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ABSTRACT

Ticks and tick-borne pathogens such as Anaplasma phagocytophilum affect human and animal health worldwide and thus
the characterization of host/tick–pathogen interactions is important for the control of tick-borne diseases. The vertebrate
regulatory proteins Akirins and its tick ortholog, Subolesin, are conserved throughout the metazoan and involved in the
regulation of different biological processes such as immune response to pathogen infection. Akirin/Subolesin have a key
role in host/tick–pathogen interactions and exert its regulatory function primarily through interacting proteins such as
transcription factors, chromatin remodelers and RNA-associated proteins. Recent results have provided evidence of
akirin/subolesin genetic interactions and the interaction of Akirin/Subolesin with histones, thus suggesting a role in direct
chromatin remodeling. Finally, and still to be proven, some models suggest the possibility of direct Akirin/Subolesin protein
interactions with DNA. Future research should advance the characterization of Akirin/Subolesin interactome and its
functional role at the host/tick–pathogen interface. These results have implications for translational biotechnology and
medicine for the development of new effective interventions for the control of ticks and tick-borne diseases.
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REGULATORY FUNCTION OF
AKIRIN/SUBOLESIN AT
HOST/TICK–PATHOGEN INTERACTIONS

Ticks (Acari: Ixodidae) and tick-borne pathogens affect human
and animal health with increasing incidence worldwide
(Estrada-Peña et al. 2014; Andersen et al. 2019). Anaplasma phago-
cytophilum is an intracellular tick-borne bacterium transmitted
primarily by Ixodes spp. ticks and the causative agent of human
and animal granulocytic anaplasmosis and tick-borne fever of

ruminants (de la Fuente et al. 2008a). Anaplasma phagocytophilum
primarily infects mammalian neutrophil granulocytes and tick
midgut and salivary gland cells for which human promyelocytic
leukemia HL60 cells and Ixodes scapularis ticks and ISE6 cells
constitute models for the study of host/tick–pathogen molec-
ular interactions (de la Fuente et al. 2005, 2016a,b, 2017; Ayllón
et al. 2015; Villar et al. 2015, 2016; Cabezas-Cruz et al. 2016, 2019;
Chmelař et al. 2016; Gulia-Nuss et al. 2016; Abraham et al. 2017;
Shaw et al. 2017; Estrada-Peña et al. 2018; Artigas-Jerónimo et al.
2019a,b, 2020, 2021a,b; Nelson et al. 2020).
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In host/tick–pathogen interactions, 1% and 7% of identified
genes are differentially regulated in response to infection with
A. phagocytophilum in human HL60 and tick ISE6 cells, respec-
tively (de la Fuente et al. 2005; Villar et al. 2015) (Fig. 1). Differ-
ences in differentially regulated genes in response to pathogen
infection may be due to species-specific, cell-specific or method-
ological differences. Nevertheless, these results are also sup-
ported at the protein level (Villar et al. 2015; Estrada-Peña
et al. 2018; de la Fuente and Villar 2021). In ticks, A. phago-
cytophilum infection affects protein representation while gene
knockdown or feeding on Subolesin-immunized hosts reduce
tick feeding and oviposition, thus supporting a role for this pro-
tein in tick regulatory processes, and ectoparasite survival and
fitness (Artigas-Jerónimo et al. 2018; Estrada-Peña et al. 2018;
de la Fuente and Villar 2021). These studies have shown the
impact of A. phagocytophilum infection on human and tick cell
transcriptome and proteome, which translates into modula-
tion of microRNAome (miRNA profiles), regulome (transcription
factors/cofactors–target genes interactions), microbiome (aggre-
gate of all microbiota), elementome (chemical composition) and
interactome (protein–protein physical and functional interac-
tions) (de la Fuente and Villar 2021). As part of the host/tick–
pathogen coevolution, A. phagocytophilum regulatory proteins
translocate into the host cell to modulate its function through
different mechanisms including the interaction of remodelers
and histone modifying enzymes with host chromatin (Garcia-
Garcia et al. 2009a,b; Rennoll-Bankert and Dumler 2012; Sin-
clair, Rennoll-Bankert and Dumler 2014; Cabezas-Cruz et al. 2016,
2017; Bierne and Pourpre 2020). In general, epigenetic regulatory
mechanisms have a role in tick biology and vectorial capacity
(De et al. 2021).

