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ABSTRACT ARTICLE HISTORY
Epigenetic mechanisms have not been characterized in ticks despite their importance as vectors of human Received 3 February 2016
and animal diseases worldwide. The objective of this study was to characterize the histones and histone Revised 26 February 2016
modifying enzymes (HMEs) of the tick vector Ixodes scapularis and their role during Anaplasma Accepted 2 March 2016
phagocytophilum infection. We first identified 5 histones and 34 HMEs in [. scapularis in comparison with KEYWORDS

similar proteins in model organisms. Then, we used transcriptomic and proteomic data to analyze the Anaplasma; epigenetics;
mRNA and protein levels of . scapularis histones and HMEs in response to A. phagocytophilum infection of histone modifying enzyme;
tick tissues and cultured cells. Finally, selected HMEs were functionally characterized by pharmacological histone; pathogen; tick
studies in cultured tick cells. The results suggest that A. phagocytophilum manipulates tick cell epigenetics

to increase I. scapularis p300/CBP, histone deacetylase, and Sirtuin levels, resulting in an inhibition of cell

apoptosis that in turn facilitates pathogen infection and multiplication. These results also suggest that a

compensatory mechanism might exist by which A. phagocytophilum manipulates tick HMEs to regulate

transcription and apoptosis in a tissue-specific manner to facilitate infection, but preserving tick fitness to

guarantee survival of both pathogens and ticks. Our study also indicates that the pathogen manipulates

arthropod and vertebrate cell epigenetics in similar ways to inhibit the host response to infection.

Epigenetic regulation of tick biological processes is an essential element of the infection by A.

phagocytophilum and the study of the mechanisms and principal actors involved is likely to provide clues

for the development of anti-tick drugs and vaccines.

Introduction

Recently, histone deacetylase 1 (HDACI1) upregulation was
shown in A. phagocytophilum-infected granulocytes.”® Higher
HDACI levels were associated with an increase in A. phagocy-
tophilum survival, suggesting a mechanism for control of host
cell gene expression and function based on epigenetic
changes.”® Furthermore, recent studies showed that chromatin
bound bacterial effector Ankyrin A (AnkA)*'* recruits
HDACI and modifies host gene expression, therefore support-
ing the role of A. phagocytophilum proteins secreted through
the Type IV secretion system (a secretion system composed of
a macromolecular complex that spans the bacterial inner and
outer membranes and can also span the membrane of eukary-
otic host cells used by Gram-negative bacteria for a variety of
biological functions including the exchange of genetic material

) . . . with other bacteria and the translocation of oncogenic DNA
phagocytophilum manipulates cell defense mechanisms in both o ) 24 . .
ticks and vertebrate hosts by inhibition of cellular processes, and effector proteins into eukaryotic host cells)™ in controlling

such as apoptosis and the immune response. '+ host epigenetics and global DNA methylation.”** These results
Pop ponse. and the finding that A. phagocytophilum evolved common

It is increasingly recognized that intracellular pathogens manipu-
late the transcriptional programs of their host cells via epigenetic
mechanisms, leading to radical effects, notably on stress and
inflammatory responses.'” Indeed, such pathogens can be
viewed as ‘epigenators’,’ by analogy to environmental factors,
but acting within the cell.’ One such organism known to manip-
ulate host cells is Anaplasma phagocytophilum (Rickettsiales:
Anaplasmataceae), an emerging zoonotic pathogen transmitted
by ticks of the genus Ixodes. The major A. phagocytophilum vec-
tor species are Ixodes scapularis in North America and Ixodes
ricinus in Europe.” A. phagocytophilum infects tick midgut,
hemocytes and salivary glands and vertebrate host granulocytes
causing human, canine, and equine granulocytic anaplasmosis
and tick-borne fever of ruminants.®'> To establish infection, A.
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strategies for infection of ticks and vertebrate hosts suggest that
the pathogen probably controls host cell epigenetics in both
granulocytes and tick cells."?

However, the role of epigenetic mechanisms in tick cells is
largely unknown.”” Recently, Kotsyfakis et al.*® annotated 34
transcripts as encoding candidate histone modifying proteins
in the L ricinus transcriptome but without further characteriza-
tion. The I. scapularis tick genome that has been well character-
ized and therefore constitutes a good model for the study of
tick-pathogen interactions.'®*® The objective of this study was
to characterize the role of histones and histone modifying
enzymes (HMEs) during A. phagocytophilum infection of I.
scapularis. Among the enzyme families that write or erase mod-
ifications on histone tails, as well as other protein substrates, we
focused on histone acetyltransferases (HATs),* histone deace-
tylases (HDACs and Sirtuins),”*** histone methyltransferases
(HMTs)™> and histone demethylases (HDMs).>* We first identi-
fied in the I scapularis genome/transcriptome and phylogeneti-
cally and structurally characterized 5 histones and 34 HMEs
(HATSs, HDAGCs, Sirtuins, HMTs, and HDMs) in comparison
with similar proteins in other organisms. Then, we used tran-
scriptomics and proteomics data to analyze the mRNA and
protein levels of I. scapularis histones and HMEs in response to
A. phagocytophilum infection of tick tissues and cultured cells.
Finally, selected HMEs were functionally characterized by
pharmacological studies in cultured tick cells. The results sug-
gested that the manipulation of histones and HMEs by A. phag-
ocytophilum is an epigenetic mechanism by which this
pathogen simultaneously regulates several defense mechanisms,
such as apoptosis, to increase infection and multiplication in
tick cells.

