte
development with an EC50 concentration of ∼120 nM,
followed by SD-70 (∼800 nM) and ML324 (∼1 μM) (Figure
1C). GSK-J4 and the inactive Z isomer of JIB-04 were effective
only at high doses (Figure 1C). Thus, while JIB-04, SD-70, and
ML324 have 4−12-fold higher potency against these sexual
stages than against asexual parasites, GSK-J4 loses potency.
We then assessed if JIB-04 had effects on gamete maturation

using the dual gamete formation assay (Figure 1B; gamete
formation).37,38 We measured male gamete formation by
exflagellation assays and female gamete formation by live cell
staining with anti-Pfs25-Cy3 antibodies, a female-gamete
specific marker.39 JIB-04 E potently inhibited male exflagella-
tion centers with an EC50 of ∼10 nM, while the inactive Z
isomer had a much weaker effect (>500 nM) (Figure 1D, left
panel). JIB-04 E also robustly blocked female gamete
formation as measured by decreased Pfs25 protein, with
EC50 values of ∼80 nM compared to >2 μM for the inactive Z
isomer (Figure 1D, right panel). These results indicate that
Jumonji inhibitors disrupt gametocyte development and
gamete formation with high potency preferentially blocking
male gamete formation.

Jumonji Inhibitors Delay Progression of Ring- or
Trophozoite-Treated Asexual Blood Stage Parasites. To
further characterize the mode of antimalarial action of Jumonji
inhibitors, we treated parasites synchronized at specific blood
form stages and evaluated the effects of drug exposure on
subsequent progression through the intraerythrocytic devel-
opmental cycle (IDC). First, we treated rings with each
inhibitor at its EC50 concentration and monitored parasite
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development 24 and 48 h post-exposure by flow cytometry
(Figures 2A,B and S2A,B). After 24 h, about 65% of rings
treated with vehicle had progressed to trophozoites and 15% to
schizonts (Figures 2A and S2A). While some rings treated with
JIB-04 E also progressed in the cell cycle, there were
significantly fewer parasites entering schizogony (Figure 2A,
schizonts). We observe a similar decrease in schizonts with
GSK-J4, ML324, and SD-70, the other Jumonji inhibitors that
showed antimalarial activity (Figures 2A and S2A). None of
these inhibitors had any effect on total parasite numbers at this
time point (Figure S2A).
After 48 h, ring parasite cultures treated with vehicle or the

inactive Z isomer completed the IDC and reinvaded new
RBCs, resulting in an increase in parasitemia from ∼1% to

∼5% (Figure S2B). In contrast to the controls, the treatment
with Jumonji inhibitors markedly reduced total parasite
numbers (Figure S2B). This reduction in parasitemia is mainly
due to an increase in the number of remaining schizonts that
have yet to complete the cell cycle, thus resulting in fewer
newly invaded rings (Figures 2B and S2B). JIB-04 E-, GSK-J4-,
and SD-70-treated cultures only had between ∼1.5% and 2%
newly invaded ring parasites compared to ∼4.5% in the
controls. Treatment with ML324 showed a more modest
decrease in newly invaded rings (∼3.5% rings), consistent with
the higher parasitemia of these cultures.
To investigate if late stage parasites were susceptible to

Jumonji inhibitors, we next treated trophozoite parasites over
48 h and monitored progression through the remaining IDC

Figure 2. Exposure of ring or late stage asexual parasites to Jumonji inhibitors significantly impairs parasite development through IDC.
Synchronized (A, B) ring parasites or (C, D) trophozoite parasites were grown in the presence of 1× EC50 concentrations of Jumonji inhibitors for
48 h. Quantification of parasite progression after 24 h exposure (A, C) and 48 h exposure (B, D) was monitored by flow cytometry and Giemsa
stained thin blood smears as shown by the representative dot plots and images in Figure S3. Ring, trophozoite, and schizont parasites are gated as
described in the Materials and Methods. Bar graphs present the mean ± SD of rings, trophozoites, and schizonts as % parasitemia of triplicate wells
from one of two independent experiments. p values are calculated using a t test between vehicle- and inhibitor-treated samples. n.s., nonsignificant;
*, p < 0.05; **, p < 0.01; ***, p < 0.001.
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and into the next cycle (Figures 2C,D and S2C,D). After 24 h,
cultures treated with vehicle or the inactive isomer Z showed
enrichment in newly invaded rings and consequently increased

parasitemia from 1% to ∼5% (Figures 2C and S2C).
Trophozoite cultures treated for 24 h with Jumonji inhibitors
showed slight decreases in the number of newly invaded rings,

Figure 3. Transient exposure to JIB-04 E impairs development at all stages throughout the IDC with long-term consequences. (A) Schematic of the
experimental setup. Tightly synchronized parasites were exposed to the vehicle or 1.5, 7.5, or 15 μM JIB-04 E (corresponding to 1×, 5×, or 10×
EC50 from Figure 1) or inactive Z isomer during one of three 12 h periods: 5 to 17 hpi (green), 17 to 29 hpi (cyan), or 29 to 41 hpi (purple).
Additional Jumonji inhibitors (GSK-J4, ML324, and SD-70) were only tested during the 29 to 41 hpi treatment period at 1×, 5×, or 10× EC50.
After the 12 h incubation, parasites were extensively washed to remove drug and returned to the incubator to continue growth. (B−D) Progression
through and completion of (reinvasion) the IDC was measured at 50 hpi by flow cytometry as described in the Materials and Methods. (B) Newly
invaded rings and (C) remaining trophozoite and (D) schizont parasites that failed to complete the IDC are presented as the fold change relative to
vehicle-treated parasites. (E) At the end of each treatment period, a 1:40 dilution of washed parasites was transferred into fresh RBCs and media
and cultured for two additional life cycles. Surviving parasites were measured on day 5 by flow cytometry, and data are presented as the fold change
relative to vehicle-treated parasites. Data represent the mean ± SEM of 3−6 independent experiments. p values are calculated using a t test between
vehicle- and inhibitor-treated samples. ns, nonsignificant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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leading to decreased parasitemia (Figures 2C and S2C). After
48 h, the majority of parasites in control cultures progressed
back to trophozoites. In cultures treated with Jumonji
inhibitors, we observed significant decreases in trophozoites
and those few parasites that have entered schizogony (Figures
2D and S2D). Parasites treated with GSK-J4, ML324, and SD-
70 and to a lesser extent JIB-04 E showed increased numbers
of the remaining rings (Figures 2D and S2D). These results
suggest that a long exposure to Jumonji inhibitors delays
progression through the IDC.
Transient Exposure to Jumonji Inhibitors Affects All

