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ABSTRACT Ehrlichia chaffeensis has a group of well-characterized type I secreted
tandem repeat protein (TRP) effectors that have moonlighting capabilities. TRPs
modulate various cellular processes, reprogram host gene transcription as nucleo-
modulins, function as ubiquitin ligases, and directly activate conserved host cell sig-
naling pathways to promote E. chaffeensis infection. One TRP-interacting host target
is polycomb group ring finger protein 5 (PCGF5), a member of the polycomb group
(PcG) protein family and a component of the polycomb repressive complex 1 (PRC1).
The current study demonstrates that during early infection, PCGF5 strongly colocal-
izes with TRP120 in the nucleus and later dramatically redistributes to the ehrlichial
vacuole along with other PCGF isoforms. Ectopic expression and immunoprecipita-
tion of TRP120 confirmed the interaction of TRP120 with multiple different PCGF iso-
forms. At 48 h postinfection, a dramatic redistribution of PCGF isoforms from the nu-
cleus to the ehrlichial vacuole was observed, which also temporally coincided with
proteasomal degradation of PCGF isoforms and TRP120 expression on the vacuole. A
decrease in PRC1-mediated repressive chromatin mark and an altered transcriptional
activity in PRC1-associated Hox genes primarily from HOXB and HOXC clusters were
observed along with the degradation of PCGF isoforms, suggesting disruption of the
PRC1 in E. chaffeensis-infected cells. Notably, small interfering RNA (siRNA)-mediated
knockdown of PCGF isoforms resulted in significantly increased E. chaffeensis infec-
tion. This study demonstrates a novel strategy in which E. chaffeensis manipulates
PRC complexes through interactions between TRP120 and PCGF isoforms to pro-
mote infection.

KEYWORDS Ehrlichia chaffeensis, PCGF, polycomb repressive complex, tandem
repeat protein, Hox gene

Ehrlichia chaffeensis is a Gram-negative, obligately intracellular bacterium that ex-
hibits tropism for mononuclear phagocytes and causes the emerging tick-borne

disease, human monocytotropic ehrlichiosis (HME) (1). E. chaffeensis has evolved strat-
egies to evade innate host defenses of the mononuclear phagocyte, where it replicates
in membrane-bound cytoplasmic vacuoles and avoids destruction (2, 3). During infec-
tion, E. chaffeensis significantly alters the transcriptional activity of genes encoding host
cell proteins involved in various processes such as apoptosis, cellular differentiation,
signal transduction, cytokine production, and membrane trafficking (4–7). The under-
lying molecular mechanisms responsible for these changes in gene expression during
ehrlichial infection are not fully understood but are mediated in part by pathogen
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effector-directed host transcriptional modulation involving direct and epigenetic mech-
anisms.

Eukaryotic gene transcription is regulated by many different mechanisms and often
involves single or multiple chemical modifications on a specific stretch of DNA and/or
histones (8). Histone posttranslational modifications (HPTMs), like acetylation, phos-
phorylation, methylation, ubiquitination, and sumoylation, play a major role in regu-
lating chromatin conformation and dictate the accessibility of DNA to its transcriptional
machinery. Thus, HPTMs catalyzed by different chromatin-modifying enzymes like
histone acetyltransferase, histone deacetylase, histone methyltransferase, and ubiquitin
ligases are essential regulators of eukaryotic gene expression (9, 10).

Other intracellular bacteria, such as Anaplasma phagocytophilum and Legionella
pneumophila, have been shown to manipulate host gene expression through effector-
mediated host chromatin modifications (11, 12). In addition, E. chaffeensis tandem
repeat protein (TRP) effectors interact with different chromatin-modifying proteins, like
histone methylases and demethylases, protein components of the SWI/SNF chromatin
remodeling complex, and polycomb group (PcG) proteins (e.g., polycomb group ring
finger protein 5 [PCGF5]) (13). The E. chaffeensis effector, TRP120, strongly interacts with
the RING domain of PCGF5 (14), a component of the polycomb repressive complex 1
(PRC1), which is a repressive regulator of various eukaryotic genes, with Hox genes
being the most studied targets (15). Moreover, we have recently demonstrated that
TRP120 has HECT E3 ubiquitin ligase activity resulting in ubiquitination and a subse-
quent decrease of PCGF5 in infected cells (16).

Polycomb repressive complexes (PRCs) are multisubunit protein complexes and are
broadly divided into two groups (PRC1 and PRC2) (15, 17). PRC1 is responsible for
monoubiquitination of histone 2A (H2A) at lysine 119 (H2AK119Ub), and PRC2 is
involved in trimethylation of histone 3 (H3) at lysine 27 (H3K27Me3). Both PRC1- and
PRC2-mediated posttranslational histone modifications result in changes in chromatin
conformation and transcriptional inactivation of eukaryotic genes; thus, these HPTMs
are considered to be repressive marks (18, 19).

PRC complexes are well-characterized Hox gene regulators that function by the
addition of repressive chromatin marks (20). The Hox genes encode homeobox-
containing transcription factors involved in cellular differentiation and proliferation of
various cell types, including cells of hematopoietic lineage (21–23). In mammals, 39 Hox
genes are usually found in four Hox gene clusters (A to D) which are located on four
different chromosomes, at 7p15, 17p21, 12q13, and 2q31, respectively. Based on
sequence similarity and position within the cluster, mammalian Hox genes have been
assigned to 13 paralogous groups, and each cluster has 9 to 11 members (24).

E. chaffeensis TRP120 interacts with the PCGF component of PRC1, and a previous
study demonstrated that knockdown of PCGF5 enhances ehrlichial infection (25). Thus,
we investigated the functional relevance of this interaction to better understand the
role of PcGs and PRC-associated functions during E. chaffeensis infection. We deter-
mined that E. chaffeensis TRP120 promotes intracellular infection by exploiting PcG
proteins, resulting in altered PRC1-mediated repressive histone marks and Hox gene
expression.

