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ABSTRACT 
Diseases produced by protozoa parasites are still a 
public health problem in the entire world. These 
parasites should have a severe control on the 
expression of genes involved in their development 
and pathogenicity. Epigenetic mechanisms 
through chromatin modifications performed by 
histone-modifying enzymes as well as DNA 
methylation could be involved in the expression 
regulation of those genes. The identification and 
characterization of the enzymes that achieve the 
chromatin modifications could help to develop 
novel therapeutic strategies against protozoa 
parasites. Here, we review the current 
understanding of the histone-modifying enzymes 
and DNA-methyltransferases in different protozoa 
parasites. 
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INTRODUCTION 
Epigenetic changes are defined as the heritable 
changes that affect gene expression without 
altering the DNA sequence. Epigenetic regulation 
of gene expression primarily works through 
modifying the structure of chromatin, which 
 

makes it more or less accessible to transcription. 
In all eukaryotic organisms chromatin is organized 
into basic units called nucleosomes. Each 
nucleosome consists of an octamer of two 
molecules of each of the histones H2A, H2B, H3 
and H4, around which 147 base pairs of DNA 
are wrapped [1]. Nucleosomes are connected by 
linker DNA which is associated with linker 
histones, usually H1 and H5. Nucleosomes together 
with the linker DNA are progressively folded and 
compacted into structures of higher-order.  
Histones are globular basic proteins that are 
subject to various covalent modifications that 
occur primarily on the N-terminal tail and they 
appear to act sequentially or in combination to 
form a recognizable code that is identified by 
specific proteins to regulate distinct downstream 
events such as transcriptional activation or 
repression [2]. Examples of such modifications 
are acetylation, methylation, phosphorylation, and 
ubiquitylation. Histone acetylation is, in general, 
associated with gene activation. In contrast, 
methylation on a specific lysine (K) or arginine 
(R) residue is correlated with either an active or a 
silent state of gene expression, depending on the 
residues being methylated.  
Histone acetylation is achieved by enzymes called 
histone acetyltransferases (HATs), whereas acetyl 
groups are removed by histone deacetylases 
(HDACs). Deacetylation is generally associated 
with loss of gene expression or silencing [2]. On 
the other hand, histone methylation is catalyzed 
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Toxoplasma gondii,  an intracellular protozoan 
that can cause significant morbidity and mortality 
in humans and animals [4], Plasmodium 
falciparum, which produces human malaria [5], 
Trypanosoma brucei, parasite responsible for 
African sleeping sickness, a remarkable public 
health problem in Africa [6], and the enteric 
parasites Giardia intestinalis and Entamoeba 
histolytica, microorganisms that infect millions of 
persons around the world [7, 8]. 
 
Histones in protozoa parasites 
In general, protozoa parasites show a peculiar 
absence of DNA-binding transcription factors. 
However, these primitive eukaryotes present the 
four canonical histones of the nucleosome core 
and some variants of them [9]. It has been 
documented that the exchange of canonical 
histones by their variants may influence the 
nucleosome stability and the chromatin pattern 
[10, 11]. Possibly due to this reason the histone 
variants have a different profile of expression in 
the different stages of protozoa parasites, affecting 
the expression of genes involved in virulence 
and differentiation. For example, T. gondii 
contains two H2B lineages, one containing the 
genes TgH2Ba and TgH2Bb and other represented 
by TgH2Bv1 [12]. TgH2Ba is highly expressed 
in tachyzoites, but TgH2Bv1 is not differentially 
regulated [12]. In P. falciparum, the variant 
PfCenH3 showed a five- to ten-fold decreasing 
expression during the transition from mid- to late-
trophozoite stages [13], while H3.3 exhibited a 
reduction in their expression in trophozoites that 
correlates with the telomeric silencing of the var 
genes, involved in antigenic variation [14, 15]. In 
contrast, the histone PfH2A.Z is enriched at the 
transcription start sites of var genes only during 
active transcription in the ring stage of the 
parasite [16]. In addition, the level of expression 
of histones appeared to influence the gene 
expression in P. falciparum. Transcription of 
histones increases during the phase transition 
from ring to trophozoite and during the transition 
from early- to mid- trophozoites [17] that lead 
to the accumulation of histones in the late 
trophozoite and schizont stages [13]. 
Interestingly, histones of some protozoa parasites 
show marked differences with the canonical 