Stages of the IDC. To test the effects of transient drug
exposure throughout the IDC, we treated tightly synchronized
3D7 parasites with increasing concentrations of JIB-04 E for 12
h at defined time periods post-infection (Figure 3A). The 12 h
drug exposure was carried out during ring (5−17 hpi),
trophozoite (17−29 hpi), or schizont stages (29−41 hpi).
After the transient treatment, infected RBCs were washed to
remove JIB-04 and reseeded with fresh media to evaluate the
ability of the parasite to proliferate post-drug exposure. We
then measured parasite reinvasion at ∼50 hpi by flow
cytometry. About 80% of infected RBCs from vehicle-treated
cultures contained newly invaded rings constituting the bulk
parasitemia, with very few trophozoites and schizonts
remaining from the previous cycle (Figure S3A). Transient

exposure of rings, trophozoites, or schizonts to the lowest
concentration of JIB-04 E (1× EC50) decreased the number of
newly invaded rings by 40%, 50%, and 75%, respectively,
relative to vehicle-treated parasites (Figure 3B, red bars).
Higher doses (5× and 10× EC50 concentrations) of JIB-04 E
produce an even more severe phenotype (Figure 3B). The
decrease in newly invaded rings at 50 hpi corresponds to an
increase in remaining trophozoites that failed to complete the
IDC (Figure 3C). In line with the data from Figure 2, exposure
of rings, trophozoites, or schizonts to the lowest concentration
of JIB-04 E caused a slight but significant increase in the
remaining schizonts (Figure 3D). However, with increasing
concentrations of JIB-04 E, we observed an accumulation of
trophozoites (Figure 3C) and fewer schizonts (Figures 3D and
S3A). Surprisingly, these parasites maintain a mitochondrial
membrane potential indicating they are still alive at the 50 hpi
time point (Figure S3B). Transient exposure to the inactive Z
isomer at the same concentrations as E showed minor effects
on progression, consistent with its lower potency (see Figure
1A).
To determine if parasites are merely delayed in development

compared to controls or actually arrested, we monitored the
progression of late stage parasites (29−41 hpi time period)
treated with the lowest concentration of inhibitor at 50, 53, 56,
60, and 72 hpi (Figure S3C). The numbers of remaining

Figure 4. Jumonji inhibitors block the enzymatic activity of recombinant PfJmj3. (A) Purity of wild-type and catalytically dead (HDH > AAA)
recombinant PfJmj3 as assessed by Coomassie staining. (B) Representative concentration curves of PfJmj3 enzymatic activity. Succinate formation
is measured indirectly through a luciferase-coupled reaction (relative luciferase units (RLUs)). Wild-type PfJmj3, but not heat inactivated wild-type
or the catalytically dead HDH > AAA mutant, converts 2-OG to succinate in the presence of Fe(II), ascorbate, and O2. Data are presented as the
mean ± SD of two technical replicates from 1 of 3 independent experiments. (C) Succinate formation by PfJmj3 is dependent upon ascorbate,
Fe(II), and 2-OG. Data are presented as a percent of wild-type and represent the mean ± SEM of 3−9 independent experiments. p values are
calculated using a t test between vehicle- and inhibitor-treated samples. ns, nonsignificant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. (D) Jumonji
inhibitors block the formation of succinate by PfJmj3 in a dose-dependent manner under assay conditions. Data are presented as a percent of the
vehicle control and represent the mean ± SD of two technical replicates from 1 of 4−5 independent experiments. IC50 concentrations (μM) are the
mean ± SEM of the fitted inhibition curves ([inhibitor] vs response − variable slope (four parameters)) from 4 to 5 independent experiments using
GraphPad Prism v8.
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trophozoites and schizonts at 53, 56, and 60 hpi increased
compared to 50 hpi. However, even at the latest time points,
we do not observe additional newly invaded rings in the JIB-04
E-treated cultures, suggesting a block at the schizont to ring
transition. By 72 hpi, this increase in remaining late stages has
disappeared without a corresponding increase in newly invaded
rings. Indeed, these parasites failed to complete the IDC and
have died on the basis of the loss of membrane potential

(Figure S3D). Again, we see no difference between the inactive
Z isomer and the vehicle (Figure S3C).
We next tested the effects of transient exposure of late stage

parasites to the other Jumonji inhibitors (29−41 hpi only).
Treatment with GSK-J4 (cyan bars) and SD-70 (green bars)
significantly reduced the number of parasites completing the
IDC at all concentrations tested (Figure 3B). Interestingly,
treatment with the lowest concentration of ML324 (orange)

Figure 5. JIB-04 E increases global trimethylated histone marks and deregulates transcription in the IDC. (A) Relative abundance of histone
methylation on H3K4, H3K9, and H4K20 in 29 hpi parasites treated with vehicle or 4.5 μM JIB-04 E for 6 h. Bar graphs represent the mean ±
SEM of three biological replicates. p values are calculated using a t test between vehicle- and inhibitor-treated samples. (B, C) Functional
categorization of genes whose expression levels are deregulated by JIB-04 E on the basis of gene ontology analysis and literature review. See also
Table S3. Examples of genes (B) down- or (C) upregulated in 29 hpi parasites treated for 6 h with 4.5 μM JIB-04 E compared to the vehicle and Z
isomer. Data are presented as the fold change relative to vehicle-treated controls (mean ± SEM of four replicates). p values are calculated using a t
test between vehicle- and inhibitor-treated samples. (D) qRT-PCR analysis of select genes from 29 hpi parasites treated with vehicle or 3× EC50
concentrations of Jumonji inhibitors for 6 h as above. Data are presented as the mean ± SEM of the fold change relative to vehicle-treated controls
from three biological replicates. p values are calculated using a t test between vehicle- and inhibitor-treated samples. n.s., nonsignificant; *, p < 0.05;
**, p < 0.01; ***, p < 0.001.
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had minor effects on the number of newly invaded rings,
whereas the higher concentrations showed similar reductions
in parasite numbers as the other Jumonji inhibitors. Similar to
JIB-04 E, the decrease in newly invaded rings upon exposure to
the other inhibitors corresponds to an increase in the
remaining late stages. The lowest doses cause an accumulation
of schizonts (Figure 3D), while the higher doses have earlier
effects resulting in trophozoite accumulation (Figure 3C). We
further analyzed the cell cycle progression of these remaining
late stage parasites by a more in depth analysis of the DNA
content (Figure S3E). Increasing concentrations of Jumonji
inhibitors result in a greater number of parasites with 1N−3N
nuclei and fewer segmented schizonts with >3N nuclei relative
to vehicle controls. Together, these data suggest that transient
exposure of late stage parasites to Jumonji inhibitors results in
a cell cycle arrest phenotype.
Finally, we sought to determine if transient 12 h JIB-04

treatment at different stages had long-term effects on parasite
proliferation and if the effects were distinct depending on the
stage of parasites during treatment. For this purpose, after each
treatment period, a 1:40 dilution of the washed parasites was
seeded into fresh media and RBCs, and cultures were allowed
to recover for 2.5 IDCs. On day 5 after seeding (scheme shown
in Figure 3A), we measured total parasitemia by flow
cytometry. Exposure to 1× EC50 concentrations of JIB-04 E
for only 12 h had no significant effect on the recovery of
parasites treated during the ring (5−17 hpi) or trophozoite
(17−29 hpi) periods (Figure 3E, first red bar). However,
parasitemia was inhibited by about 75% in cultures exposed to
the transient drug treatment during the schizont stage (29−41
hpi) at the low dose of JIB-04 E relative to vehicle. At higher
doses, transient exposure to JIB-04 E had long-term effects on
all parasite cultures, regardless of the stage during treatment.
Exposed rings were significantly less affected, and schizonts
were most severely affected, with parasitemia at the low end of
detection for the latter (Figure 3E, second and third red bars).
As before, the inactive Z isomer had little effect on parasite
recovery. These results show that a 12 h transient exposure to
Jumonji inhibitors has both immediate and long-term effects
on P. falciparum asexual development in RBCs with late stage
parasites having greater sensitivity.
Jumonji Inhibitors Block PfJmj3 Catalysis. To