RESULTS
TRP120 interacts with PCGF5 in the host cell nucleus during early stages of

infection. We have previously demonstrated that E. chaffeensis TRP120 interacts with
PCGF5. Moreover, TRP120 is a nucleomodulin that translocates to the nucleus and
binds to host DNA (26). Thus, we investigated the possibility of nuclear interaction of
TRP120 with PCGF5 during E. chaffeensis infection. We dual-stained E. chaffeensis-
infected THP-1 cells with PCGF5 and TRP120 antibodies and performed confocal laser
microscopy. The time points were selected based on a previous Western blot analysis
of the nuclear fraction of E. chaffeensis-infected THP-1 cells showing a significant
amount of TRP120 present in host cell nuclei (26). TRP120 was detected as green
fluorescence in the nucleus at 24 h postinfection (hpi) (Fig. 1A). At 24 hpi, we did not
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observe any remarkable differences in nuclear localization of PCGF5 in infected cells in
comparison to uninfected controls as determined by corrected total cell florescence
(CTCF) (see Fig. S5 in the supplemental material); however, the merged confocal laser
micrographs of infected THP-1 cells showed colocalization of TRP120 with PCGF5 in the
nucleus of infected THP-1 cells (Fig. 1B, arrow). Based on Pearson’s correlation coeffi-
cient, the intensity of green fluorescing TRP120 exhibited a strong positive correlation
with red fluorescing PCGF5 in more than 90% of the colocalizations examined, sug-
gesting an interaction between these two proteins in the nucleus (Fig. 1D and E).
TRP120 was not detected in the nucleus of uninfected THP-1 cells (Fig. 1A). Anti-Dsb (an
ehrlichial periplasmic protein) antibody was used to confirm the infection 24 h post-
exposure to cell-free E. chaffeensis, as TRP120 is was not detectable on ehrlichiae at this
time point (Fig. 1F).

FIG 1 E. chaffeensis TRP120 interacts with PCGF5 in the nucleus during early (24 h) infection. E. chaffensis-infected or uninfected THP-1 cells were
immunostained with TRP120 and PCGF5 antibodies (24 hpi) and examined using confocal laser microscopy. (A) Colocalization of punctate TRP120 (green) with
PCGF5 (red) in the host cell nucleus (blue). Uninfected cells were treated similarly (left panels). (B) Z-stack images (section depth at the top left on each image)
of a single nucleus showing strong (box 1) and weak (box 2) colocalization of TRP120 with PCGF5. Z-projections in the X-to-Z direction are presented at the
top and in the Y-to-Z direction are presented at the right side of each image. (C) Intensity correlation analysis of a 1-�m section of the E. chaffeensis-infected
cell in panel B demonstrating a positive PDM [product of the differences from the mean � (red intensity � mean red intensity) � (green intensity � mean
green intensity)] value (top), which correlated to a strong and a weak colocalization of PCGF5 and TRP120 in region 1 and region 2, respectively. Intensity scatter
of region 1 (middle) and region 2 (bottom) demonstrating strong fluorescence intensity for both the red and the green channel. (D) Table showing Pearson’s
correlation coefficient (PCC) of the highlighted regions shown in E. chaffeensis-infected cell (right panel). (E) Pie chart based on PCCs of multiple regions showing
percentage colocalization of TRP120 with PCGF5 in the nucleus. N (number of images analyzed) � 6; n (total number of regions analyzed) � 38. (F) Composite
images of confocal laser micrographs demonstrating the presence of E. chaffeensis Dsb (red) and TRP120 (green) in infected cells, confirming infection and
nuclear transport of TRP120, at 24 hpi; scale bar, 10 �m.

PcG Recruitment and Degradation during E. chaffeensis Infection Infection and Immunity

April 2018 Volume 86 Issue 4 e00845-17 iai.asm.org 3

http://iai.asm.org


PCGF isoforms redistribute to the E. chaffeensis vacuole during late stages of
infection. In a previous study, we demonstrated that the ectopically expressed TR
region of TRP120 interacts with the RING domain of PCGF5 (13). The paralogous
members of the PCGF family share a high similarity in their RING domain (�80%
similarity), suggesting that isoforms in addition to PCGF5 may also interact with
TRP120. To confirm that E. chaffeensis TRP120 explicitly colocalizes with different PCGFs,
we ectopically expressed green fluorescent protein (GFP)-tagged wild-type (WT)
TRP120 in HeLa cells, immunostained with PCGF isoform-specific antibody, and exam-
ined cells by immunofluorescence microscopy. Strong colocalization of native PCGF
isoforms with ectopically expressed GFP-tagged TRP120 suggests an interaction be-
tween TRP120 and PCGFs in transfected HeLa cells (see Fig. S1 in the supplemental
material). During infection, to observe colocalization of TRP120 and PCGF isoforms, we
examined cells immunostained with TRP120 and PCGF isoform-specific antibodies at
12, 24, and 48 hpi using immunofluorescence microscopy (Fig. 2A). A significant
redistribution of PCGF isoforms from the nucleus to the cytoplasmic compartment of
infected cells was observed at 48 hpi (Fig. 2B). Based on Pearson’s correlation coeffi-
cient, strong colocalization of TRP120 with PCGF isoforms was observed at the ehrlichial
vacuole (Fig. 2C). To confirm the redistribution of these PCGF paralogs to the ehrlichial
vacuole, confocal laser microscopy was performed on samples and images were
captured in 0.5-�m increments (Fig. S2). The immunofluorescence and the confocal
micrographs confirmed the recruitment of PCGF paralogs to the ehrlichial vacuole at 48
hpi (Fig. 2A and C; Fig. S2). There was no significant redistribution of PCGF isoforms to
the ehrlichial vacuole during early stages (�24 h) of infection (Fig. S3). Interactions
between TRP120 and PCGF isoforms were further reconfirmed using coimmunopre-
cipitation (co-IP) (Fig. 2D).