Results and discussion
Identification of histones and HMEs in I. scapularis

I. scapularis histones

In the nucleus, DNA is wrapped into a complex known as chro-
matin by core histones H2A, H2B, H3, and H4 to form the
nucleosome. Another linker histone, H1, binds the nucleosome
at the entry and exit sites of the DNA to assemble higher order
chromatin structures.” Five putative histones were identified
in the I. scapularis genome and transcriptome and classified as
IsH1, IsH2A, IsH2B, IsH3, and IsH4 (Fig. 1A). All these histo-
nes except IsH4 were closely related to other tick histones from
Ornithodoros coriaceus, Amblyomma variegatum, and Nuttal-
liella namaqua. The IsH4 was closely related to mammalian
histone H4 from Homo sapiens, Mus musculus, and Bos taurus,
and not to H4 from other arthropods (Fig. 1A). The analysis of
the putative histones from I. scapularis showed typical domains
(Fig. 1B) and tertiary fold structure with helix-turn-helix-turn-
helix motifs (Fig. 1C) found in other organisms. Most key his-
tone residues (lysine, tyrosine, serine, and threonine) that
undergo posttranslational modifications were conserved
between human and I. scapularis predicted homologs (Fig. 1C).
Differential post-translational modifications by acetylation,
methylation, phosphorylation, or ubiquitination of the con-
served residues constitute an important component of the his-
tone code.’® These results suggested that in I scapularis, as in

other organisms, gene regulation is affected by a combination
of these histone modifications and, therefore, different chroma-
tin states are defined by specific histone mark repertoires.””

I. scapularis HATs

The HAT protein family contains “writer” enzymes that add
acetyl groups to histones, while HDACs and Sirtuins are
“eraser” enzymes that remove acetyl groups on or from histo-
nes, respectively.’*>* Histone acetylation is a dynamic process
regulated by HATs that modulates the accessibility of DNA
through alterations to the compaction of the chromatin and
also regulates the binding of repressors and activators of gene
transcription.”® Three major HAT families have been described
in humans, including the GCN5/PCAF family (consisting of
GCNS5, PCAF, and related proteins), the p300/CBP family, and
the MYST family, renamed in 2007 as lysine (K) acetyltransfer-
ase (KAT). According to this new classification, TIP60, MOZ,
MORF, HBOI1, and hMOF (MYST family) became KATS5,
KAT6A, KAT6B, KAT7, and KATS, respectively.” From the L.
scapularis genome and transcriptome data, we identified
IsHAT1 (GCN5/PCAF family), Isp300/CBP (p300/CBP fam-
ily), and several members of the MYST family (IsKATs)
(Fig. 2A, Fig. 2B, and Supplementary File 1).

I. scapularis p300/CBP

The p300/CBP are transcriptional co-activator proteins playing
a central role in coordinating and integrating multiple signal-
dependent events with the transcription apparatus, allowing
the appropriate level of gene activity to occur in response to
diverse physiological stimuli.”® The phylogenetic analysis
showed that Isp300/CBP is more closely related to similar pro-
teins from chelicerates (i.e., Limulus Polyphemus and Stegody-
phus mimosarum) than to either mammalian CBP or p300 or
arthropod (i.e., Drosophila melanogaster) CBP proteins (Sup-
plementary Figure 1A and Supplementary Fig. 1B). However,
Isp300/CBP presented a domain organization similar to mam-
malian orthologs but without the third and fourth zinc-binding
domain present in mammals, insects and other chelicerates
(Supplementary File 1, Supplementary Figure 1A, and Supple-
mentary Fig. 1C). The absence of the fourth zinc-binding
domain was not due to incomplete Isp300/CBP annotation, as
we found that the C-terminus is present (Supplementary
Fig. 1C). These results suggested that Isp300/CBP has a deletion
of the zinc-binding domains ZZ and TAZ2 with unknown
functional implications.

I. scapularis HAT1

The IsHAT1 was the only representative of type B HATSs iden-
tified in I scapularis (Fig. 2A and Fig. 2B). A previous study
identified a HAT in I scapularis but did not classify it as
ISHAT1.* Type B HATs are distinguished by their substrate
specificity and subcellular localization.*’ HAT1 can be found in
the cytoplasm and the nucleus with the ability to acetylate free,
mainly newly synthesized histones H3 and H4 but not nucleo-
somal histones.*’ ISHAT1 clustered together with HAT1 from
another blood sucking arthropod, Pediculus humanus corporis
and mammals such as H. sapiens, but not with HAT1 from
other chelicerates, such as S. mimosarum spider and Metaseiu-
lus occidentalis mite, that are closely related to ticks (Fig. 2A).
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Figure 1. Characterization of I. scapularis histones. (A) Phylogenetic analysis of histone amino acid sequences. A neighbor joining phylogenetic tree was built using the
amino acid sequences of the histones identified in I. scapularis (IsH1, IsH2A, 1sH2B, IsH3, and IsH4) and their homologs in H. sapiens (Hs), M. musculus (Mm), B. taurus
(Bta), D. melanogaster (Dme), Lycosa singoriensis (Lsi), A. variegatum (Ava), O. coriaceus (Oco), N. namaqua (Nma), Oreta pulchripes (Opu), Leptidea amurensis (Lam), Orussus
abietinus (Oab), Leptidea juvernica (Lju), Bombyx mori (Bmo), Apis mellifera (Ame), Culex quinquefasciatus (Cqu), Aedes aegypti (Aae), Anopheles gambiae (Aga), Ceratosolen
solmsi marchali (Csm), Nasonia vitripennis (Nvi), Fopius arisanus (Far), Cerapachys biroi (Cbi), Diaphorina citri (Dci), Penaeus monodon (Pmo), S. mimosarum (Smi), Tribolium
castaneum (Tca), Latrodectus hesperus (Lhe), Musca domestica (Mdo), Oxyopes sertatus (Ose), P. h. corporis (Phc), Wasmannia auropunctata (Wau), Cybaeota nana (Cna),
Lepeophtheirus salmonis (Lsa), Caligus rogercresseyi (Cro), C. clemensi (Ccl), Diadromus pulchellus (Dpu), Diprion pini (Dpi), Arabidopsis thaliana (At) and Physcomitrella pat-
ens (Ppa). Bootstrap values for internal branches and GenBank accession numbers are shown. (B) Major protein domains found in /. scapularis histones. (C) Predicted ter-
tiary structure of I. scapularis histones with conserved positions of post-translational modifications. The modeled histone tertiary structures are shown color-coded from
the N-terminus (red-orange) to the C-terminus (blue-purple). Selected amino acid positions are shown below each tertiary structure with post-translational modifications
indicated with red ballstick, acetylation; blue ballstick, methylation; purple ballstick, phosphorylation; green bomb, ubiquitination.

The HAT1 domain with acetyltransferase activity in the human
HAT1 was highly conserved in the I. scapularis homolog with
44% identity at the amino acids sequence level.