determine if our mammalian Jumonji inhibitors directly target
the Plasmodium enzymes, we overexpressed and purified
recombinant PfJmj3 as described in the Materials and
Methods. As a control, we also purified a catalytically dead
mutant version of PfJmj3 in which the iron binding residues
(H166, D168, H342) were mutated to alanine (referred to as
HDH > AAA). Both proteins were purified to homogeneity as
confirmed by Coomassie staining (Figure 4A). Since the
endogenous substrate for PfJmj3 is unknown, we measured the
conversion of the 2-OG cosubstrate to succinate, the first step
in Jumonji catalysis (Figure 4B). This step of the reaction is
amenable to small molecule inhibition.40 Increasing concen-
trations of wild-type recombinant PfJmj3 resulted in increasing
concentrations of succinate formation (Figure 4B). This
activity is dependent on the cofactors, ascorbate and Fe(II),
as well as the cosubstrate, 2-OG, consistent with the action of
the Jumonji family of enzymes (Figures 4C and S4A,B). In
contrast to the wild-type protein, neither heat inactivated
PfJmj3 nor the HDH > AAA mutant showed activity. We next
tested PfJmj3 enzymatic activity in the presence of JIB-04 and
other mammalian Jumonji inhibitors. Increasing concentra-

tions of active JIB-04 E, but not the inactive Z form, inhibited
PfJmj3 activity with an IC50 of 2.6 μM under the assay
conditions, i.e., micromolar enzyme (Figure S4C). ML324 and
SD-70 also inhibited PfJmj3 activity with similar IC50
concentrations, 3.3 and 2.4 μM, respectively (Figure 4D).
Interestingly, GSK-J4 had no effect on PfJmj3 activity,
suggesting this Jumonji inhibitor does not exert its antimalarial
effects through PfJmj3 inhibition. These data indicate that JIB-
04, ML324, and SD-70 have the capability of directly blocking
the catalysis of 2-OG to succinate by PfJmj3, the first step in all
Jumonji reactions independent of the substrate.

JIB-04 E Increases Global Levels of Trimethylated
Histones. Of the two families of histone demethylases, only
Jumonji proteins are enzymatically capable of catalyzing the
demethylation of trimethylated lysine residues in histones.12,21

To investigate if Jumonji inhibitors target histone methylation
patterns in P. falciparum similar to their action in mammalian
cells, we performed high-resolution nanoLC-MS/MS to
quantify changes in histone post-translational modifications.
Histones were purified from parasites treated acutely with 4.5
μM JIB-04 E (3× EC50) or the vehicle for 6 h starting at 29 hpi
since these parasites showed higher sensitivity (see Figure 3 in
which parasites were treated with 5× and 10× EC50
concentrations for 12 h). Consistent with the action of
Jumonji inhibitors, we observed significant increases in the
trimethylation of H3K4 (a histone mark associated with gene
activation in P. falciparum5). Similarly, we observed increased
H3K9me3 (a heterochromatin mark in P. falciparum) and
H4K20me3 (proposed to mark active/poised chromatin)
levels after exposure to JIB-04 E (Figure 5A).5,41−43 There
were significant decreases in the unmethylated residues for all
three measured marks and lower mono- and dimethylated
forms for H4K20 (Figure 5A). Levels of trimethyl H3K36, the
reported var-specific silencing mark, were below the levels of
detection in both inhibitor-treated and control samples.15,44

Together, these results suggest specific inhibition of Jumonji
trimethyl-demethylase enzyme activities.
We also examined histone methylation in parasites treated

with the more selective mammalian Jumonji inhibitor, GSK-J4,
which showed activity against asexual stage parasites in culture
(see Figure 1A) but not against recombinant PfJmj3 (see
Figure 4D). GSK-J4-treated (9 μM, 3× EC50) parasites showed
higher trimethylation of H3K4 and H4K20 similar to JIB-04-
treated parasites but no changes in H3K9me3 (Figure S5A). In
contrast to methylation, we observed no changes in the levels
of acetylated histones, including the transcriptionally coupled
H3K9ac, H3K14ac, and H4K8ac marks in parasites treated
with either Jumonji inhibitor (Figure S5A,B).17,43,45,46 These
results show that the exposure of malaria parasites to Jumonji
inhibitors disrupts histone trimethylation patterns (more
broadly for JIB-04 than for GSK-J4), likely causing
deregulation of transcriptional cascades.

Jumonji Inhibitors Disrupt Normal Gene Activation
and Silencing in P. falciparum. Given the changes in
histone methylation observed above and the role of histone
methylation in transcriptional regulation, we next determined
the effect of Jumonji inhibitors on the P. falciparum tran-
scriptome. We first performed global transcriptional profiling
on 29 hpi 3D7 late stage parasites treated with either vehicle,
4.5 μM JIB-04 E or 4.5 μM inactive Z isomer, for just 6 h as
above to avoid secondary effects on parasite viability. RNA was
isolated from four replicates and prepared for sequencing using
the Illumina-based platform. We obtained expression data for
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over 5300 genes, which mapped to 94% of the P. falciparum
genome. Unsupervised hierarchical clustering segregated
vehicle- and inactive Z-treated samples away from JIB-04 E-
treated samples (Figure S5C), indicating reproducible tran-
scriptional changes. Differential expression analysis was
performed with a cutoff value of 1.5-fold change and FDR of
0.05 (Figure S5D). A comparison of differentially expressed
genes between JIB-04 E and control cultures resulted in 235
down- and 385 upregulated genes (Figure 5B,C and Table S3),
representing ∼4.5% and 7.5% of the P. falciparum genome,
respectively. Unlike HDAC inhibitors, we do not see a global
disruption of the transcriptome.47,48

The majority of gene functional groups that have a defined
temporal expression throughout the IDC were not affected by
JIB-04 E (Table S4 and Figure S5E).49 The one exception was
downregulation of merozoite invasion genes (Fisher exact test,
probability = 1 × 10−9, Figure 5B and Table S4). This was
confirmed by Gene Ontology (GO) and Malaria Parasite
Metabolic Pathways (MPMP) analysis of the 235 genes
downregulated by JIB-04 E, which indicated that 24% are
related to merozoite invasion (Figure 5B and Tables S3, “GO
terms-Down” tab, and S4, “Statistical analysis” tab). The
expression of invasion-related gene families, including clag, rap,
and ron, are significantly decreased by JIB-04 E but not the
inactive Z isomer (Figures 5B and S5F and Table S4). A
similar pattern was seen with the components of the
glideosome (gap and gapm gene families) (Figure S5F and
Table S4).
In addition to invasion genes, other gene categories

identified by gene ontology downregulated by JIB-04 included
DNA/chromatin related genes (9% of the 235 genes) and
kinase/phosphatase genes (6%) (Figure 5B). For example,
several histones, and histone- and DNA-binding genes were
significantly inhibited in JIB-04 E-treated parasites including
AP2 transcription factors (sip2, ap2-o2, PF3D7_0613800, and
PF3D7_0802100). Together, these data indicate that JIB-04 E
treatment downregulates discrete developmental pathways in
P. falciparum. In addition, JIB-04 also downregulates genes of
unknown function and genes that do not fall into major
biological categories, which together represent undefined drug
targets.
The majority of the 385 genes upregulated by JIB-04 E