Redistribution of PCGFs to the ehrlichial vacuole results in decreased PCGF
isoforms in E. chaffeensis-infected cell. Since we observed a strong correlation
between the localization of E. chaffeensis TRP120 and host PCGFs early in the nucleus
and later in the cytosolic compartment, we investigated the fate of these host epige-
netic regulators in uninfected and E. chaffeensis-infected THP-1 cells. Western blot
analysis of the whole-cell lysate using PCGF antibodies demonstrated a significant
decrease in the total levels of PCGF3, PCGF4, and PCGF5 in E. chaffeensis-infected cells
at 48 hpi (Fig. 3A and B). There were no significant changes in PCGF2 or PCGF6 levels.
PCGF1 was not detected in uninfected or infected cells using commercially available
antibodies. The Western blot results were confirmed by immunofluorescence micros-
copy using CTCF to quantify fluorescence intensity (Fig. 3C).

The decrease in PCGF isoforms is due to degradation of these proteins in E.
chaffeensis-infected cells. To confirm that the reduction in PCGF isoforms was not
caused by a decrease in the transcriptional activity of these genes, the transcript levels
of known PRC1 core components, including PCGF isoforms, were quantified using
reverse transcription-quantitative PCR (RT-qPCR) in E. chaffeensis-infected cells at 4, 10,
24, and 48 hpi. Biologically significant changes (�2-fold increase or �0.5 decrease) in
transcriptional activity were not observed for most of these genes except CBX7, PCGF2,
and PCGF5. The gene CBX7 showed a significant decrease in transcriptional activity at
4 and 10 hpi, PCGF2 showed an increase in transcriptional activity at 24 and 48 hpi, and
PCGF5 exhibited increased gene transcription at 4, 10, and 48 hpi compared to
uninfected controls (Fig. 4A and B). None of the PCGF genes showed a biologically
significant decrease in transcriptional activity at 48 hpi. These data suggest that the
reduction in PCGF isoforms in infected THP-1 cells at 48 hpi was due to the degradation
of PCGF proteins and was not caused by a decrease in PCGF transcriptional activity
during E. chaffeensis infection.

To further confirm that the decrease in PCGF isoforms was due to the degradation of
PCGF proteins, the E. chaffeensis-infected cells were treated with bortezomib, a 26S pro-
teasome inhibitor, and the whole-cell lysates were harvested for Western blot analysis with
PCGF isoform-specific antibodies (Fig. 4C). The band intensity of individual PCGF isoforms
was measured using densitometry, normalized with GAPDH (glyceraldehyde-3-phosphate
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dehydrogenase), and represented as the normalized relative abundance of PCGF (Fig. 4D).
E. chaffeensis-infected bortezomib-treated cells had a higher relative abundance of PCGF
protein than infected dimethyl sulfoxide (DMSO)-treated cells, suggesting that PCGF deg-
radation occurs via the proteasome proteolytic pathway as previously reported (16).
No significant difference in PCGF protein abundance was observed between bortezomib-
and DMSO-treated uninfected cells (Fig. 4C and D). There were no differences in ehrlichial
morula morphology or count between bortezomib- and DMSO-treated cells 10 h after
treatment, when PCGF analysis was performed.

E. chaffeensis infection results in altered Hox gene expression. PRCs are the
primary transcriptional regulators of Hox gene expression (27–29). As we observed a
significant decrease in PCGF protein levels in E. chaffeensis-infected THP-1 cells, we
investigated the changes in Hox gene expression in response to E. chaffeensis infection

FIG 2 PCGF isoforms colocalize with cytoplasmic E. chaffeensis vacuoles during the late stage (48 h) of infection. (A) Immunofluorescence analysis of E.
chaffeensis-infected THP-1 cells. Immunofluorescence micrographs demonstrate distribution of PCGF4 isoforms in uninfected and E. chaffeensis-infected cells
at 12, 24, and 48 hpi. PCGF4 was mainly localized in the nucleus of an uninfected cell or during early infection (12 and 24 hpi) but was distributed to the
ehrlichial vacuole (rectangle) at a late stage (48 hpi). Scale bar, 10 �m. (B) Bar graph depicting percentages of PCGF-TRP colocalized cells for individual PCGF
isoforms (n � 3; Student’s two-tailed t test; *, P � 0.05; **, P � 0.005). (C) Immunofluorescence micrographs demonstrating colocalization (infected, rectangles)
of E. chaffeensis expressing TRP120 (green) with PCGF2, -3, -4, -5, and -6 isoforms (red) at the ehrlichial vacuole (arrow) at 48 hpi compared to uninfected cells.
The signal intensities of red, green, and blue fluorescence channels are shown on each image using a table (a.u., arbitrary units) to cross-reference index
numbers to output values. The color map is used to look up the actual colors corresponding to each index number. The Pearson’s correlation coefficients shown
next to the regions of interest (rectangles) indicate a strong/very strong colocalization for PCGF2, -3, -4, -5, and -6 isoforms with TRP120 in the ehrlichial vacuole.
Scale bar, 10 �m. (D) Coimmunoprecipitation using PCGF2, -3, -4, -5, and -6 antibodies and chemiluminescence detection of TRP120 using TRP120-specific
antibody from E. chaffeensis-infected and uninfected THP-1 cell lysate. (E) Western blot analysis of E. chaffeensis-infected and uninfected input lysates using
TRP120, PCGF2, PCGF3, PCGF4, PCGF5, and PCGF6 antibodies; GAPDH was used as a loading control. (F) Western blot analysis of immunoprecipitation eluates
using PCGF2, -3, -4, -5, and -6 isoform-specific antibodies.