by histone methyltransferases (HMTs). Lysine 
residues can be mono-, di- and tri-methylated, 
whereas arginine residues can carry one or two 
methyl groups on their guanidinyl group. The di-
methyl arginine state is further defined by whether 
the modification exists in the symmetric or the 
asymmetric configuration [2]. Arginine methylation 
is transcription-activating, and lysine methylation 
can cause either transcriptional activation or 
repression, depending on the lysine residue 
methylated. In general, methylation on histone H3 
lysine 4 (H3K4), H3K36, and H3K79 is linked to 
active gene expression, whereas di- and tri-
methylation on H3K9, H3K27, and H4K20 are 
associated with gene silencing. Thus, a balance in 
histone acetylation and methylation may be 
important in determining chromatin architecture 
and gene silencing or activation [2]. 
In addition, methylation of cytosine bases at the 
C5 position of CpG islands leads to transcriptional 
silencing due to chromatin condensation, increased 
recruitment of transcriptional repressors, and 
inhibition of transcriptional activators [3]. The 
enzymes that are involved in this modification 
are named DNA methyltransferases (DNMT). 
DNMT1 maintains methylation status, whereas 
the function of DNMT2 is not yet clear and it has 
weak methyltransferase activity [3].  
Protozoan parasites have remarkable negative 
impact on human health. Infection with these 
microorganisms causes high mortality and 
morbidity, mainly in developing countries. As yet, 
there are no safe vaccines for any of these 
parasites, leaving drug treatments as the major 
strategy for control. However, available drugs are 
compromised by low efficacy, high toxicity, and 
wide spread resistance. Therefore, it is important 
to identify parasite-specific targets and develop 
novel inhibitors against them. Growth and 
development of any organism depend upon 
precise and accurate control of gene expression. 
Thus, the identification and characterization of the 
molecules that regulate the expression of parasitic 
genes involved in transmission, pathogenicity, 
immune evasion, and drug resistance may help to 
develop novel therapeutic agents against these 
microorganisms. Here, we review the general 
concepts that have emerged with regards to 
epigenetic regulation of gene expression in 
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GCN5 members, TgGCN5-A that acetylates only 
H3K18, and TgGCN5-B, which acetylates H3K9, 
H3K14, and H3K18 [23]; and ii) two MYST 
members (MYST A and MYST B) [24]. In addition, 
T. gondii also contains two genes encoding for 
putative ADA2 homologues (TgADA2-A and -B) 
[23], proteins that potentiate the GCN5 catalytic 
activity. This parasite also has seven HDACs, 
including two Sir2-related proteins (Table 2). It is 
known that TgHDAC3 removes the acetyl groups 
from H4K5, H4K8, and H4K12, whereas TgSir2 
removes the acetyl group from H3K56 [22, 25].  
P. falciparum has six HATs of the GCN5 family 
and one MYST member (Table 1). One member 
of the GCN5 family, named PfGCN5, mainly 
acetylates H2B and H3 [26]. Specifically, this 
enzyme catalyzes the acetylation of H3K9 and 
H3K14, modifications that have essential roles in 
the activation of gene expression in trophozoites 
and schizonts [13]. In concordance, PfGCN5 is 
expressed during the erythrocyte stages, 
correlating with high levels of H3K9ac [27]. In 
addition, a homologue of ADA2 forms a complex 
with PfGCN5 [28]. The only member of the 
MYST family in P. falciparum (PfMYST) 
showed specificity to acetylate H4K5, H4K8, 
H4K12, and H4K16 [29]. On the other hand, five 
homologues of HDACs distributed in three 
classes have been identified in P. falciparum 
(Table 2): PfHDAC1, belonged to the class I, 
which is mainly located in nuclei and has an 
important role during the erythrocytic stages [30]; 
two putative HDACs that were classified into the 
class II due to their large size and the location of 
their HDAC domain in the C-terminus [31]; and 
two HDACs of the sirtuin family named PfSir2A 
and PfSir2B [32]. These sirtuins are NAD+-
dependent enzymes and display two activities: 
deacetylation and the transference of ADP-ribosyl 
to several cellular proteins [33, 34]. The knockout 
silencing of PfSir2A demonstrated that this 
protein participates in the chromatin stabilization 
of subtelomeric regions and in the maintenance of 
the telomeres length due to the deacetylation of 
the N-terminus of the H3 y H4 histones, regulating 
the expression of the var genes [16, 34-36].   
Several lines of evidence showed that chromatin 
modification has an important role in gene 
expression, cell cycle control and differentiation 