either were of unknown function (39%) or did not fall into
functional categories (37%) as shown in Figure 5C. The
remaining 24% upregulated genes were divided among gene
families related to motors and cytoskeleton, clonally variant
proteins, invasion-related motility, fatty acid synthesis, and
kinases/phosphatases (Table S3, “GO terms-Up” tab). For
example, JIB-04 E treatment caused an increase in several
dynein, kinesin, and myosin genes (Figure 5C and Table S3).
JIB-04 E also upregulated variant surface protein genes known
to be controlled epigenetically including rifins (Figure S5G and
Table S3).5,15,41 Among the upregulated fatty acid synthesis
genes were fab b/f, kasIII, and enr and genes encoding enzymes
acting on pyruvate upstream of acetyl CoA production (Figure
5C and Table S3).
To validate the generality of the above transcriptional

changes induced by JIB-04 E, we performed qRT-PCR on a
subset of genes deregulated by JIB-04 E on parasites treated
with the other Jumonji inhibitors (Figures 5D and S5H,I). In
agreement with the RNA-seq data, GSK-J4, ML324, and SD-
70 showed a similar trend to JIB-04 E in reducing the
expression of rap1, clag3.1 (Figure 5D), ron2, and gap50

(Figure S5H) from the various invasion-related gene families.
Various Jumonji inhibitors also downregulated the expression
of DNA/chromatin-related genes such as the AP2 transcription
factor sip2 (Figure 5D) and histones (Figure S5H). Similar to
JIB-04 E, several Jumonji inhibitors activated the expression of
genes involved in motor activity and invasion (dynein heavy
chains, ctrp, tramp, and plasmepsin X) and fatty acid synthesis
(alipdh, enr, and fab b/f) (Figures 5D and S5I). Interestingly,
we observed weaker activation of some genes by GSK-J4
compared to the other Jumonji inhibitors. Thus, regulation of
these gene sets generally parallel the antimalarial activity of the
inhibitors, their effects on parasite progression through the
IDC, their effects on histone trimethylation, and their
inhibition of PfJmj3 activity in vitro.

JIB-04 E Modulated Genes Are Targets of Specific
Transcriptional Regulators. Regulation of invasion genes
during the IDC is mediated in part through binding of the AP2
transcription factor AP2-I to the “rhoptry motif”, found
upstream of invasion-related genes including rap and rhoph
gene families.19,50 PfAP2-I activates transcription of genes in
concert with two associated chromatin reader proteins,
bromodomain protein 1 (PfBDP1) and chromodomain
protein 1 (PfCHD1).50 PfBDP1, which binds H3K9ac in
vitro, was also found enriched upstream of micronemal genes,
likely regulating these genes in complex with another AP2
transcription factor.50,51 We find that 36% of genes bound by
PfAP2-I (Fisher t test, p = 2.2 × 10−6) and 22% of PfBDP1
target genes (Fisher t test, p = 1.7 × 10−13) are downregulated
by JIB-04 E (Figure 6A and Table S3, “RNA-seq_Down”
tab).50,51 Of the 89 genes that are coregulated by both PfAP2-I
and PfBDP1, JIB-04 E inhibits 54 of them (i.e., 60% of genes in
this entire set), including invasion-related gene families (rap,
rhoph, gap, gapm) and several kinases, two of which (PKAr and
PKAc) are involved in parasite egress.52,53 PfBDP1 and PfAP2-
I also cobind the promoters of a number of nucleosome and
chromatin-binding genes, including histones and seven AP2
genes.50 Of these, JIB-04 E downregulates 3 core histones, 2
variant histones, set10, chd1, and the AP2 transcription factor,
sip2 (Table S3). An additional 63 genes targeted by PfBDP1,
but not PfAP2-I, were also downregulated by JIB-04 E (Figure
S6A). These include additional rhoptry genes (ron, msp) as
well as an AP2 transcription factor (PF3D7_0613800).
Furthermore, an additional 20 genes bound by PfAP2-I, but
not PfBDP1, were also significantly affected by JIB-04 E
treatment (Table S3). These results suggest that JIB-04 E
prevents activation of invasion-related genes as well as DNA-
and chromatin-binding genes by interfering, either directly or
indirectly, with transcriptional activating complexes containing
PfBDP1 and/or PfAP2-I. Indeed, JIB-04 E treatment strongly
mimics the transcriptional changes observed in the Pf BDP1
knockdown and downregulates 34 out of the 47 genes
decreased upon BDP1 loss of function (p = 2.2 × 10−16;
Table S3).51

We noted that many of the genes upregulated by JIB-
04 E and not expressed in our control parasites (<5 RPKM)
have predicted roles in the other stages of the P. falciparum life
cycle. Using a manually curated data set from a literature
search, we analyzed this gene set against genes known to be
specifically expressed in gametocyte and ookinete stages
(Tables S3, “RNA-seq_Up” tab, and S4, “GC-ookinete list”
tab).18,54 We find that 115 of the 385 genes upregulated by
JIB-04 E are expressed >5-fold higher in gametocytes or
ookinetes compared to asexual parasites (Fisher t test, p = 2.2
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× 10−16) (Figure 6B and Tables S3 and S4). These sexual-stage
genes are expressed at relatively low levels in the control
cultures (<5 RPKM), and JIB-04 E treatment activates them
(Figures 6B and S6B). We also found significant overlap (162
of 385) with genes upregulated in the knockout of PbAP2-SP
(Fisher t test, p = 2.2 × 10−16), a transcription factor essential
for the development of infectious ookinetes in P. berghei
(Tables S3 and S4).55 61 of these genes were also highly
expressed in sexual stages and overlap among the three data
sets (Figure 6B). These include gametocyte-specific genes,
such as 6-cysteine protein P48/45 and several WD40 repeat

(WDR) proteins, as well as ookinete-specific genes, such as
PSOP25 (Figure S6B). Parasites treated with the other
Jumonji inhibitors also show abnormal activation of the
gametocyte-specific gene, pf11-1, and the ookinete-specific
AP2 transcription factor, ap2-o3 (Figure S6C). These results
suggest that JIB-04 E is activating genes normally silenced
during the P. falciparum IDC possibly through a transcription
factor functionally akin to P. berghei’s AP2-SP. Overall, Jumonji
inhibitors thus disrupt only discrete programs of the normal
P. falciparum transcriptome including blocking invasion related
gene activation and aberrantly turning on the expression of
genes specific to sexual parasite forms, without globally altering
gene expression patterns.