PcG Recruitment and Degradation during E. chaffeensis Infection Infection and Immunity

April 2018 Volume 86 Issue 4 e00845-17 iai.asm.org 5

http://iai.asm.org


using a custom human Hox RT-qPCR array. The transcriptional activity of 39 human Hox
genes at four different loci (HOXA, HOXB, HOXC, and HOXD) was measured in uninfected
and E. chaffeensis-infected THP-1 cells at 24 and 48 hpi (Fig. 5). A basal level of
expression was observed in 20 of 39 mammalian Hox genes in uninfected THP-1 cells
(Fig. 5C). During infection, HOXA6 showed downregulation, but 7 of 20 Hox genes (35%)
showed significant upregulation (�2-fold change) in expression at 48 hpi (Fig. 5B),
suggesting greater accessibility of transcription machinery in these genomic regions.

To confirm that the changes in Hox gene expression in THP-1 cells were associated
with the decrease in PCGF isoforms, small interfering RNAs (siRNAs) were used to
individually knock down isoform-specific PCGF expression in THP-1 cells and the
transcriptional activity of the Hox genes was measured. Altered transcriptional activity
in HOXA6, HOXB1, HOXB4, and HOXB7 was observed in PCGF3 knockdown, in HOXB13
in PCGF4 knockdown, and in HOXB9 and HOXC6 in PCGF5 knockdown (Fig. 5D).
Consistent with other reports and our previous observation, we determined that the
decrease in PCGF protein level affects the transcriptional activity of a subset of Hox
genes.

E. chaffeensis infection results in an alteration in PRC1-mediated repressive
histone marks. Functionally, PRC1 is a ubiquitin ligase complex which facilitates
monoubiquitination of H2AK119Ub. Conventionally, PRC1-mediated H2AK119Ub re-
quires prior nucleation of PRC2 and placement of an H3K27me3 repressive mark. As our

FIG 3 PCGFs redistribute to the ehrlichial vacuole during infection and result in a decreased total cellular level of PCGF isoforms. (A)
Western blot analysis of THP-1 (E. chaffeensis-infected and uninfected) whole-cell lysates (0, 24, and 48 hpi) using isoform-specific
anti-PCGF antibodies. Whole-cell lysates were subjected to SDS-PAGE, and the amount of each PCGF isoform was detected using
chemiluminescence; GAPDH was used as a loading control. (B) GAPDH-normalized relative abundance of PCGF isoforms in uninfected
and E. chaffeensis-infected THP-1 cells at 24 and 48 hpi. Error bars indicate standard deviations between experiments (n � 3; Student’s
two-tailed t test; *, P � 0.05). (C) Confocal laser micrographs showing decrease in PCGF isoforms (red fluorescence) in E. chaffeensis-
infected cells at 48 hpi (bottom panel) compared to those in uninfected cells (top panel); scale bar, 10 �m. Arrows indicate specific
cells for which the total cell fluorescence was calculated and which is shown on the bottom right corner of the image.
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current and previous data strongly suggest that TRP120 recruits PCGF isoforms from
the nucleus to the ehrlichial vacuole (14), the global levels of H2AK119Ub and
H3K27me3 repressive histone marks were examined in E. chaffeensis-infected cells
using Western blotting. Whole-cell lysates from uninfected and E. chaffeensis-infected
(24 and 48 hpi) cells were separated on a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel, transferred to nitrocellulose membranes, and probed
with H2AK119Ub, H2A, H3K27me3, H3, and GAPDH antibodies. The band intensities
were quantified using densitometry and normalized to GAPDH. The relative abundance
of H2Ak119Ub to H2A was significantly decreased in E. chaffeensis-infected cells at 48
hpi compared to those cells at 24 hpi and uninfected cells (Fig. 6A and B). There was
no significant difference in relative abundance of H3K27me3 in uninfected or E.
chaffeensis-infected THP-1 cells (Fig. 6A and C). A decrease in PRC1-mediated repressive
histone mark was probably due to the nuclear export of PCGF isoforms at 48 hpi
disrupting the PRC1 complex (Fig. 2). Changes in PRC1- but not PRC2-mediated

FIG 4 Decrease in PCGF isoforms occurs via proteosomal degradation in E. chaffeensis-infected cells. (A) Graph representing fold changes in PRC1 core
component gene expression in E. chaffeensis-infected cells at 4, 10, 24, and 48 hpi; n � 3. Biologically significant (approximately �2-fold increase or decrease)
and statistically significant (Student’s two-tailed t test; *, P � 0.05) changes in gene transcription were observed for CBX7, PCGF2, PCGF5, and RING1 genes. (B)
Heat map showing relative expression levels of PRC1 core component genes at 4, 10, 24, and 48 hpi. Each position in the heat map represents an individual
gene (listed next to the heat map). The colors indicate differential expression (red indicates induction, green indicates repression, and white represents no
significant change) from the average gene expression level in uninfected cells. The intensity of the color represents the amplitude of induction/repression. (C)
Western blot analysis of bortezomib (BORTZ)- or DMSO-treated THP-1 (E. chaffeensis-infected and uninfected) whole-cell lysates using isoform-specific anti-PCGF
antibodies. E. chaffeensis-infected or uninfected THP-1 cells were treated with 100 nM bortezomib 38 h postinfection for 10 h. The whole-cell lysates were then
subjected to SDS-PAGE separation, and the relative abundance of PCGF isoforms was determined using chemiluminescence. (D) Graph representing
GAPDH-normalized relative abundance of PCGF isoforms in bortezomib- or DMSO-treated E. chaffeensis-infected or uninfected THP-1 cell lysates. Error bars
indicate standard deviations between experiments (n � 3; Student’s two-tailed t test; *, P � 0.05).
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repressive histone marks in E. chaffeensis-infected cells suggest independent modula-
tion of H2AK119Ub and H3K27me3 histone marks during E. chaffeensis infection.

