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Ehrlichia chaffeensis TRP32 Is a Nucleomodulin That Directly
Regulates Expression of Host Genes Governing Differentiation and
Proliferation
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Ehrlichia chaffeensis is an obligately intracellular bacterium that reprograms the mononuclear phagocyte through diverse effec-
tor-host interactions to modulate numerous host cell processes, including transcription. In a previous study, we reported that E.
chaffeensis TRP32, a type 1 secreted effector, interacts with multiple host nucleus-associated proteins and also autoactivates re-
porter gene expression in yeast. In this study, we demonstrate that TRP32 is a nucleomodulin that binds host DNA and alters
host gene transcription. TRP32 enters the host cell nucleus via a noncanonical translocation mechanism that involves phosphor-
ylation of Y179 located in a C-terminal trityrosine motif. Both genistein and mutation of Y179 inhibited TRP32 nuclear entry.
An electromobility shift assay (EMSA) demonstrated TRP32 host DNA binding via its tandem repeat domain. TRP32 DNA-bind-
ing and motif preference were further confirmed by supershift assays, as well as competition and mutant probe analyses. Using
chromatin immunoprecipitation with next-generation sequencing (ChIP-seq), we determined that TRP32 binds a G-rich motif
primarily within £500 bp of the gene transcription start site. An ontology analysis identified genes involved in processes such as

immune cell differentiation, chromatin remodeling, and RNA transcription and processing as primary TRP32 targets. TRP32-
bound genes (n = 1,223) were distributed on all chromosomes and included several global regulators of proliferation and in-
flammation such as those encoding FOS, JUN, AKT3, and NRAS and noncoding RNA genes microRNA 21 (miRNA 21) and
miRNA 142. TRP32 target genes were differentially regulated during infection, the majority of which were repressed, and direct
repression/activation of these genes by TRP32 was confirmed in vitro with a cellular luciferase reporter assay.

hrlichia chaffeensis is a Gram-negative, obligately intracellular

bacterium and the etiologic agent of human monocytotropic
ehrlichiosis (HME), an emerging life-threatening tick-borne zoo-
nosis. In humans, E. chaffeensis infects mononuclear phagocytes,
causing an acute infection that manifests as an undifferentiated
febrile illness. The presence of severe symptoms and the absence of
a high bacterial load suggest that the disease has an immuno-
pathological basis, caused in part by alterations in infected mono-
nuclear phagocyte function (1).

During E. chaffeensis infection, there are significant changes in
host gene expression associated with direct/indirect host-patho-
gen interactions that serve to promote bacterial survival and rep-
lication within the host cell. The genes most affected are those of
the early innate and cell-mediated immune response, cell cycle,
cell differentiation, apoptosis programming, membrane traffick-
ing, and intracellular signaling (2, 3). The mechanisms whereby E.
chaffeensis directs these changes in gene transcription are not fully
understood. However, manipulation of host transcription ap-
pears to be an important mechanism in the overall molecular
strategy of ehrlichial subversion of the host cell.

Nucleomodulins are an emerging class of bacterial effectors
that function by entering and reprogramming the host cell nu-
cleus. They have been described in a variety of organisms and
typically function by mimicking some aspect of host biology (4—
6). Nucleomodulins may function by directly modulating host cell
gene transcription, as is observed with the transcription activator-
like (TAL) effectors of the plant pathogens Xanthomonas and Ral-
stonia (6). The TAL effectors directly interact with host DNA using
a novel tandem repeat DNA-binding domain to activate expres-
sion of genes that facilitate infection (7).
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Nucleomodulins were recently identified in tick-borne, obli-
gately intracellular bacteria from the family Anaplasmataceae.
Anaplasma phagocytophilum AnkA interacts with AT-rich se-
quences found in regulatory regions within the promoters of host
genes and leads to the downregulation of genes involved in host
defense via an epigenetic mechanism (8, 9). E. chaffeensis Ank200
was also found to bind to repetitive AT-rich sequences called Alu
elements located within the promoters and intergenic regions of
genes involved in transcriptional regulation, ATPase activity, and
apoptosis, and Ank200 targets were differentially regulated during
infection (10). Most recently, we reported that the E. chaffeensis
tandem repeat effector TRP120 has a tandem repeat DNA-bind-
ing domain similar to that described in the TAL effectors of Xan-
thomonas. During infection, TRP120 enters the host nucleus and
binds to a GC-rich motif within the regulatory regions of specific
host genes. Targets include genes involved with transcriptional
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regulation, signal transduction, and apoptosis. The TRP120 target
genes examined were upregulated during infection or when
TRP120 was directly introduced into the cell (11). Although the
mechanisms by which TRP120 regulates host gene expression are
not fully understood, TRP120 interactions with host epigenetic
regulators may play a role (12). Despite lacking classical nuclear
localization signals (NLSs), multiple E. chaffeensis TRPs have been
detected in the host cell nucleus during infection; however, their
functions within the nucleus are not well defined (11, 12, 15, 16).

E. chaffeensis TRPs are type I secretion system substrates that
have defined interactions with a wide variety of host cell proteins,
including many that are associated with the nucleus or host cell
transcription (12, 15, 16). TRP32-interacting host proteins in-
clude several nuclear proteins and transcription factors, including
DAZAP2, a Wnt target gene activator, the hematopoietically ex-
pressed homeobox (HHEX), a transcription factor required for
hematopoietic cell differentiation, the elongation factor 1-alpha-1
(EF1Al), a transcription factor in T cells, and p53 inducible pro-
tein 11 (TP53111), which binds DNA nonspecifically and induces
apoptosis (16-19). Interestingly, TRP32 constructs containing
only the tandem repeat domain were independently capable of
activating gene transcription in a eukaryotic system (16).

The mechanisms of host transcriptional modulation by patho-
gens are diverse and complex. In this study, we have determined
that E. chaffeensis TRP32 is a nucleomodulin that accesses the
nucleus through a tyrosine phosphorylation-dependent manner
and binds host DNA through a tandem repeat domain to modu-
late host gene transcription.