■ DISCUSSION
In this study, we took a pharmacological and biochemical
approach to probe the role of Jumonji enzymes in the malaria
parasite, Plasmodium falciparum. We show that several small
molecule inhibitors of mammalian Jumonji histone lysine
demethylases disrupt growth of asexual and sexual stage
parasites. In fact, gametocyte development and the formation
of gametes are highly sensitive to JIB-04 E with EC50
concentrations in the nanomolar range (0.01−0.12 μM).
This hypersensitivity toward sexual stages compared to asexual
stages could result from differences in the expression levels
and/or essentiality of the PfJmj enzymes during gametocyto-
genesis and gamete formation, leading to transcriptional
disruption of gene programs involved in sexual development.
Alternatively, variations in iron, 2-OG, oxygen, ascorbic acid,
and even succinate levels between the stages could contribute
to this difference in potency. Previous studies have
demonstrated that inhibitors of histone lysine methyltrans-
ferases (KMTs), the writers of methylation, block asexual stage
growth, gametocyte development, and gamete formation.56−58

Male gametes were about 10-fold more susceptible to
inhibition of the G9a KMT than female gametes.57 We
observe a similar shift in EC50 with the Jumonji inhibitor JIB-
04 E (0.01 vs 0.08 μM for male vs female gamete formation),
highlighting an essential role of histone methylation homeo-
stasis for transmission to the anopheline vector.
Studies targeting histone acetyl transferase, histone

deacetylase, and KMT enzymes have implicated histone
modifications in regulating the complex life cycle of the
malaria parasite, but the role of KDMs, the erasers of
methylation, remained largely unstudied.47,48,56−63 Jiang et al.
have shown that neither PfJmjC1 nor PfJmjC2 are essential for
in vitro asexual development in the erythrocyte.15 Interestingly,
neither the Pf JmjC1 nor Pf JmjC2 knockout mimicked the var
gene deregulation phenotype of the SETvs KMT knockout,
suggesting redundancy or compensation of KDM activity by
another PfJmj enzyme.15 In a recent transposon mutagenesis
screen, Pf Jmj3 mutant parasites while viable did exhibit a low
mutagenesis fitness score (−2.57), indicating a fitness cost for
in vitro asexual growth due to disruption of the gene.20 Unlike
the above studies, our approach using small molecule
inhibitors potentially targets all three P. falciparum Jumonji
enzymes. Our in vitro biochemical studies show that Jumonji
inhibitors inhibit the enzymatic activity of recombinant PfJmj3,
while our molecular and mass spectrometry data suggest that
inhibitors reduce Jumonji histone demethylase activity on
multiple trimethylated histone marks. Thus, their action on the
parasite is at least partly on target and may represent the
cumulative effect on multiple Jumonji enzymes. Of interest is

Figure 6. JIB-04 E deregulates genes that overlap known invasion and
gametocyte transcription- and chromatin-binding factor targets. (A)
Venn diagrams of genes downregulated by JIB-04 E (red) that overlap
with PfBDP-1 (orange) and PfAP2-I (blue) target genes. Heat map
showing the differential expression between JIB-04 E and the controls
of the 54 genes common to all three groups. See also Table S3 and S4.
(B) Venn diagrams showing the overlap of genes upregulated by JIB-
04 E (red) with gametocyte and ookinete-specific genes (orange) and
genes upregulated in P. berghei schizonts lacking PbAP2-SP (blue).
Heat map showing the differential expression between JIB-04 E and
the controls of the 61 genes common to all three groups. See also
Tables S3 and S4.
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the difference between GSK-J4 and the other inhibitors
evaluated here. GSK-J4 does not inhibit the enzymatic activity
of PfJmj3 in vitro nor does it increase the levels of H3K9me3 in
the parasite, in contrast with JIB-04. It does, however, increase
other trimethyl histone marks including H3K4me3 and
H4K20me3, suggesting a different target specificity from JIB-
04, ML324, and SD-70.
Trimethylation of multiple lysine residues on H3 and H4 has

been well documented in P. falciparum. H3K4me3 is a
euchromatic mark highly enriched in late stage asexual
parasites.5,17,45,64−66 Although the exact role of this mark in
P. falciparum is still unclear, it is likely associated with
transcriptional activity.67 H3K9me3 is a repressive mark
specifically localized to telomeres and subtelomeric repeats
and has a well characterized role in regulating clonally variant
gene expression in P. falciparum.5,11,42,68 The H4K20me3 mark
has been reported in P. falciparum with global levels peaking in
schizonts, but its function in the parasite is still un-
known.5,43,45,66 Our studies provide evidence that mammalian
Jumonji inhibitors block the histone demethylase activity of at
least one of the three P. falciparum Jumonji enzymes in vivo,
resulting in increased levels of histone methylation, and/or
directly block PfJmj3 catalysis in vitro. Given the specificity
achieved among the mammalian Jumonji KDMs within the
active site pocket, it is plausible that inhibitors specific to the
P. falciparum Jumonji’s might be designed without toxicity to
healthy cells. Furthermore, since in the cancer setting JIB-04
and other inhibitors have shown robust selectivity for the
disease state, not affecting normal cells, there is potential for
parasite-targeting analogs to have a strong therapeutic window
against the most sensitive sexual stages.
In line with the disruption of trimethyl histone marks, JIB-04

E altered the expression of 620 genes in parasites (∼12% of the
P. falciparum genome). We observed up- and downregulation
of gene expression, leading to misregulation of specific
transcriptional programs, in agreement with the discrete effects
of Jumonji inhibitors also seen in cancer cells and tumors.32,69

These transcriptional changes were replicated with other
Jumonji inhibitors, indicating an overlapping mechanism of
action and common gene targets. Our results are in contrast to
the effects of HDAC inhibitors such as apicidin and
trichostatin A, which caused more global changes of the IDC
transcriptome, affecting from ∼30% up to 60% of the
P. falciparum genome.47,48

The majority of genes downregulated by Jumonji inhibition
either were annotated as unknown function or did not fall into
any known GO group, representing yet undefined targets of
Jumonji inhibition. Of interest, a subset of downregulated
genes were enriched in invasion-related genes and a surprising
number coincided with loci regulated in P. falciparum by the
chromatin reader PfBDP1, the PfAP2-I transcription factor, or
both. PfBDP1 and PfAP2-I have been directly implicated as
master regulators of invasion gene programs in recent genetic
studies.50,51 The conditional Pf BDP1 knockdown blocks
parasite invasion and growth.51 PfBDP1 has not yet been
pharmacologically targeted, and targeting transcription factors
such as PfAP2-I is notoriously challenging. Jumonji inhibitors
partly disrupt PfBDP1 and/or PfAP2-I transcriptional
programs and may thus block parasite invasive capacity
through modulation of histone methylation at these loci.
Indeed, JIB-04 treatment mimics gene downregulation in the
Pf BDP1 knockdown and may thus be a surrogate inhibitor for
this chromatin interacting protein.51

Whether the Jumonji inhibitors evaluated here are exerting
their antimalarial effects also by affecting nontranscriptional
pathways remains an open question. A growing number of
nonhistone targets of Jumonji enzymes, including transcription
factors, enzymes, and tRNA, have been identified in other
systems.70 This may also be the case in Plasmodium falciparum.
It is feasible that inhibition of PfJmjC2, for example, may affect
the parasite’s wybutasine pathway, disrupting translational
control since PfJmjC2 closely resembles the mammalian
Jumonji enzyme TYW5.71 On the basis of sequence homology,
PfJmj3 aligns with Jumonji protein hydroxylases, suggesting a
potential role for protein hydroxylation in the malaria parasite
in addition to histone demethylation. Recent studies have
shown that Jumonji hydroxylases have roles in protein
translation, cell division, and development.72−74 For example,
human JMJD7 was reported to hydroxylate lysine residues on
developmentally regulated GTP-binding proteins 1 and 2
(DRG1/2), increasing the complex’s affinity for RNA, whereas
human JMJD5 can modify arginine residues on the
chromosome condensation domain containing protein 1
(RCCD1) and ribosomal protein S6 (RPS6).72,73 Thus, future
work will need to identify the histone, nonhistone protein, and
nonprotein substrate(s) of all three P. falciparum Jumonji
enzymes and establish their functional significance.40 At
present, our studies provide direct evidence that mammalian
Jumonji inhibitors block malaria Jumonji enzyme activity in
vitro, increase histone trimethylation in the parasite, alter
discrete transcriptional programs, and disrupt parasite develop-
ment. These findings suggest that the aggregate activities of the
P. falciparum Jumonji enzymes are likely essential during the
parasite’s life cycle.