To demonstrate that the transcriptional upregulation of Hox genes is due to a
decrease in PRC1-associated H2AK119Ub from the promoter region, we performed
chromatin immunoprecipitation (ChIP) with ChIP-validated H2AK119Ub-specific anti-
body and performed promoter enrichment of HOXB9 using quantitative real-time qPCR
with validated primers (30). The promoter region of HOXB9 was chosen for gene
enrichment because it exhibited the highest transcriptional activity during E. chaffeensis
infection (Fig. 5), was transcriptionally upregulated during siRNA-mediated silencing of
PCGF5 (Fig. 5), and had a ChIP-validated primer pair for the promoter region (30). A
significant decrease in H2AK119Ub was observed in the promoter region of HOXB9,
suggesting a direct relationship between loss of these histone marks and the altered
expression of HOXB9 in E. chaffeensis-infected cells (Fig. 6D).

Decreases in PCGF isoforms have significant effects on E. chaffeensis burden in
the host cell. To understand the functional relevance of PCGF degradation during E.
chaffeensis infection, uninfected THP-1 cells were first transfected with individual PCGF
isoform-specific siRNA using Lipofectamine 3000 (Invitrogen). The efficiency of trans-

FIG 5 E. chaffeensis infection alters Hox gene expression. (A) Scatterplot analysis of PCR array results shows the differentially expressed genes between E.
chaffeensis-infected and uninfected THP-1 cells at 24 (top panel) and 48 (bottom panel) hpi. Red dots represent upregulation, a black dot represents no
significant change of expression, and green dots represent downregulation. The graph shows the logarithmic values of average gene expression under either
condition. (B) Heat map showing relative expression levels of Hox genes at 24 (left column) and 48 (right column) hpi. Each position in the heat map represents
an individual Hox gene (listed next to the heat map). The scale bar intensity demonstrates differential expression (red indicates induction, blue indicates
repression, and white represents no significant change) from the average gene expression level in uninfected cells. The intensity of the color represents the
amplitude of induction/repression. (C) List of Hox genes in which transcript levels were detected in at least any one of the conditions, i.e., uninfected and 24
and 48 hpi. Seven out of 20 transcriptionally active Hox genes showed a biologically significant (P � 0.05) increase (�2-fold increase; red) in their transcript
levels compared to the control. (D) PCR array results demonstrating differential Hox gene expression in PCGF3 (left)-, PCGF4 (middle)-, and PCGF5
(right)-silenced THP-1 cells. Knockdowns were performed individually one at a time, and biologically significant changes (�2-fold increase or decrease) in gene
expression are color coded (red, increase; blue, decrease).
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fection was confirmed using Alexa Fluor 488-conjugated negative siRNA (Fig. 7A), and
siRNA-mediated knockdown of PCGF isoforms was confirmed by Western immunoblot-
ting (Fig. 7B). The relative abundance of PCGF isoforms in transfected cells was
normalized to the GAPDH loading control and is represented as the percentage
remaining after the knockdown compared to control siRNA. The PCGF siRNA-
transfected cells demonstrate a protein knockdown of 42 to 61%. The PCGF knockdown
cells were then infected with cell-free E. chaffeensis, and the infection status was
determined at 48 hpi by bright-field microscopy after staining with Diff-Quick. The
ehrlichial vacuole count per cell demonstrated an average increase in the number in
PCGF knockdown cells, specifically PCGF2 (�6 morulae/cell) and PCGF5 (�10 morulae/
cell), compared to the scrambled control (Fig. 7C; Fig. S4). The fold change in ehrlichial
burden in PCGF knockdown cells relative to the control was quantified using real-time
qPCR and normalized to host gapdh (Fig. 7D). The ehrlichial replication and the host cell
division were normalized by comparing ehrlichial dsb copy numbers and human gapdh,
in control and PcG knockdown cells, and the bacterial fold changes in PCGF knockdown

FIG 6 E. chaffeensis infection results in decreased PRC1-mediated repressive histone marks. (A) Western blot analysis of E. chaffeensis-infected and
uninfected whole-cell lysates using H2AK119Ub- and H3K27me3-specific antibodies. GAPDH was used as the loading control, and H2A and H3
were used as nucleosome core particle controls. (B) GAPDH-normalized relative abundance of H2AK119 to H2A (n � 3; Student’s two-tailed t test;
*, P � 0.05). (C) GAPDH-normalized relative abundance of H3K27me3 to H3 (n � 3). (D) Chromatin immunoprecipitation with H2AK119Ub from
E. chaffeensis-infected or uninfected cells followed by promoter/gene enrichment analysis of HOXB9 with real-time qPCR demonstrating a
decrease in PRC1-mediated repressive histone marks in the HOXB9 promoter. Error bars indicate standard deviations between experiments (n �
4; Student’s two-tailed t test; **, P � 0.001).
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cells were calculated using the 2�ΔΔCT method. There were 4-, 2.2-, 2.6-, and 5.2-fold
increases in E. chaffeensis infection in cells with reduced protein expression of PCGF2,
-3, -4, and -5, respectively.

DISCUSSION

Recently, there has been a growing appreciation of effector-mediated epigenetic
regulation of host transcriptome by intracellular pathogens during infection (12, 31, 32).
We have previously demonstrated that during E. chaffeensis infection, TRP effectors
target genes encoding chromatin-modifying enzymes and interact with several chromatin-
associated proteins, including PCGF5 (13, 26). The interaction of TRP120 with PCGF5
involves posttranslational modification of TRP120 in the carboxy-terminal domain,
where it is conjugated to SUMO at a canonical SUMO motif (14). The study also
demonstrated that the disruption of TRP120 sumoylation perturbed TRP120-PCGF5
interactions in the RING domain of PCGF5. Moreover, in a recent study, we have also
demonstrated that Nedd4L, a HECT E3 ubiquitin ligase, is also involved in TRP120
ubiquitination and redistribution of PCGF5 to the ehrlichial vacuole (16).