I. scapularis KAT

Four members of the MYST family were classified in L
scapularis as IsKAT5, IsKAT6A, IsKAT7, and IsKATS8
(Fig. 2A and Fig. 2B). Members of this family share the
MYST (MOZ-SAS) domain, which confers the intrinsic ace-
tyltransferase activity of these enzymes.”® The MYST
domain was identified in all IsSKATs (Fig. 2B) and their ter-
tiary structure was highly conserved (Supplementary File 1).
This protein family is extremely diverse in domain organi-
zation, complex formation, and biological function.*

Specifically, KAT6A (also known as MOZ) contains a PHD
finger domain that is important for histone H3 binding,
and this domain was identified in ISKAT6A (Fig. 2B).
KAT6A acetylates H3 at lysine-9 and lysine-14,">** which
were conserved in IsH3 (Fig. 1C). These results suggested a
function for IsKATs similar to that described in other
organisms.”

I. scapularis HDACs

From prokaryotes to mammals, HDACs are part of a large, evo-
lutionarily conserved protein family.** Human HDACs are
organized into 4 classes, of which classes I, II, and IV are phylo-
genetically related, but class III (Sirtuins) is phylogenetically
separated.”’*> HDAC class I contains 4 HDACs (HDACI-3
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Figure 2. Characterization of /. scapularis HATs. (A) Phylogenetic analysis of HAT amino acid sequences. A neighbor joining phylogenetic tree was built using the amino
acid sequences of the HATs identified in I. scapularis (ISHAT1, IsSKAT5, ISKAT6A, IsKAT7 and IsKAT8) and their homologs in H. sapiens (Hs), M. musculus (Mm), B. taurus
(Bta), A. mellifera (Ame), Acromyrmex echinatior (Aec), Bombus terrestris (Bte), Bombus impatiens (Bim), M. domestica (Mdo), N. vitripennis (Nvi), P. h. corporis (Phc), Stomoxys
calcitrans (Sca), Solenopsis invicta (Sin), T. castaneum (Tca), Zootermopsis nevadensis (Zne), M. occidentalis (Moc), and S. mimosarum (Smi). Bootstrap values for internal
branches and GenBank accession numbers are shown. (B) Major protein domains found in /. scapularis HATs. *Additional characterization of Isp300/CBP is presented in

Supplementary File 2: Figures S1A-S1C.

and HDACS), class II 6 HDACs (HDAC4-7, HDACY9 and
HDACI0), and class IV only one HDAC (HDAC11).*! In I
scapularis, 3 class I HDACs (IsHDAC1, 3, and 8) and one class
II HDAC (IsHDAC4) were identified (Fig. 3A, Figure 3B, and
Supplementary File 1). A fragment of 144 amino acids (Supple-
mentary Table 1) was found with 63% identity to human
HDACS6 but was not included in further analyses because the
fragment was too short for a more detailed characterization. In

mammals, class I HDACs are ubiquitously expressed with a
predominantly nuclear localization, but the class II HDAC4
can shuttle in and out of the nucleus.** Class I HDACs are
almost entirely comprised of a conserved deacetylase domain
and have minimal N- and C-terminal regions, while HDAC4
possesses extensive N-terminus adapter domains.** IsSHDACs
possess the typical active site and zinc/potassium binding sites
(Fig. 3B and Supplementary File 1). Additionally, IsHDACs
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amino acid sequences of the HDACs identified in [. scapularis (IsSHDAC1, IsHDAC3, IsHDAC4 and IsHDACS8) and their homologs in H. sapiens (Hs), M. musculus (Mm), A. thali-
ana (At), Daphnia pulex (Dpu), C. quinquefasciatus (Cqu), Anopheles sinensis (Asi), Bactrocera dorsalis (Bdo), Ceratitis capitata (Cca), Anopheles darling (Ada), T. castaneum
(Tca), Apis florea (Afl), B. impatiens (Bim), Camponotus floridanus (Cfl), M. domestica (Mdo), A. gambiae (Aga), Dendroctonus ponderosae (Dpo), N. vitripennis (Nvi), P. h. cor-
poris (Phc), F. arisanus (Far), A. echinatior (Aec), Pogonomyrmex barbatus (Pba), W. auropunctata (Wau), A. aegypti (Aae), Glossina morsitans morsitans (Gmm), B. terrestris
(Bte), A. mellifera (Ame), Z. nevadensis (Zne), Acyrthosiphon pisum (Api), Plutella xylostella (Pxy), Megachile rotundata (Mro), S. mimosarum (Smi), M. occidentalis (Moc),
Amblyomma sp. (Asp), Cryptocellus centralis (Cce), L. polyphemus (Lpo), Prokoenenia wheeleri (Pwh), Hadrurus arizonensis (Har), Aphonopelma chalcodes (Ach), Eremocosta
gigasella (Egi), Leiobunum verrucosum (Lve), Mastigoproctus giganteus (Mgi), Phrynus marginemaculatus (Pma), Dinothrombium pandorae (Dpa), Tanystylum orbiculare
(Tor), Endeis laevis (Ela), Achelia echinata (Aec), Nymphon unguiculatum-charcoti (Nuc), Idiogaryops pumilis (Ipu), Stenochrus portoricensis (Spo), Ammothea hilgendorfi
(Ahi), M. occidentalis (Moc), and S. mimosarum (Smi). Bootstrap values for internal branches and GenBank accession numbers are shown. (B) Major protein domains found

in I. scapularis HDACs.

belonged to the o/f protein class with 7-8 B-strands at its core
surrounded by several «-helices representing the Rossmann
fold—a typical motif of nucleotide binding enzymes (Supple-
mentary File 1).