histones of other eukaryotes. Histones from 
trypanosomes could be distinguished from those 
of higher eukaryotes by differences in charge 
and/or size [18], and the amino-terminal domains 
of histones of E. histolytica are divergent from 
metazoan sequences, although they are highly 
basic with several lysine and arginine residues 
that are potential targets for modification [19].  
It has been reported that protozoa parasites also 
contain a large repertoire of histone modifications, 
sustaining the hypothesis that epigenetic events 
could be involved in the expression of genes that 
participate in virulence and differentiation of these 
organisms. Histone modifications in protozoa 
parasites will be reviewed in the next sections. 
  
Histone acetylation and deacetylation 
The genome packaging into a highly compacted 
chromatin prevents the gene transcription. To deal 
with this impediment, histone acetylation allows 
the accessibility of the transcriptional machinery. 
Histone acetylation is a reversible modification of 
lysine residues in histone “tails”. Acetylation is 
carried out by histone acetyltransferases (HAT), 
whereas deacetylation is catalyzed by histone 
deacetylases (HDACs). There are three major groups 
of HATs: GCN5-related N-acetyltransferases 
(GNATs or GCN5 family); E1A-associated protein 
of 300 kDa (p300; KAT3A) and CBP (KAT3B); 
and MYST proteins [20]. On the other hand, 
HDACs are divided into classes I, II and IV and 
the sirtuin family (also known as class III 
HDACs) [21]. In general, histone acetylation in 
protozoa parasites seems to have a role in the 
epigenetic control of gene expression and the HAT 
activity in these cells is carried out mainly by 
members of GCN5 and MYST families (Table 1). 
In T. gondii, Saksouk et al. [22] showed that 
histones at gene promoter regions of tachyzoite-
specific genes are hyperacetylated in the 
tachyzoite stage, but they are hypoacetylated 
during the bradyzoite phase. Conversely, histones 
at bradyzoite-specific gene promoters become 
hyperacetylated in the bradyzoite stage, but are 
hypoacetylated in tachyzoites. These results 
confirm that histone acetylation is a mark of gene 
activation in this parasite. The analysis of the T. 
gondii genome database allowed the identification 
of four HATs in this parasite (Table 1): i) two 
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of E. histolytica, two GCN5-related enzymes and 
one member of the MYST family (EhMYST) [19] 
(Table 1). The expression of these proteins in 
trophozoites was confirmed by RT-PCR and the 
characterization of EhMYST showed that this 
protein has HAT activity on H4 [19]. In addition, 
the genome of E. histolytica revealed the presence 
of one HDAC of the class I (EhHDAC) (Table 2) 
and RT-PCR assays demonstrated the expression 
of this protein in trophozoites [19]. 
 
Histone methylation and demethylation 
Histone methyltransferases (HMTs) add methyl 
groups to lysine (histone lysine methyltransferases, 
HKMTs) or arginine (protein arginine methyl-
transferases, PRMTs) residues.  
Most HKMTs that confer either transcriptional 
silencing or activation contain a conserved domain 
named SET (SUV39 [suppressor of variegation 3-
9], enhancer or Zeste, Trithorax). These enzymes 
have very defined residue substrates and 
modification state specificity. Proteins containing 
SET domains can be classified into five subfamilies; 
SET1, SET2, SUV39, RIZ (retinoblastoma protein- 
interacting zinc-finger) and SMYD3 (SET- and 
MYND-domain containing protein 3) [45]. In 
addition, methylation of H3K79 is mediated by a 
protein without SET domain named DOT1 [46].  
On the other hand, PRMTs can be divided into 
four types (I to IV) depending on the type of 
methylarginine that they generate [47]. In contrast 
to HKMTs, PRMTs are typically more 
promiscuous and often target multiple arginine 
residues on the N-terminal tails of histones H3 
and H4. Furthermore, PRMT enzymes also target 
a broad range of other cellular proteins, suggesting 
that they contribute to regulation of additional 
non-chromatin based processes [48]. In humans, 
nine PRMTs have so far been identified [47]. 
These enzymes are classified in two groups, type I 
(PRMT1, PRMT3, PRMT4, PRMT6, and 
PRMT8) and type II (PRMT5, PRMT7, and 
PRMT9). An overview of the evolutionary 
conservation of each human PRMT in unicellular 
eukaryotes, including yeasts, molds, amoebae, and 
protozoa reveals that PRMT1, PRMT3, and 
PRMT5 are the arginine methyltransferases most 
strictly conserved throughout eukaryotic evolution 
[47].  