MATERIALS AND METHODS

Cell culture and infection. Ehrlichia chaffeensis (strain Arkansas) was
propagated in a human monocytic cell line (THP-1). THP-1 cells were
maintained in RPMI 1640 with HEPES (25 mM; Gibco) supplemented
with 10% fetal bovine serum (FBS; HyClone, Logan, UT), 5 mM L-glu-
tamine, 1% sodium pyruvate, and 12.5 ml 10% glucose at 37°C in a 5%
CO, atmosphere. HeLa cells (human cervical epithelial) for transfection
were grown in modified Eagle medium (MEM; Gibco) supplemented
with 10% FBS (HyClone, Logan, UT) and maintained in a 5% CO, atmo-
sphere.

Expression and purification of recombinant TRP32. Full-length and
truncated TRP32 gene fragments were PCR amplified from E. chaffeensis
genomic material and cloned into pGEX-6pl vectors (GE). The con-
structs were transformed into Escherichia coli BL21 (Genlantis) for pro-
tein expression. Glutathione S-transferase (GST)-tagged TRP32 recombi-
nant proteins were purified using glutathione Sepharose 4B (GE)
according to the manufacturer’s instructions.

Nuclear localization. TRP32 localization during infection was exam-
ined by immunofluorescent and laser confocal microscopy. E. chaffeensis-
infected and uninfected THP-1 cells were cytocentrifuged onto glass slides
at 24, 48, and 72 h postinfection (hpi) and fixed in 4% paraformaldehyde
in phosphate-buffered saline (PBS) for 20 min at room temperature. Cells
were then permeabilized using 1% Triton X-100 with 5% bovine serum
albumin (BSA) in PBS for 1 h. After permeabilization, cells were incu-
bated with rabbit anti-Dsb (1:1,000) and mouse anti-TRP32 (1:1,000)
antibodies (20) for 30 min and then washed and labeled with Alexa Fluor
488-IgG(H+L)-conjugated goat anti-mouse and Alexa Fluor 594-
IgG(H+L)-conjugated goat anti-rabbit (1:100; Molecular Probes) sec-
ondary antibodies for 30 min before mounting with ProLong Gold anti-
fade reagent with DAPI (4',6-diamidino-2-phenylindole; Invitrogen).
Samples were examined using a Zeiss LSM 510 Meta laser scanning con-
focal microscope configured with an Axiovert 200M inverted microscope
usinga c-Apochromat 63X/1.2 numerical aperture water immersion lens.
UV argon, visible argon ion, and green helium neon lasers were used and
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emissions read using band pass filters of 385 to 470 nm (for DAPI), 505 to
530 nm (for Alexa Fluor 488 conjugate), and 560 to 615 nm (for Alexa
Fluor 594 conjugate), respectively. Images were analyzed with LSM 510
software, and z-stacks were constructed by imaging optical slices at 1-pm
intervals. FIJT was used for subsequent image processing, and only linear
adjustments (i.e., brightness, contrast) were made (21).

The full-length, N-terminal and tandem repeat (amino acids [aa] 1 to
138), and C-terminal (amino acids 138 to 198) constructs were created as
previously described (16). The C-terminal truncations were PCR ampli-
fied from the full-length plasmid. Primer sequences are shown in Table S1
in the supplemental material. TRP32 truncation constructs were cloned
into the vector pAC-GFP-CI (Clontech). These vectors were amplified in
E. coli TOP10 and purified using the PerfectPrep EndoFree Plasmid Maxi
kit (5Prime). Purified plasmids were transfected into HeLa cells using
Lipofectamine 2000 (Thermo Fisher) according to the manufacturer’s
instructions. Cells were acetone fixed and mounted with ProLong Gold
with DAPI (Invitrogen). Localization of ectopically expressed constructs
was examined at 24 h posttransfection (hpt) using fluorescence micros-
copy and by immunoblotting of nuclear/cytosolic separations.

ChIP-seq. E. chaffeensis-infected THP-1 cells harvested at 3 days
postinfection (dpi) were used for chromatin immunoprecipitation with
next-generation sequencing (ChIP-seq) using EZ Magna ChIP (EMD
Millipore). Briefly, cells were cross-linked using a final concentration of
1% formaldehyde for 10 min. Cells were then pelleted and lysed, and the
lysate was sonicated on ice using Sonics Vibra Cell. Sonication (12 cycles,
30 s at 5-W output, 30-s rest) was used to generate chromatin fragments
less than 1 kb in length. TRP32 was immunoprecipitated using rabbit
anti-TRP32, and preimmune serum was used as a control. Cross-links
were reversed, and nucleic acid was purified according to the manufac-
turer’s protocol. Library preparation was performed, involving PCR am-
plification with adapter ligation by the UTMB Next Generation Sequenc-
ing Core, and samples were tracked using index tags incorporated into the
adapters. Library quality was evaluated, and quantification of library DNA
templates was performed. Samples were sequenced using an Illumina
HiSeq 1500 to generate paired-end 50-bp sequence reads. Sequence reads
were analyzed by base calling and sequence quality-filtering scripts using
Mlumina Pipeline software. Sequences were aligned to the human genome
(NCBI build 37) using bowtie2, allowing a maximum of two mismatches
to the reference genome, and a binary alignment/map (BAM) file was
generated. Model-based analysis of ChIP-seq (MACs) was used for peak
calling, and peaks were visualized using the Integrated Genomics Viewer
(IGV) by the Broad Institute.

Gene annotation and ontology. A browser extensible data (BED) file
consisting of highly significant peaks (P < 10~ 2°) was submitted to
Genomic Regions Enrichment of Annotations Tool (GREAT v3.0) (22).
These peaks were associated with nearby genes using the Basal Plus Ex-
tension rule, which assigns genes a proximal regulatory region consisting
of —5kb to +1 kb from the transcription start site and a distal regulatory
region extending up to 1,000 kb in either direction but ending at any other
gene’s proximal regulatory region. Additionally, a set of curated regula-
tory domains from the literature was utilized. After the ChIP-seq regions
were assigned to nearby genes, the annotations from those genes were
used to calculate statistically enriched categories using hypergeometric
and binomial tests. In order to calculate binding site percentages, the
Nearest Gene rule was used to associate peaks to genes. This rule associates
peaks to genes similarly to the Basal Plus Extension rule but allows only
one gene to be assigned to any one genomic region. This analysis did not
alter the top 10 significantly enriched gene ontologies (GOs) in any cate-
gory. In order to determine enrichment at the promoter region, experi-
mental data were compared to 10 randomly generated data sets and a
one-sample f test was used to determine significance.