I. scapularis Sirtuins

Initially categorized as class III HDACs, Sirtuins are NAD™-
dependent protein N-g-acyl-lysine deacetylases that are phylo-
genetically and structurally distinct from class I, II, and IV
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HDAG:s. Sirtuins are involved in a wide spectrum of biological
processes, such as transcriptional regulation, metabolism,
aging, apoptosis, and DNA damage responses.*>*® There are 7
human Sirtuins, but a variable number of Sirtuins are found in
other organisms.>” In parasitic pathogens, certain Sirtuins are
essential for the survival and/or development of these organ-
isms, determining their interest as drug targets.”” Sirtuins were
also recently shown to be targets for host manipulation by para-
sites® and bacteria.”” Of the 7 Sirtuins previously reported
across all kingdoms of life,” 5 were identified and characterized
in I scapularis (IsSirtl, 2, 5-7) (Fig. 4A, Figure 4B, and Supple-
mentary File 1). Not all organisms contain all 7 Sirtuins.”” For
example, consistent with our results in I scapularis, Sirt3 is
absent in other arthropods®* (Fig. 4A). However, Sirt4, which is
present in other arthropods such as D. melanogaster,”* was not
found in I scapularis (Fig. 4A). Like I. scapularis, the flatworm
parasites Schistosoma mansoni and S. japonicum also lack Sirt3
and Sirt4.*”** All Sirtuins including those identified in I. scapu-
laris contain a conserved catalytic core domain composed of a
NAD"-binding Rossmann fold domain and a smaller zinc-
binding domain containing 4 highly conserved Cys residues
(Fig. 4B and Supplementary File 1). The I scapularis Sirtuins
conform to the conserved tertiary structure of Sirtuins from
other organisms (Supplementary File 1).>'">°

I. scapularis HMTs

Histone lysine methylation by HMTs regulates chromatin orga-
nization and, depending on the lysine residue that is targeted,
either activates or represses gene expression.”> Based on struc-
tural features of their SET domain, HMTSs are divided into 7
families that include the SUV39, EZH, SET1, SET2, PRDM,
and SMYD families and other HMTs containing a SET domain.
Only one HMT (DOT1L) does not contain a SET domain. *>*°
Of the 7 HMT families plus DOTIL that have been identified
in humans®>*® we identified in I. scapularis members of the
SET2 (IsSETD2, IsSETD4, IsSETD7), SUV39 (IsSSETDBI1-A,
IsSETDB1-B, IsSEHMT), and SMYD (IsSMYD3-5) families and
the tick homolog of human DOTIL (IsDOT1L) (Fig. 5A,
Figure 5B, and Supplementary File 1). All human SMYD family
members contain a SET domain and a MYND zinc finger*®
that were identified in IsSSMYD4 and IsSMYD5 but not in IsS-
MYD3 (Fig. 5B and Supplementary File 1). However, the avail-
able IsSMYD3 sequence lacks the C-terminus, which may
explain the absence of the SET domain and the MYND zinc fin-
ger (Fig. 5B). It was not possible to classify the ISEHMT as
IsEHMT1 or IsSEHMT?2 because EHMTSs from chelicerates (i.e.,
I scapularis, S. mimosarum, and M. occidentalis) formed a clus-
ter separate from mammal and insect EHMT1 and EHMT2
(Fig. 5A), suggesting that EHMT1 and EHMT2 possess amino
acid sequence properties that may be taxa-specific. Neverthe-
less, the ISEHMT predicted tertiary structure was similar to the
structure of human EHMT?2 with Ankyrin, Pre-SET, and SET
domains (Fig. 5B and Supplementary File 1).>*

I. scapularis HDMs

The HDMs are grouped into the Jumonji (JM]) demethylase
family or the LSD demethylase (lysine-specific histone deme-
thylase) family that are mainly composed of LSD1 (also known
as KDMI1A) and LSD2 (also known as KDM1B).>* The 2

evolutionarily conserved LSD and JMJC histone demethylase
families use different reaction mechanisms to establish demeth-
ylation.’* In humans, the LSD family has 2 members, LSD1
and LSD2, that use a flavin adenine dinucleotide (FAD)-depen-
dent amine oxidation reaction to catalyze the demethylation of
their substrate.®* All JMJC family members share a JMJC
(Jumonji) domain that is essential in demethylase activity.**
The JMJCs are a multigenic family that in humans consists of
30 members, of which 18 have been shown to possess a dioxy-
genase reaction that depends on Fe(II) and oz—ketoglutarate.34
Two copies of LSD1 were identified in I. scapularis (IsSLSD1-A
and IsLSD1-B), but no homolog for LSD2 was found (Fig. 6A
and Fig. 6B). The two LSD1 shared 80% homology at the amino
acid level, suggesting that they are paralogs with similar tertiary
structures (Supplementary File 1). Both IsLSD1-A and IsLSD1-
B possess SWIRM and amino oxidase domains (Fig. 6B) that
are typical of human LSD1.”>* IsSLSD1-A and IsLSD1-B have 3
major differences: (i) IsLSD1-B is larger in the N-terminus
than IsLSD1-A, (ii) IsLSD1-B does not possess a “spacer
region” found in the amino oxidase domain of IsLSD1-A as
well as in mammalian LSD1, and (iii) IsLSD1-A does not pos-
sess a NAD-binding domain present in the human LSD1
(Fig. 6C). These findings suggested that IsSLSD1-A and IsLSD1-
B might have different functions in I. scapularis. Six members
of the JMJC demethylases were identified in I scapularis
(IsUTY, IsJARID2-A, IsJMJD1B, IsJARID1A, IsJMJD2B, and
IsJARID2-B) (Fig. 6A and Fig. 6B). All I scapularis JMJC
demethylases possess the JMJC domain while other domains
such as PHD and C5HC2 domains with zinc-binding activity
were found in IsJARID1A and IsJMJD2B (Supplementary File
1). However, IsJMJD1B lacks the zinc-binding domain and
only possesses the nickel-binding site. ISUTY presented the
typical cluster of tetratricopeptide repeats (TRP) in the N-ter-
minus and the JMJC domain at the C-terminus (Fig. 6C and
Supplementary File 1). These results suggested that IsJM]Ds
are structurally and probably functionally conserved.