PCGFs are the paralogous PcG members, assemble in multisubunit nuclear com-
plexes, and regulate the transcriptional outcome of numerous mammalian genes,
including Hox genes (33, 34). Though PcGs are well studied in developmental biology
and oncology, this is the first description of an intracellular bacterium exploiting these
epigenetic regulators to promote infection in the host cell. In this study, we have
demonstrated that during early infection, TRP120 interacts with PCGFs in the nucleus,
followed by redistribution of these proteins to the ehrlichial vacuole and subsequent
degradation. Decreased host PCGF isoforms promote E. chaffeensis infection, and this
coincides with altered Hox gene expression and associated repressive epigenetic marks.

FIG 7 siRNA-mediated silencing of PCGF isoforms increases E. chaffeensis infection. THP-1 cells were transfected with isoform-specific
siRNA and then infected with E. chaffeensis at 24 h posttransfection. (A) Alexa Fluor 488-conjugated siRNA-transfected cell, showing high
efficiency of RNA transfection using Lipofectamine 3000. (B) Western blot analysis of the total cell lysate from control and siRNA-
transfected THP-1 cells confirmed the decrease in PCGF2, PCGF3, PCGF4, and PCGF5 48 h posttransfection. GAPDH was used as the loading
control. The relative abundance of PCGF isoforms in siRNA-transfected cells was determined after normalization to the loading control and
then represented as the percentage remaining after the knockdown. (C) Table representing the percentage increase in ehrlichial morulae
and the average number of morulae/cell for each PCGF isoform-specific knockdown. The average morula counts were determined by
counting the number of morula present in each field of view and then dividing that by the number of cells counted. The experiment was
repeated three times in duplicate, and the values shown are means � standard deviations (Stdev). (D) The fold change in ehrlichial
infection was determined by comparing the ehrlichial dsb to the host cell gapdh in individual PCGF knockdown using real-time qPCR at
48 hpi (n � 3; *, P � 0.05).
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A previous study has demonstrated that E. chaffeensis interacts with PCGF5, and
TRP120 is also known to translocate to the nucleus, where it binds to host DNA (26).
Thus, we investigated the possibility of a nuclear interaction of TRP120 with PCGF5 in
E. chaffeensis-infected cells using confocal laser scanning microscopy. The micrographs
revealed that during early infection, nuclear TRP120 strongly colocalizes with PCGF5.
Based on a previous study, which demonstrated the importance of TRP120 sumoylation
and interactions with PCGF5, it is highly likely that the nuclear interaction of TRP120
with PCGF5 is SUMO dependent (14). Moreover, SUMO modifications are often involved
in diverse nuclear processes, including alteration in chromatin structure due to asso-
ciation with different repressor complexes, including PcGs (35).

PcG complexes are involved in heterochromatin formation and aggregated in a
limited number of nuclear foci rather than dispersed throughout the genome (36–39).
In this study, confocal laser microscopy revealed that PCGF isoforms are mainly present
as punctate nuclear aggregates in uninfected cells, and during infection, these isoforms
were dramatically redistributed from the nucleus to the ehrlichial vacuole by 48 hpi.
The redistribution of PCGFs to the ehrlichial vacuole requires the prior interaction of
TRP120 with PCGF isoforms, which involves posttranslational modification of TRP120
(14, 16). Recently, it was also demonstrated that TRP120 has a HECT E3 ligase domain
with a functionally conserved catalytic site involved in polyubiquitination of PCGF5 (16).
This finding further supports our observation that the PCGFs are subsequently de-
graded via the ubiquitin 26s proteasome proteolytic pathway during E. chaffeensis
infection. Though we have seen a significant increase in the PCGF2 transcript level,
there were no significant changes in PCGF2 levels, suggesting a rapid decay in mRNA
during infection; however, further investigation is needed to define the basis of PCGF2
stability during E. chaffeensis infection.

The degradation of PCGF isoforms coincided with an alteration in the transcription
of PRC-repressed Hox genes in E. chaffeensis-infected cells. A majority of Hox genes with
altered transcription profiles in infected cells were upregulated, suggesting a direct
relation between PCGF degradation and transcriptional activation of Hox genes. The
data strongly suggest that during infection, certain Hox genes, like genes in the HOXB
and HOXC clusters, are more actively transcribed due to degradation of PCGFs and
displacement of PRC complexes. This observation agrees with a recent study demon-
strating derepression of the HOXB cluster in embryonic stem cells (ESCs) in the absence
of Ring1B, a PCGF-interacting core component of PRC1 (15, 40). Using siRNA-mediated
PCGF knockdown, we also confirmed the role of PCGFs as one of the primary regulators
of Hox genes in E. chaffeensis-infected cells. Differences in expression pattern in
individual PCGF knockdowns can be attributed to the fact that Hox genes may be
autoregulated by their own products, or controlled by other HOX proteins (41–43). The
mechanism of these complex interactions remains mostly undefined.

Since PCGFs, the core component of a PRC1 complex, are degraded during E.
chaffeensis infection, the levels of PRC1- and PRC2-mediated repressive histone marks
in E. chaffeensis-infected cells were analyzed using Western blotting. A significant
decrease in PRC1- but not PRC2-mediated repressive histone marks was observed at
late stages of infection, suggesting that during infection, E. chaffeensis TRP effectors
selectively target genes, mainly regulated by the PRC1 type of complexes by manipu-
lating global levels of PcGs. This result is also consistent with another study, which
recently reported the loss of H2AK119Ub in the absence of PCGF5 in hematopoietic
stem and progenitor cells (44). Moreover, these data are in agreement with multiple
recent studies that emphasize the independent role of PRC1 in gene repression (45–47).