TRP32 binding sites. The DNA-binding motif was identified using
the Multiple EM Motif Elicitation (MEME) ChIP software suite (23). The
regions =250 bp from the TRP32 binding peak were submitted to MEME
in fasta format. Motifs that were statistically enriched in these regions

iai.asm.org 3183


http://iai.asm.org

Farris et al.

were returned in the form of probability matrices ranked by E value and
similarity. Motifs were tested by electrophoretic mobility shift assay
(EMSA). The MEME program SPAMO (spaced motif analysis) was used
to identify binding sites for other transcription factors that were signifi-
cantly enriched at fixed up- or downstream intervals from the TRP32
motif. The program FIMO (Finding Individual Motif Occurrences), also
part of the MEME suite, was used to confirm the presence of the motif in
TRP32 bound regions. The 500-bp fasta sequences of highly significant
TRP32 bound regions was queried using the six-nucleotide motif, which
was entered as GG[AT]GGC. Both strands of the TRP32 bound regions
were queried, and a cutoff P value of =0.01 was used.

EMSA. Whole genomic DNA was isolated from healthy THP-1 cells
and sheared using the protocol and enzyme from the ChIP-IT Express
Enzymatic kit (Active Motif) without cross-linking. The resulting sheared
genomic material was then purified using the QIAquick PCR Purification
kit (Qiagen) and biotin labeled using the LabelIT nucleic acid labeling kit
(Mirus). EMSAs were performed using the Lightshift chemiluminescent
EMSA kit (Thermo Fisher). Briefly, 5 ng of labeled whole genomic DNA
was incubated with 2 pg of purified protein in a 10 mM Tris buffer with 50
mM KCl, 1 mM dithiothreitol (DTT), 5 mM MgCl,, 2.5% glycerol, 0.05%
NP-40, and 50 ng/pl poly(dI - dC). Samples were incubated at 4°C for 1 h
before separation on a 6% DNA retardation gel (Thermo Fisher) at 100 V
for 90 min. Reaction mixtures were then transferred to Biodyne B nylon
membranes (Thermo Fisher) at 20 V for 1 h. Transferred DNA was cross-
linked to the membrane by placing the membrane face down on a tran-
silluminator for 10 min or in a CL-1000 UV cross-linker (UVP) for 5 min.
Reaction products were imaged using streptavidin-horseradish peroxi-
dase (HRP) and film. Supershift assays were performed using rabbit anti-
TRP32 antibody. Antibody at 1:200, 1:50, and 1:20 dilutions was added to
the EMSA reaction mixture after 30 min of incubation, and the mixture
was allowed to incubate for 30 min. For EMSAs utilizing a probe, 400 pM
labeled DNA was incubated with 1 pg of purified protein. Competition
assays were performed using a 1,000-fold molar increase of unlabeled
nucleic acid. Protein and unlabeled DNA were incubated for 30 min at 4°C
before adding labeled DNA and incubating for the remaining 30 min.

Oligonucleotide probes (IDT) modeled after TRP32-bound sequences
were resuspended in annealing buffer (10 mM Tris [pH 7.5 to 8.0], 50 mM
NaCl, 1 mM EDTA), and complementary strands were annealed by heat-
ing to 95°C in a heat block for 5 min followed by slow cooling to room
temperature. Before use, probes were diluted to the above-mentioned
concentrations in annealing buffer. Probe sequences are listed in Table S2
in the supplemental material.

qPCR. Expression of TRP32 host gene targets was measured by reverse
transcription-quantitative PCR (QRT-PCR). The genes that corresponded
to the top 100 most significantly enriched peaks were chosen for initial
analysis; however, 25 were excluded because they were histone-coding
genes, which are difficult to differentiate by qPCR due to high sequence
identity. Primers were designed for the remaining 75 genes using NCBI
Primer Blast. The primers were designed to detect mRNA sequences and
were all designed to span exon-exon junctions to prevent amplification of
corresponding genomic sequences (see Table S3 in the supplemental ma-
terial). All primers were tested by melt-curve and gel analysis for specific-
ity, and primers that amplified multiple products or amplified a product
that was not the predicted size were excluded.

RNA was extracted from healthy THP-1 cells and from cells at 24, 48,
and 72 hpi using the RNeasy minikit (Qiagen). cDNA was synthesized
from 1 pg of RNA using the gScript cDNA synthesis kit (Quanta Biosci-
ences). QPCR was performed with 5 ng of cDNA in triplicate using iQ
SYBR green Supermix (Bio-Rad) according to the manufacturer’s in-
structions. Fold changes were calculated using the AAC method (where
Cy is threshold cycle) using the GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) gene as the reference gene (24).

Luciferase gene expression assay. Promoter regions containing the
TRP32 binding sites as determined by GREAT were cloned into pGL4.10
(Promega), a promoterless luciferase vector. Each promoter construct
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(200 ng) was transfected into HeLa cells using Lipofectamine 2000
(Thermo Fisher) along with various concentrations of GFP-TRP32 or an
empty green fluorescent protein (GFP)-expressing vector. Equal amounts
of total DNA were transfected into each cell. After 24 h, cells were har-
vested and the Dual Glo Luciferase reagent (Promega) was added to the
cells according to the manufacturer’s protocol. Relative light output was
measured using a Veritas microplate luminometer. Relative expression
levels were calculated for each gene compared to the control, and the P
value was calculated using the Student # test.