in trypanosomes [37-39]. The in silico analysis of 
the genome database of T. brucei suggested that 
HATs of the GCN5 family are absent in this 
organism as well as in the trypanosomatides 
Trypanosoma cruzi and Leishmania major (Table 1), 
but they have three distinct members of the 
MYST family (Table 1). Non-redundant roles for 
each of these HATs were described in bloodstream- 
forms of T. brucei [40]. HAT1 modulates telomeric 
silencing and is required for growth, and possibly 
for DNA replication; HAT2 is required for 
H4K10 acetylation and growth; and HAT3 is 
required for H4K4 acetylation and is dispensable 
for growth [40]. The non-redundant functions 
for T. brucei HAT1-3 appear to reflect unique 
substrates for each acetyltransferase and support 
the idea of a simplified, non-redundant histone 
code in this parasite. The genome database of  
T. brucei reveals the presence of seven HDACs 
(Table 2). Four of these proteins belong to 
HDACs classes I (HDAC1 and HDAC2) and II 
(HDAC3 and HDAC4) [41], and three of them 
correspond to members of the Sir2 family (Table 2). 
HDAC1 and HDAC3 display histone deacetylase 
activity and they appear to be essential for growth 
in the bloodstream form and have an important 
role in the silencing of VSG genes [41, 42]. In 
addition, it has been demonstrated that Sir2rp1, 
the only nuclear protein of this class in T. brucei, 
is required for basal telomeric silencing, but not 
for VSG silencing, whereas the other two Sir2-
related enzymes of T. brucei were found in 
mitochondria [43].  
Analysis of the G. intestinalis genome database 
revealed the presence of: i) three putative HATs, 
one of the GCN5 family and two MYST-related 
proteins (Table 1); and ii) six putative HDACs 
(Table 2), one of them is homologue of the 
classical HDAC family, and the five additional 
are predicted to belong to the Sir2 family [44]. 
The recombinant  protein of the typical HDAC 
fused to an HA-tag was located in nuclei, 
suggesting a deacetylase activity on histones [44]. 
In E. histolytica, Western blot assays revealed 
that trophozoites contain nuclear proteins of 16- to 
23-kDa that can be acetylated, suggesting that 
histones of this parasite are susceptible to this 
modification. In concordance, three genes 
encoding for HATs were identified in the genome
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regulate the antigenic variation, because the 
transcriptionally silent genes encoding VSGs 
located in telomeric regions become partially 
derepressed when DOT1B is deleted, whereas 
non-telomeric loci are unaffected [56]. Additionally, 
the transcriptional switch is so slow that cells 
expressing two VSGs persist for several weeks  
in parasites that has deleted the DOT1B gene, 
indicating that monoallelic transcription is 
compromised [56]. In contrast, silencing of DOT1A 
by RNAi resulted in a premature progression 
through mitosis without DNA replication 
generating a proportion of cells with a haploid 
DNA content [55]. Thus, DOT1A and DOT1B 
appear to influence the antigenic variation and the 
cell cycle of T. brucei by regulating the degree of 
H3K76 methylation. On the other hand, five 
putative PMRTs were found in the T. brucei 
genome database (Table 3), including: i) canonical 
homologues of the human PRMT1 and PMRT5; 
ii) a protein that appears to be homologue to the 
human PRMT3, iii) an enzyme similar to human 
PRMT6 (TbPRMT6); and iv) a unique type III 
enzyme named TbPRMT7 [57]. TbPRMT6 
utilizes bovine histones as substrate and among 
the TbPRMT6-associated proteins identified by 
mass spectrometry were found the parasite 
histones [57]. Knockdown of TbPRMT6 produced 
aberrant morphologies in both procyclic and 
bloodstream forms, indicating defects in cell 
division [57].  
In silico analysis of the genome of G. intestinalis 
showed that this parasite has six putative histone 
methyltransferases (Table 3) [44], but their role in 
the epigenetic regulation is unknown. HKMTs of 
the DOT1 family and typical PMRTs seem to be 
absent in G. intestinalis (Table 3) [44].    
Epigenetic silencing of specific genes of E. 
histolytica was achieved by the transfection of 
plasmids containing the respective encoding gene 
and a DNA segment of the 5’ upstream region of 
the amebapore-a encoding gene (ap-a) [58-61]. 
Specific antibodies against methylated H3 evidenced 
that E. histolytica genes were silenced by 
methylation in H3K4 [59], suggesting that gene 
expression in this parasite could be epigenetically 
regulated and that methylation in H3K4 probably 
depends of histone methyltransferases. However, 
no HKMTs have been reported in E. histolytica. 
Our in silico analysis of the genome database