Vertebrate Akirins and its tick ortholog, Subolesin, were
characterized as regulatory cofactors evolutionarily conserved
throughout the metazoan without catalytic or DNA-binding
capacity, and involved in the regulation of multiple biological
processes including immune response to pathogen infection
(Goto et al. 2008; de la Fuente et al. 2008b, 2017; Gulia-Nuss et al.
2016; Shaw et al. 2017; Artigas-Jerónimo et al. 2018, 2019a,b, 2020).
To characterize the regulatory role of Akirin/Subolesin, the effect
of gene knockout (by Clustered Regularly Interspaced Short
Palindromic Repeats, CRISPR-Cas9, editing of human akirin2) or
knockdown (by RNA interference of tick subolesin) has been ana-
lyzed by RNAseq in human HL60 and tick ISE6 cells, respectively,
and in comparison with wild-type cells (Artigas-Jerónimo et al.
2021b) (Fig. 1). The results evidenced 56% and 17% of identi-
fied genes as significantly differentially regulated in response to
human akirin2 and tick subolesin knockout/knockdown, respec-
tively (Fig. 1). These findings were functionally validated with
the characterization of protein–protein interactions using dif-
ferent methodological approaches such as yeast two-hybrid
(Y2H), protein pull-down combined with proteomics, graph the-
ory algorithms applied to omics datasets, musical score ensem-
bles and protein microarrays (e.g. Artigas-Jerónimo et al. 2020,
2021a,b).

At host/tick–pathogen interactions, infection with A. phago-
cytophilum upregulates subolesin in tick midgut and salivary
glands but does not alter akirin2/subolesin mRNA levels in HL60
and ISE6 cells (de la Fuente et al. 2008c; Busby et al. 2012;
Artigas-Jerónimo et al. 2018). However, Subolesin protein levels
do increase in response to infection of tick ISE6 cells, thus sug-
gesting upregulation at the posttranscriptional level (Naranjo
et al. 2013).

Taken together, these results illustrate the impact of A.
phagocytophilum pathogen infection on host/tick cell molec-
ular reprograming and support the role of Akirin/Subolesin

at host/tick–pathogen interactions through the regulation of
multiple biological processes. Furthermore, these results also
posed the question on the regulatory mechanisms affected by
Akirin/Subolesin regulatory proteins.

REGULATORY MECHANISMS ACTIVATED BY
AKIRIN/SUBOLESIN TO REGULATE GENE
EXPRESSION

Based on the large number of genes affected by akirin2/subolesin
knockout/knockdown and their role in multiple biological pro-
cesses at host/tick–pathogen interactions (Fig. 1), several mecha-
nisms may be regulated by these proteins to modify gene expres-
sion in response to pathogen infection and other stimuli. These
mechanisms are mediated by Akirin/Subolesin interaction
with multiple regulatory proteins including chromatin remod-
elers, transcription factors, histone acetyltransferases, RNA-
associated proteins and importins (Tartey and Takeuchi 2015;
Artigas-Jerónimo et al. 2020, 2021a,b; Bosch et al. 2020) (Fig. 2).
However, the characterization of Akirin/Subolesin interactome
is challenging due to protein localization at different cellular
compartments at relatively low levels (e.g. using Y2H; Artigas-
Jerónimo et al. 2020, 2021a,b). To advance the study of cell pro-
tein interactome, Johnson et al. (2021) recently developed and
validated a new methodological approach called protein–protein
interaction sequencing (PROPER-seq). As described in PROPER
v.1.0 website (https://genemo.ucsd.edu/proper/), ‘PROPER-seq
converts the input transcriptome into a library of RNA-barcoded
proteins, and subsequently reverse transcribes and ligates the
two RNA barcodes of each protein–protein interaction to pro-
duce a chimeric DNA sequence, which enables simultaneous
conversion of many protein–protein interactions into chimeric
DNA sequences and subsequent decoding of the protein–protein
interactions by sequencing these chimeric sequences’. The
study of protein interactome in different cells lines using
PROPER-seq showed interactions of Akirin1 with four different
proteins functioning in protein chaperonin (Protein disulfide-
isomerase A6, PDIA6), immune response to opportunistic infec-
tions (Prothymosin alpha, PMTA), histone assembly and ribo-
some nuclear export (Nucleophosmin, NPM1), and translation
(40S ribosomal protein S4, X isoform, RPS4X) (https://genemo
.ucsd.edu/proper/). However, Akirin2–protein interactions were
not identified using this methodology, thus further illustrating
the complexity of the Akirin/Subolesin interactome.