RESULTS

TRP32 is translocated into the host nucleus in a tyrosine phos-
phorylation-dependent manner. Although lacking a canonical
nuclear localization signal, TRP32 is transported into the host
nucleus in a temporally regulated manner. At early points in in-
fection (24 hpi), TRP32 remains around the morulae. However, at
48 hpi TRP32 was observed in the perinuclear region, and by 72
hpi, increasing amounts of TRP32 were detected in the perinu-
clear region and in the nucleus (Fig. 1A). The nuclear localization
of TRP32 was confirmed using orthogonal projections of a
z-stack, which showed TRP32 diffusely throughout the nucleus
and in nuclear puncta (Fig. 1B). In order to elucidate the mecha-
nism for TRP32 nuclear translocation, GFP-tagged truncation
constructs were created and transfected into HeLa cells and their
localization was observed. We determined that the C terminus (60
aa) alone was sufficient for nuclear localization. Additional C-ter-
minal domain truncation constructs were generated to explore the
role of two trityrosine motifs in nuclear translocation. These con-
structs were ectopically expressed, and localization was observed
by fluorescence microscopy. We identified two trityrosine motifs
that were in many of the constructs translocated to the nucleus
(Fig. 2). The central tyrosine of each of these motifs was predicted
to be phosphorylated, and when we performed immunoprecipi-
tation of infected THP-1 cells using an anti-phosphotyrosine an-
tibody, we found that TRP32 was enriched in the experimental IP
compared to the control (Fig. 3A). This led to the hypothesis that
tyrosine phosphorylation might be involved in TRP32 nuclear
localization. Hence, subcellular localization of wild-type (WT)
TRP32 was examined in HeLa cells treated with vehicle alone
(control) or with the tyrosine kinase inhibitor genistein. In cells
treated with genistein, TRP32 was observed primarily in the peri-
nuclear region, while TRP32 in control cells exhibited the charac-
teristic nuclear localization (Fig. 3B). In order to examine the role
of specific tyrosine residues, single and double phenylalanine mu-
tants of the tyrosine residues (Y168 and Y179) were generated, and
the localization of these ectopically expressed constructs was ob-
served. Although both single mutants exhibited reduced nuclear
localization, the Y179F mutant showed a greater decrease in nu-
clear localization than did the Y168F mutant (Fig. 3C). These data
support the conclusion that phosphorylation of Y179 facilitates
nuclear localization and that TRP32 is trafficked to the host cell
nucleus in a tyrosine phosphorylation-dependent manner. A sim-
ilar mechanism has been described with regard to STAT1 nuclear
access, which homodimerizes in a phosphorylation-dependent
manner to create a dimer-dependent NLS (25). Moreover, phos-
phorylation of these residues may be required for interaction with
another protein that has an NLS.

TRP32 contains two copies of a nine-amino-acid transactiva-
tion domain. Previously, we showed that full-length TRP32 and
its internal tandem repeat domain are able to activate transcrip-
tion of a reporter gene in a eukaryotic system. Upon further in-
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FIG 1 TRP32 localizes to the nucleus of E. chaffeensis-infected THP-1 cells.
(A) E. chaffeensis-infected and uninfected THP-1 cells were fixed and probed
with rabbit anti-TRP32 (green), anti-DSB (red, morula), and DAPI (blue,
DNA) and then visualized using confocal microscopy. Early (24 hpi) TRP32 is
associated primarily with the morulae. At 48 hpi, TRP32 localized with moru-
lae and in the perinuclear region. At 72 hpi, TRP32 localized with the morulae
but was also observed at the perinuclear region and in the nucleus of the host
cell. TRP32 was not observed in uninfected cells. Bar, 10 pm. (B) Orthogonal
projections of optical slices from a z-stack of an E. chaffeensis-infected THP-1
cell at 72 hpi showed both diffuse and punctate TRP32 within the host nucleus.
Top panels show a y-z projection with left panels showing an x-z projection.
The positions of the x and y axes within the projections denote the z depth of
the slice shown in the center.

vestigation, we identified two 9-aa, trans-activating domains
(TADs; aa 52 to 60 and 82 to 90) within the tandem repeats (Fig.
4). This 9-aa TAD is a fuzzy motif consisting of two hydrophobic
clusters separated by a hydrophilic cluster and is found in several
yeast and mammalian transcription factors, including VP16,
p53, HSF1, nuclear factor interleukin-6 (NF-IL-6), NF-«kB, and
NFATI (26).
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FIG 2 The C-terminal trityrosine motif is important for E. chaffeensis TRP32
nuclear localization. HeLa cells were transfected with GFP-tagged TRP32 con-
structs. After 24 h of expression, cells were fixed and visualized using fluores-
cence microscopy. (A) Both full-length and C-terminal TRP32 constructs
(green) localized to the nucleus (blue), but the N-terminal plus tandem repeat
construct did not. Bar, 10 pwm. (B) Schematic of TRP32 C-terminal truncation
constructs. (C) TRP32 C-terminal truncations C2 and C3, which both contain
trityrosine repeats, were located primarily in the nucleus, while other C-ter-
minal constructs lacking the trityrosine repeat showed diffuse nuclear and
cytosolic localization. Bar, 10 pm.
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FIG 3 Phosphorylation of E. chaffeensis TRP32 at tyrosine 179 is required for nuclear localization. (A) Tyrosine phosphorylation of TRP32 was detected during
infection. E. chaffeensis-infected THP-1 cells were harvested at 72 hpi and immunoprecipitated using an antiphosphotyrosine antibody (PY99; Santa Cruz) or an
IgG control. The blot was probed using rabbit anti-TRP32. (B) Tyrosine kinase inhibitor genistein inhibits TRP32 (green) localization to the nucleus (blue). HeLa
cells were transfected with GFP-tagged TRP32, and 24 hpt cells were treated with 10 wM genistein (bottom) or vehicle (dimethyl sulfoxide [DMSO], top) for 15
min and then fixed and visualized using fluorescence microscopy. Genistein-treated cells show decreased nuclear localization of TRP32 compared to the control.
Bar, 10 pm. (C) TRP32 tyrosine 179 (Y179) is required for nuclear localization. Wild-type TRP32 and tyrosine mutant TRP32 constructs were transfected into
HeLa cells, and fluorescence microscopy was performed 24 hpt. TRP32 localized primarily to the cell nucleus, but Y179F mutants (3rd down) exhibited

predominately cytosolic localization.