I. scapularis histone and HMEs mRNA and protein levels vary
in response to A. phagocytophilum infection

The finding of histones and HMEs coding genes in I. scapularis
suggested the existence of evolutionarily conserved regulatory
mechanisms that have not been functionally characterized in
ticks and other arthropod vectors of human and animal dis-
eases. The tick response to A. phagocytophilum infection is
largely regulated at the transcriptional level.'®'” Therefore, to
functionally characterize the role of I. scapularis tick histones
and HMEs in response to A. phagocytophilum infection, we first
analyzed the quantitative transcriptomics and proteomics raw
data deposited on the Dryad repository database, NCBI's Gene
Expression Omnibus database and ProteomeXchange Consor-
tium via the PRIDE partner repository with the dataset identi-
fier PXD002181 and doi: 10.6019/PXD002181.'%"?

The analysis of histone and HME mRNA and protein
levels were conducted in uninfected versus A. phagocytophi-
lum-infected samples in I scapularis nymphs (N), adult
female midguts (G) and salivary glands (SG), and ISE6 cul-
tured cells that constitute a model for hemocytes infected
with A. phagocytophilum.'® The results showed mRNA/pro-
tein-specific and tissue-specific differences between infected
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Figure 5. Characterization of I. scapularis HMTs. (A) Phylogenetic analysis of HMT amino acid sequences. A neighbor joining phylogenetic tree was built using the amino
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and uninfected samples (Fig. 7). At the mRNA level, differ-
ences were observed between N, G, SG, and ISE6 cells
(Fig. 7). Differences at the mRNA level probably reflect tis-
sue-specific responses to pathogen infection.'® At the pro-
tein level, many proteins were not detected by mass
spectrometry but for the identified proteins, the results
showed a low (31%) correlation between differential regula-
tion at the mRNA and protein levels (Fig. 7). These results
were similar to those obtained before for other genes and
proteins in response to A. phagocytophilum infection sug-
gesting that differences between mRNA and protein levels
could be due to delay between mRNA and protein accumu-
lation, which requires sampling at different time points
and/or the role for posttranscriptional and posttranslational
modifications in tick tissue-specific response to A. phagocy-
tophilum infection.'"®" In fact, some histones and HMEs
are regulated at the transcriptional levels while other are
affected by posttranslational modifications.””

Despite these general considerations, some results were
functionally relevant for the characterization of tick-pathogen

molecular interactions. Histone IsH1, IsH2A, and IsH4 protein
levels were affected by A. phagocytophilum infection in tick N,
G, and SG, while most histone mRNA levels varied in response
to infection in these tissues (Fig. 7). Histones and their post-
translational modifications have key roles in chromatin remod-
eling and gene transcription with different roles in biological
processes such as immunity.”® Therefore, higher histone pro-
tein levels in infected ticks probably reflected a tick response to
infection with possible implications in the control of pathogen
levels to promote tick survival.

The IsHDACI protein levels were lower in G and higher in
SG in infected samples when compared to uninfected controls
(Fig. 7). Garcia-Garcia et al.*® showed that HDAC1 expression
and activity increase with A. phagocytophilum infection of
human neutrophils, which is critical for pathogen survival.
Upon A. phagocytophilum infection, downregulation of host
defense genes also occurs along with HDACI binding and his-
tone H3 deacetylation at their promoters.”® Recently, Mukher-
jee et al.>® showed that pathogen infection in insect results in
the upregulation of HDACs to inhibit host immunity and
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(B) Major protein domains found in /. scapularis HDMs.

facilitate infection. Therefore, as previously shown for other
biological processes,'* the increase in HDACI1 levels in
response to A. phagocytophilum in 1. scapularis SG, insect, and
human cells suggested that the pathogen manipulates arthro-
pod and vertebrate host cell epigenetics in similar ways to
inhibit host immune response and facilitate infection. Further-
more, considering the differential representation of ISHDCA1
proteins in tick G and SG (Fig. 7) and their role in cell apopto-
sis,**%% these results suggested a compensatory mechanism by
which these proteins regulate transcription and apoptosis in a
tissue-specific manner in response to A. phagocytophilum infec-
tion. In infected tick SG, A. phagocytophilum may manipulate
tick cells to increase ISHDCAL1 levels, resulting in the inhibition

of cell defense and apoptosis to facilitate infection, while lower
IsHDACI1 levels in G may be a tick cell compensatory response
to induce apoptosis to limit pathogen infection and promote
tick survival. These results support the evolution of mecha-
nisms by which A. phagocytophilum manipulates tick protective
responses to facilitate infection but preserves tick fitness to
guarantee survival of both pathogens and ticks.

The proteins IsSirt2, IsSirt5, and IsSirt7 were overrepre-
sented in infected SG and/or G in A. phagocytophilum-infected
ticks (Fig. 7). In SG, but not in G cells, IsSirt2 and IsSirt5
appeared to be regulated at the transcriptional level in response
to infection (Fig. 7). In contrast, IsSirt7 levels were higher in
tick G at both mRNA and protein levels (Fig. 7). The result in
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Figure 7. I. scapularis histone and HME mRNA and protein levels in response to A. phagocytophilum infection. Comparison of histone and HME mRNA and protein levels in
1. scapularis nymphs (N), female midguts (G), female salivary glands (SG), and ISE6 cells (ISE6) in response to A. phagocytophilum infection. Transcriptomics and proteomics
data were obtained from previously published datasets available in public repositories (see Methods).

tick G cells was similar to that reported by Xie et al.,*® in which
Cryptosporidium parvum (Apicomplexa) infection of human
cells resulted in higher Sirtl protein levels without changes in
the hsirtl mRNA levels. Recently, Eskandarian et al.*’ showed
that, in Listeria monocytogenes-infected cells, Sirt2 translocates
to the nucleus, deacetylates histone H3 on lysine 18, and
represses a subset of host genes to facilitate infection. All
together, these results suggested that Sirtuins might play an

essential role during host epigenetic manipulation by pathogens
to facilitate infection in both vertebrate host and tick cells.

In tick SG, IsHAT1, and IsKAT8 protein levels increased
in response to A. phagocytophilum infection (Fig. 7). A pre-
vious study proposed that histone acetylation by HATSs
mediates epigenetic regulation of transcriptional reprogram-
ming in insects to inhibit host immune responses during
infection,”” a mechanism that may be common in arthropods



based on the results obtained here in ticks infected with A.
phagocytophilum.