■ CONCLUSION

Here, we use a pharmacological and biochemical approach to
probe the role of Jumonji enzymes in the malaria parasite.
Jumonji enzymes are transcriptional regulators that in other
known systems erase methylation from histones affecting gene
expression. We show that in Plasmodium falciparum inhibitors
of mammalian Jumonji enzymes trigger the accumulation of
histone methylation, deregulate gene expression programs, halt
parasite development, and lead to parasite death. In vitro, the
inhibitors block the catalytic activity of a purified malaria
Jumonji enzyme. Together, these findings suggest that the
aggregate activity of the malaria Jumonji enzymes is likely
essential during the parasite’s life cycle.

■ MATERIALS AND METHODS

Parasites and Culturing. For asexual stage experiments,
3D7 and Dd2 parasites were cultured at 2% to 4% hematocrit
in male O+ red blood cells (Valley Biomedical, Winchester,
VA) in RPMI 1640 media with L-glutamine and 25 mM
HEPES (Sigma-Aldrich, St. Louis, MO) supplemented with
5% Albumax I (Gibco, Life Technologies, Carlsbad, CA), 12
μg/mL hypoxanthine (Sigma, St. Louis, MO), and 23 mM
sodium bicarbonate.75 Cultures were maintained in a
humidified incubator at 37 °C under a 5% O2/5% CO2/90%
N2 gas mixture. When parasites were maintained at a
parasitemia greater than 4% for particular experiments, cultures
were fed twice daily. Parasite lines were regularly tested for
mycoplasma by PCR using the primers Myco Forward 5′-
CCGCGGTAATACATAGGTCGC and Myco Reverse 5′-
CACCATCTGTCACTCTGTTAACC. Parasitemia was moni-
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tored by blood smears stained with Giemsa (Sigma-Aldrich)
diluted in pH 7.2 buffer (Millipore, Billerica, MA). Images of
stained parasites were acquired using an Infinity 1-2CB camera
and Analysis software (Lumenera Corp., Ottawa, Canada).
3D7 and Dd2 parasites were a gift from Dr. Margaret Phillips
(UT Southwestern).
Gametocyte development assays were performed using the

NF54 peg4-tdTomato reporter line76 with media supple-
mented with 0.25% AlbuMax II (ThermoFisher, Waltham,
MA) and 5% human serum (NY Blood Center, New York,
NY). For the dual gamete-formation assays, NF54 parasites
(MRA-1000, BEI Resources, Manassas, VA) were cultured in
media supplemented with 10% human serum (obtained from
Biobancos de Castilla y Leon, Barcelona and Centro de
Transfusiones de Madrid and the Red Cross Transfusion
Blood Bank in Madrid, Spain).
Chemical Compounds. Chloroquine (Sigma-Aldrich) was

dissolved in H2O, whereas all other drugs were dissolved in
DMSO (Sigma-Aldrich). The Jumonji inhibitors used in this
study were obtained from Cayman Chemical, Ann Arbor, MI
(GSK-J4, GSK-J5, and CPI-455), Selleck Chemicals, Houston,
TX (ML324), and Xcess Biosciences, San Deigo, CA (KDM5-
C70 and SD-70). JIB-04 E and Z isomers were synthesized as
previously described.23 Compounds freshly dissolved in
DMSO were aliquoted to minimize freeze/thaw cycles and
stored at −20 °C.
EC50 Determination. Compound EC50 concentrations

were determined using the 3 day SYBR green assay as
described in Smilkstein et al. with slight modifications.30

Parasites were synchronized to ring stages using 5% sorbitol for
two cycles prior to the experiment. On day 0, ring stage
parasites were seeded into the inner wells of a 96-well black
plate with a clear bottom (Costar, Tewksbury, MA) at 0.5%
parasitemia and 2% hematocrit. Drug was added such that each
well received the same concentration of DMSO (final DMSO
concentration <0.5%). Each plate contained vehicle-only and
chloroquine (0.25 μM for 3D7 and 5 μM for Dd2) controls.
Parasites were incubated at 37 °C in the presence of
compounds for 72 h after which thin blood smears were
made and plates were frozen at −80 °C. On a subsequent day,
plates were thawed at RT and 100 μL of 2× SYBR Green I
(Sigma-Aldrich) in lysis buffer (20 mM Tris-HCl, pH 7.5, 5
mM EDTA, 0.008% w/v saponin, and 0.03% v/v Triton X-
100) was added to each plate. Plates were then incubated in
the dark at RT for 4 h. Fluorescence was measured on a
BioTek (Winooski, VT) Synergy H1 Hybrid plate reader using
a 485 nm excitation filter and a 535 nm emission filter. EC50
values were calculated as a percentage of parasite viability
relative to vehicle-only and chloroquine-killed controls. A
nonlinear regression curve ([inhibitor] vs response − variable
slope (four parameters): Y = bottom + (top − bottom)/(1 +
(IC50/X)

hill slope)) was fit to the data using GraphPad Prism
version 8. Each plate contained three technical replicates.
Mean EC50 concentrations and SEM were calculated from at
least 3 independent experiments.
Gametocyte Development Assays. Synchronous game-

tocytes were obtained following a method adapted from
Fivelman et al.77 P. falciparum sexual development assays were
performed using the NF54 peg4-tdTomato reporter line76 in
96-well flat bottom plates. Twice synchronized trophozoites
were cultured in suspension at 2% parasitemia and 3%
hematocrit in flasks. Parasites were allowed to reinvade new
red blood cells, and the culture was maintained in the

subsequent 48 h cycle at about 8−9% parasitemia and 3%
hematocrit (sexual commitment cycle). At the end of the
commitment cycle, segmented schizonts were purified using a
Percoll-sorbitol gradient and then combined with fresh
erythrocytes in complete media at 3% hematocrit and around
10% parasitemia for 3−4 h to allow for reinvasion. When the
ring parasitemia reached 3.5%, remaining late stages were
removed via a Percoll-sorbitol gradient, and the newly invaded
ring parasites were washed three times with incomplete media.
On day +1 (first day of gametocyte development), parasitemia
and pre-existing gametocytemia were assessed by flow
cytometry (Cytek DxP11) on the basis of Hoechst 33342
DNA staining (375 nm laser, 450/50 emission filter) and the
tdTomato fluorescent signal (561 nm laser, 590/20 emission
filter). Plates were set up with 200 μL of drug media per well
containing the compound of interest and 50 mM N-
acetylglucosamine at 3.5% parasitemia and 1% hematocrit.
Parasites were cultured for an additional 6 days to allow for
gametocyte development, during which media was not
changed. On day +6, the gametocytemia was assessed by
flow cytometry using Hoechst 33342 DNA staining and
tdTomato fluorescent signal.