TRP32 binds to host genomic DNA via its tandem repeat
DNA-binding domain. Our previous studies of TRP120 com-
bined with TRP32 activation of reporter gene transcription in a
yeast two-hybrid (Y2H) assay and nuclear localization led to the
hypothesis that TRP32 might be binding host genomic DNA via
its TR domain to modulate host cell transcription. We investi-
gated TRP32 DNA binding using EMSAs with recombinant full-
length TRP32 and truncation constructs. We determined that the
full-length TRP32, as well as the TR domain alone, bound host

N-term.  MSQFSEDNMGNIQMPFD
R1: SDSHEPSHLELPSLSEEVIQLESDLQQSSN
R2:  SDLHGSFSVELFDPFKEAVQLGNDLQQSSD
R3: SDLHGSFSVELFDPSKEEVQLESDLQQSSN
R4: SDLHESSFVELPGPSKEEVQFEDDAKNVVY
C-term.  GQDHVSLSELGLLLGGVFSTMNYLSGYT
PYYYHHYCCYNPYYYFDYVTPDYCHHCSESSLE
Leu- (x{ ¢x x @@ xx
TRP32 SSDSDLH [GS FS V EL FD |PSKEEVQLE
MLL GNILP |SD IM D FV LK |NTPS
E2A EL |SD LL D FS AM |FSPP
Gal4] GMFNTTTM|DD VY N YL FD |DEDTPP

FIG 4 E. chaffeensis TRP32 putative 9-amino-acid transactivation domain. (A)
TRP32 amino acid sequence with predicted transactivating domains (TAD) high-
lighted in red. (B) Sequence alignment of TRP32 predicted TAD with previously
described eukaryotic transactivation domains from myeloid/lymphoid or mixed-
lineage leukemia protein (MLL), transcription factor 3 (E2A), and galactose-in-
duced regulatory protein (Gal4). The putative TRP32 TADs are highly similar to
previously described eukaryotic transactivating domains with a leucine residue (L,
red) followed by an amphipathic motif. Hydrophobic residues ({) are shown in
green and hydrophilic residues (®) in blue.

3186 iai.asm.org

Infection and Immunity

genomic DNA (gDNA) (Fig. 5). Consistent with E. chaffeensis
TRP120, which also binds DNA via its TR domain, no homology
to known eukaryotic DNA-binding domains was identified by in
silico modeling. Although the TRP DNA-binding domains are not

A B
TRP32
9DNA (ng)

TRP32-TR| - -
Competitor| —

I+
+ +
+ +

4 +

12 345 6

C

TRP32-TR[+ + + -
ANti-TRP32| il

Super <

Shift

fang " 9

an

Shift ®
12 3 4

FIG 5 E. chaffeensis TRP32 binds host gDNA via its tandem repeat domain.
(A) TRP32 binds to host genomic DNA. Various amounts of purified host
gDNA were incubated with recombinant, full-length TRP32 and then sepa-
rated by EMSA. Band shifts are indicated by an arrow (lanes 5 and 6). A band
shift was not observed in the corresponding lane to which TRP32 was not
added (lane 9). (B) The tandem repeat domain of TRP32 is the DNA-binding
domain. EMSA was performed using a TRP32 tandem repeat construct
(TRP32-TR) and 5 ng of host gDNA. The TRP32 band shift is indicated by an
arrow (lanes 3 and 4). Binding was abolished when excess unlabeled compet-
itor was added (lanes 5 and 6). (C) Supershift assays in which TRP32-TR was
incubated with host DNA and increasing concentrations of anti-TRP32 anti-
body were performed. Band shifts and super shifts are labeled with arrows.
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FIG 6 E. chaffeensis TRP32 binds host genes within promoter regions. (A) TRP32 chromatin immunoprecipitation resulted in significant enrichment of 1,587
regions (P < 10*) compared to serum control, and 240 peaks were highly significant (P < 10~2°). (B) Number of TRP32 enriched regions/megabase of DNA
for each chromosome. (C) TRP32 highly significant peaks are enriched within the promoter regions of host genes. A histogram showing the association of highly
significant peaks with host genes demonstrates that TRP32 preferentially associates with host genes within 5 kb from the transcription start site (TSS). Some
peaks corresponded to more than one host gene and were counted multiple times in this histogram. (D) The majority of highly significant peaks clustered within

+500 bp from the TSS.

predicted to be structurally similar to any described DNA-binding
domain, the presence of internal tandem repeats with high iden-
tity is similar to what is observed with the Xanthomonas transcrip-
tion activator-like (TAL) effectors, which also bind DNA via
highly similar internal repeats. This feature suggests that Ehrlichia
TRP effector DNA-binding domains may interact with DNA sim-
ilarly. X-ray crystallography studies are needed to determine
whether the TRP32 tandem repeat DNA-binding domain is struc-
turally similar to the Xanthomonas tandem repeat DNA-binding
domain.

TRP32 binds within the promoter region of host genes in-
volved in a variety of cellular processes. ChIP-seq was used to
identify TRP32 genomic targets. We found 1,587 genomic regions
significantly enriched (P < 10™*) compared to the negative con-
trol. Of these, 240 regions were highly significant, with a P value
of <107%°. The enriched regions mapped to all chromosomes
(Fig. 6A and B), and all of the highly significant regions mapped to
at least one human gene. These highly significant peaks were sig-
nificantly enriched within the promoter region (=5 kb from the
transcription start site) compared to random control (P <
0.0001), and the majority, 60.8% (146/240), were within *1 kb.
This location is consistent with transcription factor binding (27).
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The remaining highly significant peaks were found downstream
from the transcription start site (TSS) (22.9%) or further up-
stream (16.3%) (Fig. 6C and D). When spaced motif analysis
(SPAMO) was performed on all significant, TRP32-bound se-
quences, binding sites for other transcription factors were signif-
icantly enriched at fixed up- or downstream intervals, including
those for HHEX (17 bp, P = 2.98e—52) and TCF7L2 (44 bp, P =
2.13e—23) (28). When significant genomic regions were probed
for their association with various biological processes using gene
ontology analysis, we observed the enrichment of genes associated
with cell differentiation, chromatin remodeling, RNA transcrip-
tion and processing, and regulation of translation. The TRP32
targets were also enriched for genes specific for cellular compart-
ments, most notably the nucleosome and ribosome (Fig. 7).
Several host cellular pathways were also significantly enriched
among TRP32 targets, including DNA replication and immune
cell activation pathways. There was also enrichment of genes
associated with apoptotic pathways; however, these did not
reach the threshold of significance (false discovery rate [FDR] P
value = 0.09) (Table 1). Additionally, it was noted that al-
though the majority of TRP32 target genes were protein cod-
ing, some were also RNA genes. Among TRP32 noncoding
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FIG 7 E. chaffeensis TRP32 targets include genes in several categories relevant to infection. (A) Terms from gene ontology (GO) of biological processes that were
significantly enriched by both binomial region and hypergeometric fold enrichment are presented by hypergeometric fold enrichment. (B) Significantly enriched
terms of cellular compartments presented by hypergeometric fold enrichment. (C) Significantly enriched gene ontologies of molecular processes presented by
hypergeometric fold enrichment.