The expression and activity of HMTs have been linked to
infection processes in mammals®*** and plants.® The bacte-
rium Chlamydia trachomatis was found to target host histone
methylation to ensure infection.** In this study, we found that
A. phagocytophilum infection increases mRNA levels of
IsSSETDBI1-A, IsSETDBI1-B, IsSEHMT, IsSETD2, IsSMYD4, and
IsDOT1L coding genes in tick G (Fig. 7), therefore suggesting a
role for histone methylation during A. phagocytophilum infec-
tion in ticks.

HDMs also play an important role during pathogen infec-
tion. The inhibition of LSD1 and JMJD2 in mammalian cells
results in heterochromatic suppression of a herpesvirus genome
and blocks infection and reactivation both in vitro and in
vivo.®® In rice, the expression of a JMJC demethylase was
induced by stress signals and during pathogen infection result-
ing in increase resistance to the bacterial blight disease patho-
gen, Xanthomonas oryzae pathovar oryzae.®” Pathogen
manipulation mediated by HDMs of the Kaposi’s sarcoma-
associated herpesvirus induces an overexpression of an RNA
molecule that associates with demethylases UTX and JMJD3 to
activate lytic replication of the virus.®® In ticks, we found that
A. phagocytophilum infection modified the expression of HDM
coding genes while the IsSUTY protein was underrepresented in
N and G (Fig. 7). As with other HMEs, these results suggested
a possible implication of tick HDMs in response to A. phagocy-
tophilum infection.

In ISE6 cells, the effect of A. phagocytophilum infection did
not affect expression for most histone and HMEs coding genes
(Fig. 7). Only a few histone and HMEs proteins were identified
by proteomics analysis of ISE6 cells, providing evidence for the
possible role of HMTs and HDMs during pathogen infection
(Fig. 7).

Validation of transcriptomics and proteomics data
for I. scapularis HMEs

The validation of transcriptomics and proteomics data was done
on selected genes and proteins by real-time RT-PCR and immu-
nofluorescence, respectively. However, although real-time RT-
PCR is easy to perform to validate transcriptomics data, few anti-
bodies are available that react with tick proteins for the validation
of proteomics data. Herein, 10 I scapularis HME coding genes
were selected for real-time RT-PCR (Supplementary File 2). This
analysis of mRNA levels in individual samples from infected and
uninfected I. scapularis adult female G and SG and ISE6 cells cor-
roborated transcriptomics results by demonstrating that gene up-
or down-regulation was similar between transcriptomics and RT-
PCR analyses for most samples (Supplementary File 2). As in pre-
vious experiments, the differences observed between the results of
both analyses in tick G and SG could be attributed to intrinsic var-
iation in gene expression and the fact that approximately 85% of
the ticks used for transcriptomics were infected, while for RT-
PCR all ticks were confirmed uninfected or infected with A. phag-
ocytophilum before analysis.'>"”

For the validation of proteomics data, 2 commercial anti-
bodies were found reactive against IsSirt2 and IsHDACI1 and
were used for immunofluorescence in I. scapularis G and SG
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tissue sections (Supplementary File 2). The results corroborated
proteomics results by showing higher IsHDACI levels in
infected tick SG (Supplementary File 2) and higher IsSirt2 lev-
els in infected tick G and SG (Supplementary File 2).

Functional characterization of selected
I. scapularis HME proteins

The characterization of the I. scapularis histone and HMEs
mRNA and protein levels showed variations in response to A.
phagocytophilum infection that suggested a functional role for
these molecules during pathogen infection in ticks. To further
characterize the function of selected HME proteins during A.
phagocytophilum infection, infected ISE6 cells were left
untreated or treated for 72 h with different pharmacological
HME inhibitors or activators (Fig. 8A). The results showed that
treatment with p300/CBP, HDAC, and Sirtuin inhibitors
resulted in lower A. phagocytophilum infection levels, while
activators of p300/CBP and Sirtuins resulted in higher infection
levels when compared to untreated infected cells (Fig. 8A).
Treatment with SMYD3, LSD1, and UTY inhibitors did not
affect infection when compared to untreated controls (Fig. 8A).
Therefore, the role of HMTs and HDMs during A. phagocyto-
philum infection of I. scapularis cells was not supported by
functional studies, although these HME inhibitors may not be
fully active in tick cells.

Intracellular bacteria such as A. phagocytophilum use differ-
ent strategies to inhibit cell apoptosis in order to enhance their
replication and survival.'* In I scapularis, A. phagocytophilum
inhibits tick cell apoptosis by different mechanisms in a tissue-
specific manner.'*'®'” However, the mechanisms by which A.
phagocytophilum modifies gene expression or protein levels to
inhibit apoptosis are not known but likely involve secreted bac-
terial effector proteins or the effect of tick response to infection
that also results in apoptosis inhibition facilitating pathogen
infection and multiplication.”” It has been established that
HMEs affect cell apoptosis.®”®> The results obtained here
showed that IsSHDACS is involved in the regulation of apopto-
sis in tick cells (Fig. 8B). The inhibition of ISHDACS resulted
in higher percentage of apoptotic cells while the activation of
Isp300/CBP and IsSirtuins resulted in lower percentage of apo-
ptotic cells whether the cells were infected or not (Fig. 8B). As
expected, the effect of HME inhibitors and activators on tick
cell apoptosis correlated with the effect on A. phagocytophilum
infection showing higher infection levels in cells with lower
percentage of apoptotic cells (Fig. 8A and Fig. 8B).

These results support the view that A. phagocytophilum
infection alters tick cell epigenetics to promote survival and
replication. The mechanism by which A. phagocytophilum
affects the epigenome of tick cells is unknown but, as shown in
human cells, it is probably controlled by effector proteins
secreted through the Type IV secretion system >>>>?° or other
secretion mechanisms.*?