In silico analysis showed that protozoa parasites, 
with exception of T. brucei, have not HKMTs 
similar to DOT1, but they contain several genes 
encoding for putative HKMTs of the SET family 
(Table 3), although most of these proteins have 
not been characterized so far. In addition, protozoa 
parasites, except G. intestinalis, have several 
genes that encode for putative PRMTs (Table 3), 
but due that these enzymes also target other non-
histone proteins, their role in epigenetic control 
need to be proved. On the other hand, histone 
demethylases were only found in Apicomplexa.  
T. gondii has several putative HKMTs of the SET 
family (Table 3), and it has been reported that 
TgSET1, TgSET2, TgSET3 methylate H3K4, 
H3K36 and H3K9, respectively [49]. In addition, 
TgSET8-related proteins can mono-, di-, and tri-
methylate H4K20, but unlike other eukaryotes this 
modification does not seem to correlate with 
promoters [50]. Another HKMT, named KMTox/ 
SET13, methylates lysines on histones H4 and H2A 
[51]. On the other hand, concerning to PRMTs,  
T. gondii has six of these enzymes (Table 3). 
TgPRMT1 and TgPRMT5 methylate H4R3 and 
H3R2 respectively, while TgCARM1 methylates 
H3R17 [49].  
In silico analysis of the P. falciparum genome 
demonstrated the presence of nine HKMTs 
containing SET domains (Table 3). These 
enzymes are named PfSET1–9 [31, 52]. PfSET1,  
-2, -3, and -8 are homologous to the well 
characterized HKMTs that methylate H3K4, K36, 
K9 y H4K20, respectively [52]. Recombinant 
proteins of PfSET2 and PfSET8 showed enzymatic 
activity and the last one is able to add one, two 
and three methyl groups to H4K20 [52]. 
Additionally, three putative PRMTs have been 
identified in this parasite (Table 3), they were 
called PfPRMT1, PfPRMT4 (or PfCARM1) and 
PfPRMT5 [53]. PfPRMT1 methylates H4R3, 
H2A and several conserved substrates as fibrillarin, 
poly(A)-binding protein II, ribosomal protein S2 
and a putative splicing factor [54].  
T. brucei has three putative HKMTs of the SET 
family and two homologues of DOT1 (DOT1A 
and DOT1B) (Table 3). DOT1A and DOT1B are 
responsible for dimethylation and trimethylation 
of H3K76 (synonymous to K79 in other organisms) 
[55]. DOT1B seems to play an important role in
 
 



                             T
ab

le
 3

. H
M

Ts
 in

 p
ro

to
zo

a 
pa

ra
si

te
s. 

G
en

e 
fa

m
ily

 
P.

 
fa

lc
ip

ar
um

 
T.

 g
on

di
i 

T.
 c

ru
zi

 
T.

 b
ru

ce
i 

L.
 m

aj
or

 
G

. i
nt

es
tin

al
is

 
T.

 v
ag

in
al

is
 

E.
 h

ist
ol

yt
ic

a

SE
T 

PF
F1

44
0w

  
M

A
L1

3P
1.