In eukaryotes, the chromosomal DNA is packed with his-
tones in a condensed form known as chromatin (Phillips and
Shaw 2008). Chromatin remodeling is an epigenetic regula-
tory mechanism mediated by chromatin remodelers with the
modification of chromatin architecture to alter nucleosome
composition in chromosomal regions in a dynamic process to
open access of transcription factors and RNA polymerase to the
histone-condensed genomic DNA to regulate gene expression
(Phillips and Shaw 2008; Tartey and Takeuchi 2015). Chromatin
remodelers contain ATPase domains to modify nucleosomes in
an ATP-dependent manner (Saha, Wittmeyer and Cairns 2006;
Tyagi et al. 2016). These ATPase domains in chromatin remodel-
ers are like DNA-translocating proteins in viruses and bacteria.
As reviewed by Rennoll-Bankert and Dumler (2012) and Bierne
and Pourpre (2020), the A. phagocytophilum AnkA nucleomodulin
protein translocate to the cell nucleus to bind AT-rich regions
involved in chromatin structure present in the CYBB promoter
to decrease its transcription. Consequently, in response to A.
phagocytophilum infection, the histone H3 acetylation at the
CYBB promoter decreases suggesting a chromatin remodeling

D
ow

nloaded from
 https://academ

ic.oup.com
/m

icrolife/article/doi/10.1093/fem
sm

l/uqab012/6425738 by guest on 24 O
ctober 2022

https://genemo.ucsd.edu/proper/
https://genemo.ucsd.edu/proper/


de la Fuente et al. 3

Figure 1. Gene expression in response to Akirin/Subolesin and A. phagocytophilum infection. The results support the impact of pathogen infection and akirin2/subolesin

knockout/knockdown on gene expression in human HL60 and tick ISE6 cells. The piece at central panel (Roberto Alvarez Rı́os, Origin 3, oil on canvas, 1962, courtesy
of KGJ Collection, Ciudad Real, Spain) illustrates the origin and conserved role of Akirin/Subolesin in metazoa.

mechanism by which AnkA alters host epigenetics to modulate
transcription in this and other genes. In the A. phagocytophilum
tick vector, I. scapularis, pathogen infection manipulates tick
cell epigenetics by increasing levels of transcriptional coacti-
vator p300/CBP, histone deacetylase and Sirtuin to inhibit cell
apoptosis and facilitate pathogen infection and multiplication
(Cabezas-Cruz et al. 2016). These examples illustrate the role
of A. phagocytophilum and other tick-borne pathogens in acti-
vating mechanisms for chromatin remodeling to regulate gene
expression and facilitate infection while preserving tick fitness.

Human Akirin2 and tick Subolesin have been shown to
regulate gene transcription by acting as a link between nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB)
and chromatin remodeling complexes or remodelers in a
biological context, cell type and stimulus-dependent manner
(Nowak et al. 2012; Bonnay et al. 2014; Goto et al. 2014; Tartey
and Takeuchi 2015; Artigas-Jerónimo et al. 2020; Bosch et al.
2020) (Fig. 2). In this process, Akirin/Subolesin act as bridging
proteins to recruit transcriptional regulators to gene promoter
regions and stabilize the interaction of chromatin remodelers
with transcriptional regulators (Bosch et al. 2020). To illus-
trate regulatory mechanisms in other species, in Drosophila
melanogaster it has been recently shown that HECT-type E3
ubiquitin ligase Hyperplastic discs (Hyd)-mediated Lys63
(K63)-linked polyubiquitination of the NF-κB cofactor Akirin is
required for efficient binding of Akirin to the NF-κB transcrip-
tion factor Relish in the regulation of immune response genes
(Cammarata-Mouchtouris et al. 2020). In Caenorhabditis elegans,
Akirin physically interacts with chromatin remodeling complex
NuRD proteins and the POU-class transcription factor CEH-18
in the innate immune gene regulation (Polanowska et al. 2018).
These results support that Akirin/Subolesin are evolutionarily

conserved with molecular evolution of species, cell type and
lineage-specific NF-κB-dependent and -independent expression
signaling pathways (Galindo et al. 2009).

In addition to these well characterized regulatory mecha-
nisms activated by Akirin/Subolesin, recent results have pro-
vided evidence of the interaction of these proteins with his-
tones, thus suggesting a role in direct chromatin remodeling
(Artigas-Jerónimo et al. 2021a,b) (Fig. 2). The Akirin/Subolesin–
histone interactions appear also conserved between human and
tick cells and occur without stimuli to selectively regulate gene
expression through modulation of their interactome and reg-
ulome (Artigas-Jerónimo et al. 2021a,b). The characterization
of human Akirin2–histone interactions identified histone H3.1
(amino acids 105–124 without modifications, 15–34 acetylated at
Lys 18, 23, 27 and 1–20 dimethylated at Lys 14) as the interact-
ing domains (Artigas-Jerónimo et al. 2021b). For tick Subolesin,
histone H4 (amino acids 1–23 butyrylated at Lys 5, 8 and 12)
was identified as the interacting region (Artigas-Jerónimo et al.
2021a).