Gamete Formation Assays. The dual gamete-formation
assay was performed as described in Delves et al.37 NF54
parasites were cultured in media supplemented with 10%
human serum and induced to form gametocytes. On day 14
post-induction, stage V gametocytes were seeded into 384-well
plates at 1% gametocytemia and 4% hematocrit and exposed to
drug for 48 h. To induce male exflagellation and monitor
female gametes, ookinete media containing 100 μM xanthur-
enic acid (Sigma-Aldrich) and 0.5 μg/mL anti-Pfs25-cy3
antibody (MRA-315, BEI Resources) were added. Exflagella-
tion was monitored by phase contrast on a Nikon Ti-E
widefield microscope. Plates were incubated for an additional
24 h, and female gamete formation was evaluated by the
expression of Pfs25 on the TRITC channel. Exflagellation
centers and female gamete formation were quantified using the
Icy Bioimage Analysis Program (http://icy.bioimageanalysis.
org/). The inhibition of gamete formation by JIB-04 was
calculated relative to positive (40 μM gentian violet, MolPort)
and negative (DMSO) controls.

Flow Cytometry. Live infected red blood cells were labeled
for 30 min in the dark with final concentrations of dyes at 4
μM Hoechst 33342 (Molecular Probes, Eugene, OR), 100 ng/
mL thiazole orange (Sigma-Aldrich), and 25 nM DiIC1(5)
(1,1′,3,3,3′,3′-hexamethylindodicarbocyanine iodide, Molecu-
lar Probes). Progression through the asexual IDC was assessed
by flow cytometry (5-laser BD FACS Aria Fusion SORP or
FACS Aria Fusion; The Moody Foundation Flow Cytometry
Facility, UT Southwestern) on the basis of Hoechst 33342
DNA staining (355 nm laser, 450/50 emission filter), thiazole
orange RNA staining (488 nm laser, 525/50 emission filter),
and DiIC1(5) mitochondrial potential signal (640 nm laser,
670/30 emission filter). 100 000 single cells were counted per
sample, and single events were distinguished from doublets
using FSC-H and FSC-W gates. Data was analyzed using
FlowJo v10 (FlowJo, LLC, Ashland, OR). Infected RBCs with
live parasites were defined as Hoechst/DNA-positive and
DiIC1(5)/mitochondrial potential-positive according to Grim-
berg.78 Parasite stages were separated using Hoechst/DNA and
thiazole orange/RNA signals: ring stage parasites were defined
as DNA-positive/RNA-negative; trophozoites and early
schizonts were defined as <3N DNA-positive/RNA-positive,
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and schizonts were defined at >3N DNA-positive/RNA-
positive.
Stage of Parasite Arrest. 3D7 parasites were synchron-

ized with 5% sorbitol two cycles prior to the experiment. On
day 0, a ring stage culture was set up at 3% parasitemia and 2%
hematocrit. Half of the culture was seeded into a 24-well plate,
and drug was added to measure the effect of the inhibitors on
ring stage parasites. On day 1, late stage parasites from the
remainder of the starting culture were refed and seeded into a
24-well plate to measure the effect of inhibitors on late stage
parasites. At 0, 24, and 48 h after the addition of drug, thin
blood smears were made and an aliquot of each sample was
analyzed by flow cytometry as described above.
Washout Experiments. 3D7 parasites were tightly

synchronized to a 4 h window using 40/70% Percoll-sorbitol
gradients and seeded into multiple 96-well plates at 1%
parasitemia and 2% hematocrit. At each time point, one plate
was removed from the incubator and drug was added in fresh
media in triplicate wells. Parasites were resuspended by
pipetting to ensure complete mixing, and a thin blood smear
was made. After the 12 h treatment period, thin blood smears
were made of sample wells. Media containing drug was
removed, and cells were washed 2× with fresh media. Fresh
media was added, and cells were thoroughly resuspended by
pipetting prior to transferring a 1:40 dilution of culture to a
second plate containing fresh complete media and RBCs at 2%
hematocrit. Plates were then returned to the incubator. At the
defined time points, thin smears were made of sample wells
and an aliquot of culture was transferred to a V-bottom 96-well
plate for staining followed by flow cytometry as described
above.
Plasmid Construction. Codon optimized PfJmj3 was

synthesized by GenScript with BamHI and XbaI restriction
sites flanking the gene and cloned into the pMAL-cHT
expression plasmid79 kindly provided by Dr. Sean Prigge
(Johns Hopkins Bloomberg School of Public Health).
Catalytically dead PfJmj3 was generated by site-directed
mutagenesis using the following primers: for H342A:
KM63_For, 5′ - GCCGTGTGGATGGTTTGCCGAGG-
TGAAAAGCTTC, and KM64_Rev, 5′ - CGGAGCTGAAGC-
TTTTCACCTCGGCAAACCATCCAC; for H166A and
D168A: KM65_For, 5′ - CCAAACTGAAGACATATCT-
GGCCCATGCTTACCATGAC, and KM66_Rev, 5′ - GCAC-
ATAGATATTGTCATGGTAAGCATGGGCCAGAT-
ATGTC. The entire open reading frame for both wild-type and
HDH > AAA plasmids was confirmed by DNA sequencing
(UTSW McDermott Sequencing Core). Plasmids were then
transformed in Rosetta (DE3) Escherichia coli-competent cells
(Novagen, EMD Biosciences Inc., Madison, WI) for protein
expression. For protein purification, a single colony was grown
in Luria Broth (Research Product International, Mt. Prospect,
IL) containing 100 μg/mL ampicillin and 35 μg/mL
chloramphenicol.
Protein Purification. Recombinant MBP-PfJmj3 over-

expression was induced with 1 mM IPTG at 18 °C overnight.
A cell pellet from 8 L of wild-type was resuspended in 120 mL
of buffer A (50 mM HEPES, pH 7.5) with 150 mM NaCl
containing 0.2 mM phenylmethanesulfonyl fluoride and 3
protease inhibitor tablets (Complete Mini; Roche, Mannheim,
Germany) using a dounce homogenizer. Cells were incubated
with 200 μg/mL lysozyme and 10 μg/mL DNase at 4 °C for 1
h followed by lysis with a tip sonicator (Heat Systems Inc.,
Farmingdale, NY) and then subjected to 50 000g centrifuga-

tion at 4 °C for 30 min. The supernatant was loaded on a
MBPTrap HP column (GE Healthcare, Uppsala, Sweden).
The column was washed with 50 column volumes of buffer A
with 150 mM NaCl, and bound protein was eluted with 10
column volumes of buffer A containing 50 mM NaCl and 10
mM maltose. Protein containing fractions were pooled, diluted
with buffer A, and loaded onto a HiTrap Q HP column (GE
Healthcare). The column was washed with 50 column volumes
of buffer A containing 100 mM NaCl followed by 50 column
volumes of buffer A with 300 mM NaCl. Bound protein was
eluted with 10 column volumes of buffer A containing 600 mM
NaCl. The eluted fractions with the desired protein were
pooled and diluted with buffer A to a final concentration of
150 mM NaCl with 20% glycerol and stored at −80 °C until
use. Protein concentrations were measured using the DC
Protein Assay (BioRad, Hercules, CA). The catalytically dead
mutant protein was purified as above from 4 L.