12
2 

 
 P

F0
8 

00
12

  
 P

FI
04

85
c 

 
 P

FL
06

90
c 

 
 P

F1
3 

02
93

  
 P

F1
1 

01
60

  
 P

FD
01

90
w

  
 P

FE
04

00
w

  
 

TG
M

E4
9_

02
68

10
 

TG
M

E4
9_

05
77

70
 

TG
M

E4
9_

05
59

70
 

TG
M

E4
9_

08
83

30
 

TG
M

E4
9_

09
21

70
 

TG
M

E4
9_

09
46

10
 

TG
M

E4
9_

09
56

10
 

TG
M

E4
9_

00
12

50
 

TG
M

E4
9_

00
24

90
 

TG
M

E4
9_

01
17

30
 

TG
M

E4
9_

01
60

80
 

TG
M

E4
9_

04
69

10
 

TG
M

E4
9_

07
61

20
 

TG
M

E4
9_

11
16

60
 

TG
M

E4
9_

11
96

60
 

TG
M

E4
9 

_0
42

87
0

TG
M

E4
9 

_0
62

75
0

TG
M

E4
9_

08
19

00
 

TG
M

E4
9_

01
82

30
 

TG
M

E4
9_

08
41

60
 

Tc
00

.1
04

70
53

50
95

51
.1

40
 

Tc
00

.1
04

70
53

50
81

53
.2

20
 

Tc
00

.1
04

70
53

50
81

69
.5

0 

Tb
09

.2
11

.1
62

0 
 

Tb
03

.3
K

10
.4

50
  

Tb
10

.7
0.

26
20

 

Lm
jF

35
.4

55
0 

Lm
jF

21
.1

75
0 

Lm
jF

36
.0

21
0

G
L5

08
03

_8
92

1 
 

G
L5

08
03

_1
38

38
  

G
L5

08
03

_1
37

90
  

G
L5

08
03

_9
13

0 
 

G
L5

08
03

_1
70

36
  

G
L5

08
03

_2
21

69
1 

TV
A

G
_1

20
12

0
TV

A
G

_1
62

90
0

TV
A

G
_1

85
78

0
TV

A
G

_4
33

01
0

TV
A

G
_4

40
83

0
TV

A
G

_3
02

28
0

TV
A

G
_1

77
92

0
TV

A
G

_0
87

99
0

TV
A

G
_1

27
92

0

EH
I_

08
02

40
EH

I_
06

90
80

EH
I_

09
26

90
EH

I_
03

19
60

D
O

T1
 

N
I 

N
I 

N
I 

Tb
08

.2
6N

11
.3

80
  

Tb
92

7.
1.

57
0 

N
I 

N
I 

N
I 

N
I 

PR
M

T 
PF

14
 0

24
2 

 
PF

08
 0

09
2 

 
PF

13
 0

32
3 

 

TG
G

T1
_0

30
40

0 
TG

G
T1

_0
73

73
0 

TG
M

E4
9_

05
24

20
 

TG
M

E4
9_

09
42

70
 

TG
M

E4
9_

01
55

60
 

TG
M

E4
9_

01
95

20
 

Tc
00

.1
04

70
53

50
65

29
.5

0 
Tc

00
.1

04
70

53
50

85
93

.1
10

 
Tc

00
.1

04
70

53
50

81
53

.1
11

0
Tc

00
.1

04
70

53
51

03
11

.1
40

 
Tc

00
.1

04
70

53
50

69
47

.8
0 

Tc
00

.1
04

70
53

50
70

57
.3

0 
Tc

00
.1

04
70

53
50

91
53

.1
00

 
Tc

00
.1

04
70

53
51

03
03

.3
10

 

Tb
92

7.
1.

46
90

 
Tb

10
.7

0.
38

60
 

Tb
05

.6
E7

.1
00

0 
Tb

07
.1

0C
21

.5
4 

Lm
jF

12
.1

27
0 

Lm
jF

03
.0

60
0 

Lm
jF

16
.0

03
0 

Lm
jF

06
.0

87
0 

 

N
I 

TV
A

G
_4

33
49

0
TV

A
G

_1
99

70
0

TV
A

G
_0

28
10

0
TV

A
G

_0
45

76
0

TV
A

G
_2

25
95

0
TV

A
G

_0
48

28
0

TV
A

G
_0

96
15

0
TV

A
G

_2
54

54
0

EH
I_

15
24

60
EH

I_
10

57
80

EH
I_

15
91

80
EH

I_
15

85
60

EH
I_

15
24

00

A
cc

es
si

on
 n

um
be

r f
or

 e
ac

h 
pu

ta
tiv

e 
H

M
T 

is
 g

iv
en

.  
N

I: 
no

t i
de

nt
ifi

ed
. 