Genetic interactions between two genes are associated with a
phenotype of the double mutant that differs from that obtained
from individual mutations (Boucher and Jenna 2013). Recently,
Bowman et al. (2019) provided evidence of akirin/subolesin genetic
interactions by identifying ima-2, a gene encoding for an α-
importin nuclear transport protein, as a gene interacting with
akirin1 (Fig. 2). The akirin1/ima-2 double mutants resulted in a
decrease in the number of germline nuclei and the formation of
chromatid cohesion polycomplexes in C. elegans (Bowman et al.
2019).

Finally, and still to be proven, some models suggest the pos-
sibility of direct Akirin/Subolesin protein interactions with DNA
(Artigas-Jerónimo et al. 2018) (Fig. 2).
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Figure 2. Akirin/Subolesin interactions to regulate gene expression. The results support the Akirin/Subolesin interactions with chromatin remodelers, transcription
factors, histones for direct chromatin remodeling and other regulatory proteins such as importins, histone modifying enzymes and RNA-associated proteins. Pre-
liminary evidence of akirin/subolesin genetic interactions have been provided and still to be proven (question mark); protein models suggest the possibility of direct
Akirin/Subolesin protein interactions with DNA. The piece at central panel (Gustavo Pérez Monzón, untitled, mixed media on cardboard, ca. 1980, courtesy of KGJ

Collection, Ciudad Real, Spain) illustrates the complex regulatory interaction networks of Akirin/Subolesin.

CONCLUSIONS AND PERSPECTIVES

Current evidence supports the function of Akirin/Subolesin
family of regulatory proteins conserved throughout the meta-
zoan in the regulation of different biological processes such
as immune response to pathogen infection. At the host/tick–
pathogen interface, Akirin/Subolesin have a key regulatory
role through different mechanisms. Mechanisms mediated by
Akirin/Subolesin interactions with chromatin remodelers, tran-
scription factors and other regulatory proteins have been well
characterized. However, other regulatory mechanisms mediated
by Akirin/Subolesin–histone direct interactions for chromatin
remodeling and genetic interactions need to be better charac-
terized with the analysis of their functional implications.

Future directions include (i) complete characterization
of Akirin/Subolesin interactome and regulome in cell type
and stimuli context (Artigas-Jerónimo et al. 2018), (ii) func-
tional characterization of Akirin/Subolesin direct chromatin
remodeling (Artigas-Jerónimo et al. 2021a,b), (iii) validation of
Akirin/Subolesin–DNA interaction models and function in gene
expression (Artigas-Jerónimo et al. 2018), (iv) identification and
characterization of direct versus indirect Akirin/Subolesin–DNA
interactions (Gordân, Hartemink and Bulyk 2009; Dai 2019), (v)

integration of Akirin/Subolesin genetic interactions with the
interactome to characterize their functional implications (Van-
derSluis et al. 2018) and (vi) resolved Akirin/Subolesin protein
structure to better characterize protein–protein interactions and
putative protein–DNA interactions (Artigas-Jerónimo et al. 2018,
2020). The application of graph theory for gene/protein net-
work analysis is a key tool to integrate omics datasets, iden-
tify key biomolecules with high centrality index and visual-
ize the complexity of the molecular interactions in response
to different stimuli (e.g. Estrada-Peña et al. 2018). Other inno-
vative approaches such as musical algorithms and science–
art collaborations for the identification and characterization of
protein–protein interacting domains contribute to advancing
basic research as well as quantum vaccinomics through the
identification of candidate protective epitopes, the immunolog-
ical quantum (e.g. Artigas-Jerónimo et al. 2020; Contreras et al.
2021; de la Fuente 2021).

These results have implications for translational biotechnol-
ogy and medicine for the control of ticks and tick-borne dis-
eases (de la Fuente 2021). Immunization with Akirin/Subolesin
has shown control of different ectoparasite vector infestations
and infection/transmission of pathogens (Artigas-Jerónimo et al.
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2018). Further characterization of the Akirin/Subolesin interac-
tome and interacting proteins opens the possibility to identify
new targets for vaccine development to control tick infestations
and tick-borne diseases.
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