RNA targets were several microRNAs (miRNAs), including
miRNA 21 and miRNA 142 (Fig. 8).

TRP32 DNA motif. In order to define the DNA motif bound
by TRP32, the nucleotide sequences of the ChIP peaks were en-
tered into the pattern-mining program MEME-ChIP. MEME-
ChIP uses multiple algorithms to search for sequences that are
enriched in the data set. It returns any statistically significant re-
sults in the form of position weight matrices (PWM) and can then

TABLE 1 TRP32 binds genes in several cellular pathways

compare the resultant sequences with known transcription factor
motifs. Using this program, several significant motifs were re-
turned. The three most highly significant motifs were selected for
analysis. Notably, all three motifs were highly similar, with two
containing centrally located GGAGGC and GGTGGC sequences
that may be variants of the same motif. The other motif also con-
tained a similar sequence (CCAGGC), but it was not centrally
located. Real sequences representing the three most highly signif-

Fold FDR

Pathway enrichment Q-value Gene (distance in bp from TSS)

DNA replication 20.52 334 X 10°° H3F3B (+3,557), H3F3B (—38), HIST1H3B (—22), HIST1H3I (—985), HISTIH3C (+146),
HIST1H3J (—2,477), HIST1H3F (+687), HISTIH3A (+324), HISTIH3G (+241),
XRN2 (+36,927), HISTIH3H (—2,348)

T cell activation 5.09 3.41 X 1072 AKT3 (+119,847), B2M (—49), CALM?2 (+246), FOS (+4,069), HLA-DOA (+37,266),
JUN (+94), NRAS (+249)

B cell activation 5.84 2.79 X 1072 BTK (—4,889), CALM2 (+248), FOS (+4,089), JUN (+94), NRAS (+249), PTPNG6 (+2,363)

Apoptosis signaling 3.83 9.14 X 102 JUN (+94), ATF4 (+2,578), TNF (+101), JDP2 (—149,291), FOS (+4,089), TMBIMS (—205),

AKT3 (+119,847)
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TRP32 RNA Target Breakdown
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NR_027349 of 6 miRNAs

NR_029493 Homo sapiens miRNA 21

NR_029683 Homo sapiens miRNA 142

Homo sapiens metastasis
NR_002819 associated lung adenocarcinoma
transcript 1 (MALAT1)

Function

Homo sapiens miR-17-92 cluster Involved in cell survival, proliferation, differentiation
Oncomir. Anti-apoptotic. Notable targets include: PTEN,

Bcl2, TGFBRII, TAp63, P12/CDK2AP1, MEF2C
Regulates hematopoietic cell development and function

Controls cell cycle via B-MYB and mRNA processing

MET progression. Regulates TLR-signaling and

NR_029779 Homo sapiens miRNA 200c

inflammation. Targets include: IKBKB, KRAS, MYD88,

IRAK1

NR_030230 Homo sapiens miRNA 505

Inhibits cell proliferation. Induces apoptosis

FIG 8 E. chaffeensis TRP32 binds to noncoding RNA genes in the host cell. (A) TRP32 targets include RNA-coding genes. When all significant TRP32 bound
regions of chromatin were examined, 24% mapped to RNA-coding genes. When the RNA-coding genes were examined, the majority were snoRNAs (33%)
followed by miRNAs (29%), antisense RNAs (17%), and noncoding RNAs (17%). A small percentage corresponded to pseudogenes (4%). (B) A table of the
characterized noncoding RNAs bound by TRP32 shows that many are involved in cell fate determination: NR_027349 (51, 52); NR_029493 (53-55); NR_029683

(56-59); NR_002819 (60, 61); NR_029779 (62—64); NR_030230 (65).

icant motifs were used to construct biotin-labeled probes to test
TRP32 binding affinity by EMSA. Using this system, we found that
the two probes containing the centrally located GG[A/T]GGC se-
quence were bound with high affinity. The probe that contained
the peripherally located CCAGGC was bound with much lower
affinity. The specificity of these interactions was confirmed using
unlabeled probes as specific competitors (Fig. 9). The results from
the EMSA suggested that a GGTGGC-like sequence approximated
the consensus motif for TRP32. Additionally, when the 240 highly
significant regions were examined for the presence of this se-
quence using the program FIMO (Finding Individual Motif Oc-
currences) with a threshold for P of <0.01, they were all found to
contain this motif (24). In order to confirm that this was indeed
the TRP32 binding motif, wild-type constructs containing this
motif and mutant constructs with an alanine substitution in the
predicted motif or the 10 nucleotides located at the 5" or 3" end
were synthesized. These constructs were examined by EMSA and
compared to the WT sequence. We found that the Al mutant,
which had a disrupted GGTGGC sequence, showed decreased
binding by TRP32 and that the A2 mutant, which entirely lacked
the GGTGGC sequence, showed an even greater decrease in bind-
ing, as expected. However, surprisingly, the A3 mutant also
showed decreased binding by TRP32. When this probe sequence
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was examined further, an inverted repeat of the predicted motif
was identified, which was disrupted in that mutant (Fig. 9D).

TRP32 modulates expression of target genes during infec-
tion and in a luciferase reporter assay. To examine TRP32’s effect
on transcription of identified target genes, transcriptional activity
was measured by qPCR in healthy and infected cells at 24, 48, and
72 hpi, and relative fold change of transcription activity in infected
compared to uninfected controls was calculated. Of the 57 TRP32
target genes that were measured, 46 (80%) were differentially ex-
pressed during infection, with the majority (60%) being highly
downregulated; however, some genes were highly upregulated
(Fig. 10A).