PRC-mediated gene silencing can be due to either direct inhibition, where PRCs bind
to a promoter region and interfere with the binding of the transcription machinery, or
due to the formation of an inhibitory chromatin structure, nonconducive to the passage
of transcription machinery (48). Genome-wide analysis of PRC1 and PRC2 targets in
murine and human ESCs revealed that the PRCs mainly associate with the promoter
regions of developmental regulators (49, 50). To determine whether the changes in Hox
gene expression are related to the removal of PRC1-related repressive histone marks
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during E. chaffeensis infection, we performed chromatin immunoprecipitation using an
antibody against H2Ak119Ub, followed by gene-specific enrichment using real-time
PCR, with healthy and E. chaffeensis-infected cells. The result showed a Hox gene-
specific decrease in the H2AK119Ub repressive mark in infected cells, demonstrating
that the activation of Hox genes is due to the loss of PRC1-mediated H2AK119Ub marks
from the Hox gene promoter.

siRNA-mediated silencing of PCGF isoforms significantly promotes E. chaffeensis
infection, demonstrating the importance of these epigenetic regulators in maintaining
infection. The PRC1 complexes serve as the epigenetic regulator of genes associated
with several evolutionary conserved molecular pathways such as Wnt and Notch that
are involved in cell fate determination, including regulation of self-renewal or prolif-
eration, senescence or immortalization, and cell death. Moreover, recent studies have
demonstrated that different PCGF isoforms play a significant role in conserved cell
signaling pathways like Wnt and Notch, which are activated by E. chaffeensis during
infection (51–53). Through this investigation, we conclude that E. chaffeensis TRP120
targets components of host epigenetic complexes to control diverse cellular and
molecular pathways to promote E. chaffeensis infection.

MATERIALS AND METHODS
Cell culture and cultivation of E. chaffeensis. Human monocytic leukemia cells (THP-1) were

cultured in RPMI 1640 medium with L-glutamine and 25 mM HEPES buffer (Invitrogen), supplemented
with 1 mM sodium pyruvate (Sigma, St. Louis, MO), 2.5 g/liter D-(	)-glucose (Sigma, St. Louis, MO), and
10% fetal bovine serum (HyClone, Logan, UT). E. chaffeensis (Arkansas strain) was cultivated in THP-1 cells
as previously described (54).

siRNAs and antibodies. siRNAs used in this study were PCGF2 (sc-38191), PCGF3 (sc-89157), PCGF4
(sc-29814), PCGF6 (sc-90663), and nontargeting siRNA (sc-37007) (Santa Cruz Biotechnology, Santa Cruz,
CA). siRNA for PCGF5 (M-007089-01) was obtained from GE Dharmacon (Lafayette, CO). Alexa Fluor
488-labeled negative siRNA was obtained from Qiagen (Germantown, MD). Polyclonal mouse anti-
TRP120 antibody used in this study was generated against a peptide (SKVEQEETNPEVLIKDLQDVAS) and
was described previously (55). Polyclonal mouse anti-PCGF5 antibody used in this study was generated
against a peptide (PKVDEEGDENEDDKDYHRS) and was described previously (56). Other antibodies used
in this study were LaminB1 (sc-30264), GAPDH (sc-47724), PCGF2 (sc-10744) (Santa Cruz), PCGF3
(Invitrogen, Carlsbad, CA), PCGF4 (sc-10745), PCGF6 (sc-367209) (Santa Cruz), H3K27Me3 (Millipore,
Billerica, MA), and H2AK119Ub (Cell Signaling, Beverly, MA) antibodies.

Immunofluorescence and confocal laser microscopy. Uninfected and E. chaffeensis-infected
THP-1 cells were collected at 3, 12, 24, 48, and 72 h postinfection (hpi) and adhered to glass slides
by cytocentrifugation. The cells were fixed with 4% paraformaldehyde (PFA) for 20 min at room
temperature, followed by washes in phosphate-buffered saline (PBS) twice. Fixed cells were blocked
and permeabilized with 0.3% Triton X-100 in 2% bovine serum albumin (BSA) for 30 min and washed.
The cells were then incubated with primary antibody (1:100) in PBS with 2% BSA for 1 h, washed,
and incubated with Alexa Fluor 568 IgG (H	L) and/or Alexa Fluor 488 IgG (H	L) secondary
antibodies (1:100) for 30 min. The slides were washed 3 times and mounted with ProLong Gold
antifade reagent with DAPI (4=,6-diamidino-2-phenylindole) (Invitrogen). Immunofluorescence im-
ages were captured with an Olympus BX61 epifluorescence microscope and analyzed using Slide-
book software (v.5.0; Intelligent Imaging Innovations, Denver, CO). Confocal laser micrographs were
obtained with an LSM 510 meta-confocal laser microscope and analyzed with LSM meta-software
(v.4.0). Intensity correlation analysis (ICA) and corrected total cell fluorescence (CTCF) were measured
using ImageJ (57, 58). Briefly, the region of interest in a micrograph was marked with a selection tool
in ImageJ, and the ICA plugin was used to calculate Pearson’s correlation coefficient. For total cell
fluorescence after selection of the region of interest in a micrograph, the measurement tool was
used to calculate CTCF.

Western immunoblot analysis. Cells were washed twice with PBS, and lysates were prepared
using CytoBuster protein extraction reagent (Novagen/EMD, Gibbstown, NJ) supplemented with
cOmplete, mini, EDTA-free protease inhibitor (Roche, Basel, Switzerland), and 10 mM phenylmethe-
nesulfonylfluoride (PMSF) (Sigma, St. Louis, MO). The cell lysates were centrifuged at 15,000 � g for
10 min at 4°C. The supernatants were collected, and protein concentration was then measured using
a Pierce BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA). Equal amounts of protein (15
to 30 �g/well) were separated by SDS-PAGE, transferred to a nitrocellulose membrane, and
immunoblotted with primary antibodies. Horseradish peroxidase-conjugated mouse anti-rabbit or
rabbit anti-goat IgG (H	L) secondary antibodies (Kirkegaard & Perry Laboratories, Gaithersburg, MD)
were used and visualized by SuperSignal West Dura chemiluminescent substrate or ECL (Thermo
Fisher Scientific).