Conclusions

This is the first study on the global identification and character-
ization of tick histones and HMEs and their role in pathogen
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Figure 8. Characterization of the function of /. scapularis HMEs during A. phagocytophilum infection. (A) A. phagocytophilum DNA levels were determined in infected ISE6
tick cells untreated or treated for 72 h with C646 to inhibit p300/CBP, Trichostatin A (TSA) to inhibit HDACs, Pyroxamide to inhibit HDAC1, PCI-34051 to inhibit HDACS8,
AGK2 to inhibit Sirt2, EX-527 to inhibit Sirt1/Sirt2/Sirt3/Sirt6, BCl-121 to inhibit SMYD3, Tranylcypromine hemisulfate to inhibit LSD1, GSK-J1 to inhibit UTY, CTPB to acti-
vate p300/CBP and Resveratrol to activate Sirtuins. Bacterial DNA levels were determined by msp4 real-time PCR normalizing against tick 76S rDNA. Results are shown as
Ave+SD normalized Ct values and were compared between untreated and treated cells by Student’s t-test with unequal variance (*P < 0.05; N = 4). (B) The percentage
of apoptotic cells was determined by flow cytometry in uninfected and infected ISE®6 tick cells untreated or treated for 72 h with PCI-34051 to inhibit HDAC8, CTPB to acti-
vate p300/CBP and Resveratrol to activate Sirtuins. Results are represented as Ave+SD and compared between untreated and treated infected cells by Student’s t-test
with unequal variance (P <0.05; N = 4). (C) Schematic representation of the role of tick Sirtuins during A. phagocytophilum infection. A. phagocytophilum manipulates
tick cell epigenetics to increase IsSirtuin levels resulting in the inhibition of cell apoptosis to facilitate pathogen infection and multiplication.

infection. We identified 5 histones and 34 HMEs in the tick dis-
ease vector, I. scapularis including HATs, HDACs, Sirtuins,
HMTs, and HDMs. However, due to the incomplete genome
sequence and assembly,” additional HMEs could be present in
I scapularis. It is generally assumed that genes/proteins with
similar sequence and structure have the same function in differ-
ent organisms. However, the function described in model
organisms like mammals and insects may be different in evolu-
tionarily distant species such as ticks.”® The results obtained
here show that A. phagocytophilum manipulates tick cell epige-
netics to increase Isp300/CBP, IsSHDACs, and IsSirtuin levels
resulting in the inhibition of cell apoptosis to facilitate patho-
gen infection and multiplication (Fig. 8C). These results sug-
gested that a compensatory mechanism might exist by which
A. phagocytophilum manipulates tick HMEs to regulate tran-
scription and apoptosis in a tissue-specific manner to facilitate
infection but preserving tick fitness to guarantee survival of
both pathogens and ticks.”” Similar to other biological pro-
cesses involved in A. phagocytophilum infection,'* these results
also suggested that the pathogen manipulates arthropod and
vertebrate host cell epigenetics in similar ways to inhibit host
responses and facilitate infection. Investigating gene expression

by epigenetic regulation and the relevance of HMEs in tick biol-
ogy and pathogen infection is essential to advance our knowl-
edge of tick-pathogen molecular interactions with possible
implications for the identification of new targets for anti-tick
drug and vaccine development.

Materials and methods
Identification of histones and HMEs in I. scapularis

The I. scapularis transcriptome was searched with the following
keywords: “histones,” “acetyltransferase,” “deacetylase,” “meth-
yltransferase,” and “demethylase.” Collected hits were trans-
lated into protein sequences and domains searched using
Pfam.” To find the human homologs, collected I. scapularis
hits were blasted against the H. sapiens database using the
Blastp tool from BLAST’>”* and the sequences with the lowest
E-value were selected. I. scapularis homologs found in the tran-
scriptome were double-checked by searching the 1. scapularis
genome database using as queries the human homologs identi-
fied in the previous step. Domains identified with Pfam were
double-checked using Conserved Domain’* from BLAST.

» « » «



Using the above strategy we could identify proteins at the pro-
tein family level, but it was not very accurate for identifying
specific homologs. To identify specific homologs across rele-
vant taxa we systematically searched mammal, arthropod and
chelicerate databases using the Blastp tool from BLAST.>”
Amino acid sequences collected from different mammals,
arthropods and chelicerate species (indicated in the phyloge-
netic trees) were aligned with MAFFT (v7) configured for the
highest accuracy using the scoring matrix 200PAM/k=2, align-
ment strategy MAFFT-FFT-NS-I, gap opening penalty 1.53
and offset value 0.123.”>7° Non-aligned regions were removed
with Gblocks (v 0.91b).”” The neighbor joining (NJ) method,
implemented in Molecular Evolutionary Genetics Analysis
(MEGA, version 6) software,”® was used to obtain the best tree
topologies. A proportion of Gamma distributed sites (G) were
estimated in MEGA for each group of sequences. Reliability of
internal branches was assessed using the bootstrapping method
(1000 bootstrap replicates). Graphical representation and edit-
ing of the phylogenetic tree was performed with EvolView.””
All histones and HMEs identified in I. scapularis are summa-
rized in Supplementary Table 1.

Tertiary structure prediction of I. scapularis
histones and HMEs

To find the best homology templates for modeling the I. scapu-
laris histones and HME:s tertiary structure we employed previ-
ously published methods.*” Briefly, a PSI-BLAST*' was
performed with up to 5 iterations using the non-redundant
database to compile the position-specific scoring matrix
(PSSM). A subsequent PSI-BLAST was performed using the
generated PSSM against the Protein DataBank (PDB;*) to
obtain the structural template homologs for modeling. A multi-
ple sequence alignment was performed using the default config-
uration of the MAFFT web-server.*’ Structures were modeled
using MODELLER® with multiple templates and the models
were evaluated using the protein model-qualifying servers
QMEAN®® and RESPROX.*® All predicted models were edited
to the sequences of the homolog structures or to unresolved
secondary structures. Binding domains for HDACs and Sir-
tuins were produced by a structural superposition of the respec-
tive substrate bound human homolog using the Schrodinger’s
Maestro software package.”’