In order to determine the direct role of TRP32 in regulating
gene expression, promoters from identified target genes were
tested for transcriptional activity using luciferase transcriptional
reporter assays. These constructs were transfected into HeLa cells
along with various concentrations of TRP32-GFP and an empty
GFP control plasmid, and expression of luciferase was measured
at 24 h posttransfection. We found that TRP32 expression resulted
in differential luciferase expression from the target gene promot-
ers, consistent with gene expression observed during infection.
This differential regulation occurred in a dose-dependent man-
ner, and both activation and repression of luciferase gene expres-
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FIG 9 E. chaffeensis TRP32 binds a G-rich motif. (A) TRP32 was predicted to
bind to multiple, highly similar, G-rich motifs. Probability matrices of the top
three predicted TRP32 DNA motifs from MEME-ChIP are shown. (B) The
predicted motifs from panel A were tested by EMSA. TRP32-TR was incubated
with biotin-labeled probes in the presence and absence of unlabeled specific
competitor. Relative densities are indicated. Motif 3 was identified as the pu-
tative DNA motif due to its strong binding, which was significantly decreased
(P = 0.002) in the presence of competitor. (C) The TRP32-TR construct was
incubated with the wild-type motif 3 (WT) and with three mutant probes.
TRP32 bound the wild-type probe with greater affinity than the mutants. All of
the mutants showed decreased binding. Relative densities are indicated. (D)
Sequences of the wild-type (WT) and mutant probes are shown with the pu-
tative motif boxed in blue and the inverted repeat boxed in green. Mutated
sequences are bolded.

sion due to TRP32 were seen in this system. When the TRP32
binding site was deleted in the JUN promoter (AJUN), no differ-
ential regulation was seen (Fig. 10B).

DISCUSSION

All obligately intracellular bacteria, including Ehrlichia, must sub-
vert innate host defenses and exploit normal host processes in
order to survive. One of the strategies that E. chaffeensis uses is to
target conserved host pathways that act as nexuses of cell fate
through moonlighting effectors, which have multiple roles/func-
tions during infection (29, 30). Many of these nexuses involve
regulating the function of a transcription factor. Recently, bacte-
rial nucleomodulins that directly alter host gene transcription
have been described. This enables intracellular pathogens with
small genomes and a limited effector repertoire to efficiently re-
program the host cell (31).

Despite the mounting evidence that E. chaffeensis TRPs are a
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FIG 10 E. chaffeensis TRP32 has a direct effect on target gene expression. (A)
TRP32 targets are differentially regulated during infection. The most highly
enriched genes from the ChIP-seq were assayed by qPCR at 24, 48, and 72 hpi.
Data are presented as fold changes from noninfected. Colors represent the fold
changes from —10 to +10. Data are representative of two (24 and 48 hpi) or
three (72 hpi) experiments. (B) TRP32 modulates gene expression in a lucif-
erase reporter assay. Several genes were chosen, and the promoter regions,
including the TRP32 binding site, were cloned into a luciferase reporter. Pro-
moter constructs were transfected into HeLa cells along with various concen-
trations of a TRP32-expressing or empty GFP vector. Luciferase expression
was measured after 24 h. Luciferase expression is reported as fold change from
control. Data are representative of 3 to 5 experiments. *, P =< 0.05; **, P < 0.01;
P =0.001.

novel family of transcription factor-like effectors that access the
host nucleus, a conundrum has been that most lack a classical
nuclear localization signal. Our preliminary studies have deter-
mined that TRPs enter the host nucleus by diverse means; how-
ever, a common theme of “piggy-backing” into the nucleus via
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protein-protein interactions seems to exist. We found that TRP32
residue Y179 is required for TRP32 nuclear localization via a reg-
ulated tyrosine phosphorylation-dependent mechanism. In fact,
TRP32 localization at 48 hpi is consistent with the perinuclear
localization of TRP32 in genistein-treated cells and in Y179 mu-
tants. This is suggestive that phosphorylation of TRP32 is required
for interaction with an NLS-containing partner, and indeed, the
relocalization seen after genistein treatment is consistent with that
of a phosphoregulated nucleocytoplasmic shuttling protein
such as ERK1/2 or SMADs (32-34). Additionally, the PYYY
motif seen in TRP32 can be involved in interactions with ubigq-
uitin ligases such as the Cbl family, which binds to phosphor-
ylated tyrosines or the NEDD family ubiquitin ligases, which
are themselves regulated by tyrosine phosphorylation (35-37).
It is possible that ubiquitination may be the ultimate signal for
TRP32 nuclear localization. The temporal differences seen in
TRP32 localization support the idea of a regulated means of
nuclear translocation, which is quite unlike TRP120 nuclear
localization, which begins early during infection (3 hpi) and
continues to accumulate in the nucleus as the infection pro-
gresses (11). The exact mechanisms for TRP32 nuclear traffick-
ing, i.e., phosphorylation alone or phosphorylation-triggered
ubiquitination and the interacting partners, that potentiate
these modifications remain to be determined.

TRP32 bound 1,587 genomic regions significantly, which is
similar to the numbers of peaks identified for mammalian tran-
scription factors in other reported ChIP-seq experiments (38).
This value is approximately 1 order of magnitude less than the
number of regions bound by TRP120; however, the two studies
yielded similar numbers of highly significant peaks (P = 10
TRP120, 582; TRP32,240). When only the highly significant peaks
were examined, these peaks mapped to human genes, and 70%
were located within the promoter region. Although transcrip-
tional regulatory regions may reside quite distally from the TSS,
most well-studied transcription factors bind their target genes
within the proximal promoter and binding in this region has been
linked to the regulatory function of transcription factors (39, 40).
Interestingly, some of the genomic regions contained known pro-
moter elements. For example, TRP32 binds several histone H4
genes within a described suppressor element (41). Intriguingly,
histone H4 gene transcription was downregulated during infec-
tion (data not shown). When expression of TRP32 targets was
examined, we found that 80% were differentially regulated
during infection. This is an expected result, as transcription
factors typically bind many nonfunctional sites, with reports of
as many as ~50 to 99.9% of transcription factor-bound sites
not having a clear functional role (42, 43). Most gene targets
showed differences in expression primarily at 72 hpi, although
some showed changes at 48 hpi as well. This is consistent with
TRP32 localization data, which show that TRP32 surrounds
and begins to enter the nucleus at 48 hpi and accumulates in the
nucleus at 72 hpi.