Inhibition of proteasome activity. E. chaffeensis-infected or uninfected THP-1 cells were treated
with either 0.1% DMSO (control) or 100 nM bortezomib (59) for 10 h beginning at 38 h postinfection.
After incubation, cell viability and morula morphology and number were determined by trypan blue
staining and confirmed using a NucView488 and MitoView633 apoptotic assay kit (Biotium, Fremont, CA).
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The whole-cell lysates were prepared using CytoBuster protein extraction reagent (EMD Millipore) and
subjected to SDS-PAGE separation and Western immunoblot analysis using PCGF isoform-specific
antibodies. The band intensity of individual PCGF isoforms was measured and normalized with loading
control (GAPDH).

RNA isolation and cDNA synthesis. E. chaffeensis-infected or uninfected THP-1 cells were harvested
at different time points (4, 10, 24, 48, and 72 h postinfection), and total RNA was isolated using an RNeasy
minikit (Qiagen). On-column DNA digestion was performed using an RNase-free DNase kit (Qiagen). The
concentration and purity of RNA were determined using a Nanodrop 100 spectrophotometer (Thermo
Fisher Scientific, West Palm Beach, FL). cDNA was synthesized from total RNA (0.5 �g) using the RT2 first
strand kit (Qiagen).

PCR array. PCR arrays were performed using a 96-well custom profiler RT2 PCR array (Qiagen SA
Biosciences, Germantown, MD) for 39 human Hox genes according to the manufacturer’s instructions.
First, amplified cDNA was diluted with RNase-free water and mixed with 2� RT2 SYBR green master mix
(Bio-Rad, Hercules, CA). PCR master mix (25 �l) was dispensed into each well of the PCR array. Real-time
PCR was performed on a Mastercycler EP Realplex2 S (Eppendorf, Hamburg, Germany). The cycling
conditions used were as follows: 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. The
real-time cycler software RealPlex 1.5 (Eppendorf) was used for PCR and data collection. The data were
analyzed by using a PCR array data analysis Web portal (SA Bioscience). The beta-actin/ACTB gene was
used for normalization of the sample data, and normalization to the housekeeping genes was performed
by calculating the cycle threshold (ΔΔCT) for each gene of interest in the plate. Any CT value greater than
35 was considered to be a negative result. The RT2 Profiler PCR array data analysis software calculates the
fold change based on the ΔΔCT method (60, 61). PCR array quality checks were performed using
Web-based PCR array data analysis software (v.3.5; SABiosciences) for reproducibility. Reverse transcrip-
tion control (RTC), positive PCR control (PPC), and human genomic DNA contamination control (HGDC)
were included.

Quantitative chromatin immunoprecipitation. E. chaffeensis-infected or uninfected THP-1 cells
(1 � 107) were harvested at 48 hpi for chromatin immunoprecipitation (ChIP) using an EZ-Magna ChIP
A/G kit (EMD Millipore). Briefly, cells were cross-linked with 1% formaldehyde (final concentration) for 10
min, followed by quenching with glycine and subsequent washing with PBS on ice. Cells were lysed using
lysis buffer, and nuclei were released using a Dounce homogenizer. Sonication was performed on ice to
obtain �1-kb nucleic acid fragments using a Sonics Vibra-Cell, and antibodies against H2AK119Ub and
control IgG were used to perform ChIP. The cross-linked nucleic acids were eluted out of the solution by
using the manufacturer’s protocol and confirmed on a 2% agarose gel. The gene enrichment was
performed using real-time PCR on a Mastercycler EP Realplex2 S (Eppendorf) using ChIP-validated primers
and iQ SYBR green Supermix (Bio-Rad). Fold enrichment (2�ΔΔCT) was calculated after normalization of a
signal over background.

RNA interference. THP-1 cells (1.0 � 106) were transfected with 10 nM human siRNA using
Lipofectamine 3000 (Invitrogen). Briefly, specific siRNA (3 �l) and Lipofectamine 3000 reagent (7.5 �l)
were added to Opti-MEM medium (250 �l) (Invitrogen), incubated for 5 min at room temperature, and
then added to the cell suspension in a 6-well plate. A control siRNA consisting of a scrambled sequence
was used as a negative control, and a fluorescently labeled siRNA (Alexa Fluor 488-conjugated siRNA) was
used as a control for transfection monitoring and optimization. At 1 day posttransfection, the cells were
infected with cell-free E. chaffeensis (multiplicity of infection [MOI], �50). Infected cells were harvested
at different time points for qPCR and the PCR array. The PCGF isoform knockdowns were confirmed by
Western immunoblotting in siRNA-transfected THP-1 cells with isoform-specific antibody, and the
knockdown efficiency was determined using densitometric analysis.

Quantification of E. chaffeensis by qPCR. E. chaffeensis infection was evaluated by real-time qPCR
as previously described (25). Briefly, E. chaffeensis-infected THP-1 cells (48 hpi) were pelleted, washed
with PBS, and lysed in SideStep lysis and stabilization buffer (Agilent, Santa Clara, CA) at room
temperature, and lysates were used in qPCRs. Amplicons for the ehrlichial dsb gene and the human
GAPDH gene were obtained using dsb forward primer 5=-GCTGCTCCACCAATAAATGTATCCCT-3=, dsb
reverse primer 5=-GTTTCATTAGCCAAGAATTCCGACACT-3=, human gapdh forward primer 5=-GGAGTCCA
CTGGCGTCTTCAC-3=, and human gapdh reverse primer 5=-GAGGCATTGCTGATGATCTTGAG-3= in two
separate qPCRs. The bacterial fold change was calculated using the 2�ΔΔCT method and CT values for the
ehrlichial dsb and host GAPDH genes in PCGF knockdown and the transfected control cells.

Statistical analysis. The statistical analysis of experimental groups was calculated using a two-tailed
Student’s t test.
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