Characterization of the I. scapularis histone and HMEs
mRNA and protein levels in response to A.
phagocytophilum infection

The quantitative transcriptomics and proteomics data for unin-
fected and A. phagocytophilum-infected I. scapularis N, G, SG,
and ISE6 cells were obtained from previously published
results'®'® and deposited at the Dryad repository database,
NCBI's Gene Expression Omnibus database and ProteomeX-
change Consortium via the PRIDE partner repository with the
data set identifier PXD002181 and doi: 10.6019/PXD002181
and searched against identified I scapularis histones and
HMEs.
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Determination of tick mRNA levels by real-time RT-PCR

The expression of selected genes was characterized using total
RNA extracted from individual 1. scapularis female G, SG, and
ISE6 cells. Uninfected and A. phagocytophilum-infected sam-
ples were obtained as previously described."®"” All ticks were
confirmed as infected or uninfected by real-time PCR analysis
of A. phagocytophilum msp4 DNA. Real-time RT-PCR was per-
formed on RNA samples with gene-specific oligonucleotide pri-
mers (Supplementary Table 2) using the iScript One-Step RT-
PCR Kit with SYBR Green and the iQ5 thermal cycler (Bio-
Rad, Hercules, CA, USA) following manufacturer’s recommen-
dations. A dissociation curve was run at the end of the reaction
to ensure that only one amplicon was formed and that the
amplicons denatured consistently in the same temperature
range for every sample. The mRNA levels were normalized
against tick cyclophilin and ribosomal protein S4 as described
previously using the genNorm method (ddCT method as
implemented by Bio-Rad iQ5 Standard Edition, Version 2.0).58
Normalized Ct values were compared between infected and
uninfected tick samples by Student’s t-test with unequal vari-
ance (P = 0.05; N = 3-17 biological replicates).

Immunofluorescence assay

Female ticks fed on A. phagocytophilum-infected and unin-
fected sheep and fixed with 4% paraformaldehyde in 0.2M
sodium cacodylate buffer were embedded in paraffin and used
to prepare sections on glass slides as previously described.'®
The paraffin was removed from the sections through 2 washes
in xylene and the sections were hydrated by successive 5 min
washes with a graded series of 100%, 96%, and 65% ethanol
and finally with distilled water. Next, the slides were treated
with Proteinase K (Dako, Barcelona, Spain) for 7 min, washed
with 0,1% PBS-Tween 20 (Sigma-Aldrich, St. Louis, MI, USA)
and blocked with 2% bovine serum albumin (BSA; Sigma-
Aldrich) in PBS-Tween 20 during 1h at room temperature. The
slides were then incubated overnight at 4°C with rabbit anti-
Sirt2 (ABIN1109013, Antibodies-online.com) and anti-HDAC-
1 (ab1767, Abcam, Cambridge, UK) antibodies both diluted
1:1000 in 2% BSA/PBS-Tween 20. After 3 washes with PBS-
Tween 20, the slides were incubated for 1h with goat-anti-rab-
bit IgG conjugated with FITC (Sigma-Aldrich) diluted 1:160 in
2% BSA/PBS-Tween 20. Finally, after 2 washes with PBS the
slides were mounted on ProLong Diamond Antifade Mountant
with DAPI reagent (Thermo Scientific™, Madrid, Spain). The
sections were examined using a Leica SP2 laser scanning confo-
cal microscope (Leica, Wetzlar, Germany) and IgGs from rabbit
pre-immune serum were used as controls.

Pharmacological studies in cultured ISEG6 tick cells

The I. scapularis embryo-derived tick cell line ISE6, provided
by Ulrike Munderloh, University of Minnesota, USA, was cul-
tured in L-15B300 medium as described previously,*” except
that the osmotic pressure was lowered by the addition of
one- fourth sterile water by volume. The ISE6 cells were
infected with A. phagocytophilum (human NY18 isolate'”) and
maintained according to Munderloh et al.”® Uninfected and A.
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phagocytophilum-infected ISE6 cells were left untreated or
treated for 72 h with 4 uM C646 (Sigma-Aldrich) to inhibit
p300/CBP,”" 5 uM Trichostatin A (Sigma-Aldrich) to inhibit
HDACGCs,” 1 uM Pyroxamide (Abcam) to inhibit HDAC1,”
5 uM PCI-34051 (Sigma-Aldrich) to inhibit HDACS,”* 35 uM
AGK2 (Sigma-Aldrich) to inhibit Sirt2,”> 100 uM EX-527
(Sigma-Aldrich) to inhibit Sirt1/Sirt2/Sirt3/Sirt6,”° 100 uM
BCI-121 (Glixx laboratories, Southborough, MA, USA) to
inhibit SMYD3,”” 600 nM GSK-J1 (Sigma-Aldrich) to inhibit
UTY,”™ 20 uM Tranylcypromine hemisulfate (Reaction Biol-
ogy, Malvern, PA, USA) to inhibit LSD1,”” 100 uM CTPB
(Sigma-Aldrich) to activate p300/CBP'® and 50 uM Resvera-
trol (Sigma-Aldrich) to activate Sirtuins.'”" After treatment,
cells were harvested and used for Annexin V-FITC staining to
detect cell apoptosis and for DNA extraction. A. phagocytophi-
lum DNA levels were characterized by msp4 real-time PCR
normalizing against tick 16S rDNA as described previously.*®
Normalized Ct values were compared between untreated and
treated cells by Student’s t-test with unequal variance (P =
0.05; N = 4 biological replicates).

Annexin V-FITC staining to detect cell apoptosis after
experimental infection with A. phagocytophilum

Approximately 5 x 10°—1 x 10° uninfected and A. phagocyto-
philum-infected ISE6 tick cells were collected after different
treatments. Apoptosis was measured by flow cytometry using
the Annexin V-fluorescein isothiocyanate (FITC) apoptosis
detection kit (Immunostep, Salamanca, Spain) following the
manufacturers protocols. The technique detects changes in
phospholipid symmetry analyzed by measuring Annexin V
(labeled with FITC) binding to phosphatidylserine, which is
exposed in the external surface of the cell membrane in apopto-
tic cells. Cells were stained simultaneously with the non-vital
dye propidium iodide (PI) allowing the discrimination of intact
cells (Annexin V-FITC negative, PtdIns negative) and early
apoptotic cells (Annexin V-FITC positive, PI negative). All
samples were analyzed on a FAC-Scalibur flow cytometer
equipped with CellQuest Pro software (BD Bio-Sciences,
Madrid, Spain). The viable cell population was gated according
to forward-scatter and side-scatter parameters. The percentage
of apoptotic cells was compared between both treated and
untreated infected and uninfected cells by Student’s t-test with
unequal variance (P = 0.05; N = 4 biological replicates).
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