Succinate Assay. Succinate production from recombinant
MBP-PfJmj3 was measured using the Succinate-Glo JmjC
Demethylase/Hydroxylase Assay (Promega, Madison, WI)
according to the manufacturer’s instructions. Reaction
mixtures (25 μL) containing 50 mM HEPES, pH 7.5, 100
μM ascorbic acid, 10 μM Fe(II)(NH4)2(SO

4)2, and 10 μM 2-
OG, except where noted, were set up in 96-well plates (half
area, white, flat bottom, nonbinding; Corning, Kennebunk,
ME). The reaction was initiated by the addition of
recombinant MBP-PfJmj3 protein (2 μM) and mixed for 2
min using a plate shaker. For inhibitor reactions, the enzyme
was preincubated with 20 μM ascorbic acid and 2 μM
Fe(II)(NH4)2(SO

4)2 for 10 min on ice after which 10 μM 2-
OG and inhibitor were added simultaneously. All inhibitors
were dissolved in DMSO at concentrations such that a total of
1 μL was added to each reaction. Inhibition curves were
performed using 3-fold serial dilutions starting with 15 μM (to
0.18 μM). After incubation for 1 h at room temperature, 25 μL
of Succinate Detection Reagent I was added to each well and
mixed for 2 min using a plate shaker. Following incubation for
1 h at room temperature, 50 μL of Succinate Detection
Reagent II was added to each well and mixed for 30 s.
Luminescence was measured after 10 min on a microplate
reader (FLUOstar Omega; BMG Labtech, Cary, NC).
Independent experiments for each inhibitor were performed
with different batches of enzyme: JIB-04 E (n = 5), JIB-04 Z (n
= 2), GSK-J4 (n = 4), ML324 (n = 4), and SD-70 (n = 4).
Nonlinear regression curves ([inhibitor] vs response − variable
slope (four parameters)) were fit using GraphPad Prism
version 8.

Mass Spectrometry Analysis for Histone PTMs. 3D7
parasites were tightly synchronized to a 4 h window as above
and seeded at 4% parasitemia and 2% hematocrit. Drug was
added at 29 hpi. After 6 h, infected RBCs were pelleted and
immediately frozen in liquid nitrogen. After thawing, parasites
were isolated from RBCs using 0.05% saponin in cold PBS and
subsequently washed 3× in cold PBS. Histones were extracted
using the EpiQuik Total Histone Extraction kit (Epigentek,
Farmingdale, NY) followed by TCA precipitation. A portion of
the histone extracts were run on a 15% SDS-PAGE gel and
visualized with Quick Coomassie Stain (Protein Ark, Sheffield,
United Kingdom) to determine purity and concentration.
Histones were prepared for mass spectrometry by chemical
derivatization using propionic anhydride and digested to
peptides with trypsin, followed by another round of
derivatization. Peptides were desalted using C18 stage tips,
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and about 1−2 μg of peptides were analyzed using an EASY-
nLC nanoHPLC (Thermo Scientific, Odense, Denmark)
coupled with a Q-Exactive mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany). HPLC gradients and mass
spectrometry parameters were defined previously.80 To
facilitate MS/MS-based quantification, both data-dependent
acquisition and targeted acquisition for isobaric peptides were
included. The relative abundances of histone H3 and H4
peptides were calculated using EpiProfile.81

RNA Sequencing and Analysis Pipeline. 3D7 parasites
were tightly synchronized to a 3 h window using Percoll-
sorbitol gradients. Parasites were seeded into 6-well plates at
4% parasitemia and 2% hematocrit. At 29 hpi, drug was added
to each well with a final DMSO concentration of 0.04%. Four
replicates were performed for each treatment. One set of
cultures was harvested immediately corresponding to 0 h of
treatment, and the remaining cultures were harvested after a 6
h incubation. Parasite culture was passed through a
Plasmodipur filter (EuroProxima, Arnhem, Netherlands) to
remove residual white blood cells. Parasite pellets were
immediately lysed in Trizol LS Reagent (ThermoFisher
Scientific) and subsequently snap frozen in liquid nitrogen.
RNA was isolated according to manufacturer’s instructions and
precipitated in the presence of linear acrylamide (Amresco,
Solon, OH). Samples were prepared from 2 μg of RNA using
the Illumina (San Diego, CA) Tru-stranded mRNA library kit
according to manufacturer’s directions. RNA and library
quality were validated on an Agilent 2100 Bioanalyzer prior
to sequencing on an Illumina NextSeq 500 (McDermott Next
Generation Sequencing Core, UT Southwestern) at an average
of 37 000 000 reads per sample. Raw reads were processed
(McDermott Center Bioinformatics Core, UT Southwestern)
and aligned (STAR aligner) to the P. falciparum 3D7
transcriptome (PlasmoDB v. 34).16 Unique transcripts were
mapped to an average of 94% of the transcriptome. Expressed
genes were defined as genes with an average expression higher
than 0.1 RPKM across the four replicates. Differential
expression analysis was performed using EdgeR (Bioconduc-
tor).82,83 We selected genes with a >1.5-fold difference
between JIB-04 E and either the vehicle or JIB-04 Z treatment
groups and a FDR of <0.05 for further analysis. Gene ontology
(GO) enrichment analysis was performed at PlasmoDB.org16

and Malaria Parasite Metabolic Pathways (MPMP), http://
mpmp.huji.ac.il/. Heatmaps and Venn diagrams were
generated using Morpheus (https://software.broadinstitute.
org/morpheus; Broad Institute) and BioVenn,84 respectively.
qRT-PCR. RNA was purified using a Trizol LS (Thermo-

Fisher Scientific) extraction method. Approximately 2 μg of
RNA was treated with DNase I (Roche) prior to reverse
transcription using the High Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems, Foster City, CA).
Quantitative PCR (qPCR) was performed in triplicate wells
using SYBR Green ER qPCR SuperMix (Invitrogen, Carlsbad,
CA). qPCR reactions were run on an ABI 7300 Real-Time
PCR System and analyzed with QuantStudio Real-Time PCR
software (Applied Biosystems). The ΔΔCt method was used
to compute relative mRNA expression with serine tRNA ligase
(PF3D7_0717700) as the reference gene. The list of primers
used is in Table S2.
Bioinformatics Analysis. We compared the differentially

expressed gene list to various publicly available data sets. We
defined PfBDP1 targets (from Table S6 in ref 51) as those
genes with peak ChIP enrichment in either trophozoite or

schizont stages and PfAP2-I targets (from Table S2 in ref 50)
as those genes with trimmed peak ChIP enrichment
in schizonts. We compared our list of differentially expressed
genes from JIB-04 E-treated and PbAP2-SP knockout para-
sites55 using a cutoff of 1.5-fold and FDR < 0.05. P. falciparum
orthologs of P. berghei gene IDs were determined using
PlasmoDB.16 Using PlasmoDB, we searched the RNA-seq
transcriptomes of asexual and sexual stages from Lopez-
Barragan et al.18 for genes with >5-fold expression in stage II or
V gametocytes or ookinetes compared to trophozoites or
schizonts. We stringently defined stage specific genes as those
with <5 FPKM in trophozoites and schizonts and >5-fold
expression in gametocytes or ookinetes. We further cross-
referenced these genes with the male and female gametocyte
transcriptomes from Lasonder et al.54 Venn diagrams were
generated using BioVenn,84 and Fisher t test and hyper-
geometric distribution of overlap was performed using R i386
version 3.5.3.

Data Availability. All RNA-seq data sets have been
deposited under the GEO accession number GSE117307.
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