TRP32 is able to directly modulate transcription of genes dur-
ing a luciferase gene expression assay. In this assay, targets are both
up- and downregulated, which is similar to what is seen during
infection and suggests that TRP32 may act as both a transcription
repressor and an activator. This differential expression occurs in a
dose-dependent manner and is ablated when the TRP32 binding
site is deleted. All together, these data strongly suggest that TRP32
is directly regulating gene expression of its targets. This is different
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from what was previously seen with TRP120, which primarily ac-
tivated gene expression of its targets and for which a direct mech-
anism of action was not confirmed (11). For a few genes, the
regulation seen during the luciferase assay did not correspond to
the changes in gene expression seen during infection. The most
notable example of this was JUN, which was highly upregulated
during infection but downregulated by TRP32 in the luciferase
assay. This is not unexpected and could be the result of multiple
factors. Some differences might be due to cell type; however, other
infection-related processes are likely involved. Cell stress, the host
innate immune response, and effector-mediated processes not
only modulate gene transcription but can also affect posttran-
scriptional processing of mRNAs. JUN mRNA is highly posttran-
scriptionally regulated (44).

The ability to act as a transcriptional repressor or activator is a
common feature of many eukaryotic transcription factors. Dual-
function transcription factors can be regulated by several factors,
including variations in the motif they bind, posttranslational
modifications of the transcription factor, interaction with differ-
ent transcription coregulators, or the general transcriptional mi-
lieu (i.e., cell cycle, cell type, cell activation status) (45-47). Post-
translational modification of TRP32 may play a role in regulating
TRP32 transcription factor function. TRP32 is predicted to be
ubiquitinated at lysine residues adjacent to the putative 9-aa
TADs. The 9-aa TAD is reported to be the minimal required ele-
ment for interaction with several transcriptional cofactors, in-
cluding CBP, p300, and MED15 (48), and ubiquitination at these
residues could theoretically alter TRP32’s ability to interact with
these transcriptional coactivators. Interaction with other tran-
scription factors and transcription initiation complex compo-
nents can also regulate transcription factor function. TRP32 is
known to interact with several host transcription regulators, in-
cluding HHEX and DAZAP2, and SPAMO determined that these
interactions likely occur at the promoter and may thus be impor-
tant for TRP32-mediated transcriptional regulation. Hence, their
differential activation and recruitment may affect TRP32 function
(16, 49).

When TRP32 target genes are examined for cellular process
ontologies, several categories with relevance to infection were sta-
tistically enriched, including hematopoietic cell differentiation
and proliferation, chromatin remodeling, transcription, RNA
processing, and regulation of translation. Additionally, several
global regulators of host cell proliferation and inflammation were
among TRP32 gene targets, including FOS, JUN, AKT3, tumor
necrosis factor (TNF), and NRAS. TRP32 manipulation of host
differentiation and proliferation may be a factor in the leukopenia
thatis a common clinical feature in HME. A previous study exam-
ining the host transcriptome during infection showed that genes
regulating cell cycle, differentiation, and apoptosis and the innate
immune response, among others, were differentially expressed
during infection (2). Although in that study only early time points
(up to 24 hpi) during infection were examined, the results in-
cluded many gene categories targeted by multiple ehrlichial
nucleomodulins, including TRP32. Overall, although distinct dif-
ferences in TRP target genes are noted, there is some overlap in
functional categories of genes targeted by E. chaffeensis nucleo-
modulins. Previously, TRP120 was shown to interact with genes
involved in regulating transcription, posttranslational modifica-
tions, and apoptosis (11). Ank200 targets also include genes in-
volved in transcriptional regulation and apoptosis as well as genes
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coding for structural proteins associated with the nucleus and
membrane-bound organelles (10). Moreover, there is also overlap
in specific gene targets. Both TRP32 and Ank200 target histone-
coding genes, for example, and all three nucleomodulins target the
inflammatory mediator TNF-a. This poses the question of
whether these nucleomodulins may be functioning cooperatively
at the promoter or if they might be regulating gene expression
separately in a coordinated manner. When TRP32 and TRP120
common target genes were examined, we found that both bound
within the proximal promoter only ~3% of the time and less than
1% of the time were they within 150 bp. This suggests that they do
not typically function as part of the same regulatory complex.
Temporal differences in nuclear localization also suggest that
TRP32 and TRP120 may function independently, although the
possibility of cooperative function cannot be eliminated.

When TRP32 target sequences were examined, several highly
similar G-rich motifs were statistically overrepresented. When the
most statistically enriched motifs were examined by EMSA,
TRP32 was shown to bind them with differing affinity and speci-
ficity. These differences in binding affinity seem to relate to the
position of the GG[A/T]GGC-like sequence within the probe and
the presence or absence of an imperfect repeat, with the probe that
contained a peripherally located motif and a truncated repeat
showing decreased binding affinity compared to probes with a
centrally located [A/T]GGC sequence. Additionally, mutational
analysis of the probe suggests that TRP32 may bind as a dimer.
Although binding to a single GGTGGC was observed, it was con-
siderably weaker than when two motifs were present in the form of
imperfect inverted repeats, a finding consistent with other dimeric
transcription factors, such as EBF (50). Inverted repeats can also
indicate that the DNA is self-annealing to form secondary struc-
tures that are recognized by the DNA-binding protein. However,
the binding pattern seen in our experiments is consistent with
transcription factor dimers binding to DNA, since when either
repeat is deleted, the DNA-binding affinity decreases; however, it
is not abolished as would be expected if the interaction were de-
pendent on DNA secondary structure.

In this work, we present the first report of an ehrlichial effector
directly regulating host gene expression. TRP32 was found to bind
and regulate to specific host genes both during infection and in a
cell-based luciferase reporter assay. Additionally, we show that
TRP32 enters the host nucleus in a tyrosine phosphorylation-de-
pendent manner primarily after 48 hpi. This is different from what
has been reported for previously studied TRPs, which enter the
host cell nucleus very early in infection. Finally, we show that
TRP32 interaction with host genes occurs via binding to a re-
peated GG[A/T]GGC motif found in the promoter region of spe-
cific host genes. Further studies will define the role of TRP32 in
influencing host cell differentiation and function and will identify
how the various ehrlichial nucleomodulins interact to regulate the
host and promote ehrlichial survival.
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