44 Mercedes Calixto-Gálvez et al.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Epigenetics in protozoa parasites               45

and T. cruzi. Interestingly, methylated cytosine 
were not detected in the genomic DNA of 
Toxoplasma, Cryptosporidium and Plasmodium, 
suggesting  that DNA methylation is unlikely to 
be a major mechanism for regulation of gene 
expression in Apicomplexa during their asexual 
phases [64].  
A monoclonal antibody against 5-methylcytosine 
was used to demonstrate the presence of methylated 
DNA in T. brucei [65]. In addition, a DNMT 
enzyme of this parasite (TbDMT) with a greater 
homology to prokaryotic than to eukaryotic 
DNMTs was identified [65]. TbDMT is expressed 
in both bloodstream- and procyclic-forms of the 
parasite, but there is a little stage-specific 
regulation [65]. 
In E. histolytica, the 5’ region of the gene 
encoding for the heat shock protein 100 (hsp100) 
and a reverse transcriptase of a LINE retroposon 
(RT-LINE) were isolated by affinity 
chromatography using antibodies against 5-
methylcytosine as ligand [66, 67], indicating the 
presence of methylated DNA in this parasite. 
However, a genome-wide analysis of methylated 
DNA in E. histolytica showed that only 2.1% of 
the genes are transcriptionally modulated by DNA 
methylation, suggesting that this modification has 
limited effects on gene expression in this parasite 
[68]. Nevertheless, a DNA methyltransferase 
homologous to the human Dnmt2 (Ehmeth) was 
identified in E. histolytica [69]. Ehmeth has a dual 
DNA/tRNA (Asp) methyltransferase activity [70] 
and the over expression of this enzyme in 
trophozoites produced the accumulation of 
multinucleated cells, upregulation of the heat 
shock protein 70 and resistance to oxidative stress 
[69]. These results suggested that this enzyme 
could have an important role in the expression of 
some genes [69]. Interestingly, the enolase 
enzyme of E. histolytica acts as an inhibitor of 
Ehmeth [71]. Its inhibitory activity is antagonized 
by 2-phosphpglycerate, suggesting that glucose 
metabolism controls the function of enolase as 
Ehmeth inhibitor [71]. 
  
Histone-modifying enzymes in other protozoa 
parasites 
Little data are available with respect to histone-
modifying enzymes and DNA methyltransferases
  
 

revealed that this microorganism has four putative 
proteins that contain a SET domain (Table 3) and 
five putative PRMTs (Table 3) [53]. However, 
there are no experimental studies demonstrating 
their activity.  
Just as there are HMTs to methylate histones, 
there exist enzymes responsible for methyl 
group removal from histones as well (histone 
demethylases). Histone demethylases are of two 
general classes: i) the class enclosed amine 
oxidase enzymes, characterized by the mammalian 
lysine specific demethylase 1 (KDM1/LSD1), 
which uses FAD as a co-factor and removes the 
mono- and di-methylated modification states [62]; 
and ii) the class belonged to a large family of 
proteins that contain a Jumonji-C (JmjC) domain 
as their catalytic core [63]. The JmjC domain-
containing proteins are iron and alpha-ketoglutarate 
dependent oxygenases that target the removal of 
all three histone lysine methylation states.  
In protozoa parasites, histone demethylases only 
have been identified in Apicomplexa. T. gondii 
has two LSD1-like proteins and eight JmjC-
containing proteins [49], suggesting that lysine 
demethylation has a role in the regulation of gene 
expression in this parasite. On other hand, the 
genome of P. falciparum encodes one LSD1-like 
protein and two putative JmjC-like proteins [52]. 
Both JmjC-like proteins are expressed in the 
erythrocytic stages of the parasite [52]. 
In silico analysis on the genome databases of 
T. brucei, T. cruzi, L. major, G. intestinalis, and 
E. histolytica indicate that canonical histone 
demethylases are absent in these parasites, 
suggesting that other unidentified enzymes are 
implicated in the histone demethylation. 
 
DNA methylation 
The enzymes responsible for DNA methylation 
are referred to as DNA methyltransferases 
(DNMTs), which catalyze the reaction through 
the transfer of the methyl group from S-
adenosylmethionine to cytosine. In mammals, five 
members of the DNMT protein family have been 
discovered (Dnmt1, Dnmt2, Dnmt3a, Dnmt3b, 
and Dnmt3L).  
Two putative DNMT proteins have been identified 
in T. gondii, and one in P. falciparum, E. histolytica,
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HAT activity of the recombinant PfGCN5 [86]. In 
addition, Cui et al. [87] showed that the anacardic 
acid (AA), an inhibitor for both p300 and PCAF 
HAT families, inhibits P. falciparum growth  
in vitro. Consistent with the role of PfGCN5 in 
regulating global gene expression, AA treatment 
inhibits PGCN5 activity, resulting in histone 
hypoacetylation and downregulation of a panel of 
developmentally regulated genes in the parasite 
[87]. 
On the other hand, the search for inhibitors of 
histone methyltransferases and histone demethylases 
is still in its infancy. Only a few inhibitors of 
these enzymes have been discovered and tested in 
higher eukaryotes [88], but they have not been 
used as potential anti-parasitic drugs. Nevertheless, 
the development of specific inhibitors of HMTs 
from parasites is an important task that will 
certainly be taken up in the years to come. 
 
CONCLUDING REMARKS 
Protozoa parasites posses in their genomes a wide 
repertoire of histone-modifying enzymes that play 
important roles in the expression of proteins 
involved in their development and pathogenicity. 
However, methylated DNA as well DNA 
methyltransferases appear to have a modest 
influence in gene expression regulation in most of 
these microorganisms. On the other hand, some 
histone modifying-enzymes are parasite-specific 
and that could help to develop new therapeutic 
strategies against them. Interestingly, in silico 
analysis on the genome databases showing that 
some canonical histone-modifying enzymes seem 
to be absent in some of the protozoa parasites, 
suggest that their respective histone modifications 
are not important in epigenetic control in these 
organisms, or that these modifications could be 
performed by other enzymes that need to be 
identified in further studies.  
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in different protozoa parasites to those described 
here, but their genome databases showed that 
these microorganisms contain most, but not all, of 
the enzymes implicated in the epigenetic control 
in higher eukaryotes (Tables 1-3). For instance, 
Trichomonas vaginalis has several HATs of the 
GCN5 and MYST families, as well as numerous 
HDACs, PRMTs and HKMTs of the SET family, 
but it does not contain DOT1-like HKMTs or 
typical DNA methyltransferases.  
 
Inhibitors of DNA-modifying enzymes on 
protozoa parasites 
Several studies have focused on the anti-parasitic 
activity of HDAC inhibitors of various structural 
classes, highlighting the potential of these drugs 
for anti-parasitic intervention. HDAC inhibitors 
like tetrapeptides (apicidin or synthetic analogues 
and FR235222) [44, 49, 72-74], short-chain fatty 
acids (Valproic acid, sodium butyrate) [75], 
hydroxamates (trichostatin A and synthetic 
compounds including suberoylanilidie hydroxamic 
acid (SAHA)) [76, 77], as well as Sir2 inhibitors 
[78, 79] produced significant alterations in the 
development of protozoa parasites. However, the 
poor selectivity of some of these compounds for 
parasites versus mammalian cells, and their poor 
bioavailability, means that it is not considered 
clinically suitable. To try to address the issue of 
selectivity, apicidin analogues with indole 
modifications, and tryptophan- or quinolone -
replacements have been tested against P. 
falciparum parasites. Some quinolone derivatives, 
but not N-substituted indole derivatives, were 
found to have increased selectivity (up to 200-
fold) for P. falciparum versus mammalian cells at 
the whole-cell level [80-82]. In addition, several 
hydroxamic acid-based HDAC inhibitors analogues 
to SAHA have been described with better potency 
against P. falciparum parasites in vitro, and in 
some cases much better selectivity [83-85].  
To explore HAT enzymes as potential targets for 
controlling malaria, some studies have been 
focused on the inhibition of PfGNC5. Curcumin, a 
potent drug against chloroquine-resistant P. 
falciparum strains, induced hypoacetylation of 
histone H3 at K9 and K14, suggesting that this 
drug caused specific inhibition of the PfGCN5 
HAT [86]. In concordance, curcumin inhibited the
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