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Urinary tract infections caused by uropathogenic Escherichia coli (UPEC) pathovars belong to the most frequent infections in
human. It is well established that UPEC can subvert innate immune responses, but the role of UPEC in interfering with host cell
death pathways is not known. Here, we show that UPEC abrogates activation of the host cell prosurvival protein kinase B signaling
pathway, which results in the activation of mammalian forkhead box O (FOXO) transcription factors. Although FOXOs were local-
ized in the nucleus and showed increased DNA-binding activity, no change in the expression levels of FOXO target genes were ob-
served. UPEC can suppress BIM expression induced by LY249002, which results in attenuation of caspase 3 activation and blockage
of apoptosis. Mechanistically, BIM expression appears to be epigenetically silenced by a decrease in histone 4 acetylation at the BIM
promoter site. Taken together, these results suggest that UPEC can epigenetically silence BIM expression, a molecular switch that
prevents apoptosis.
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Uropathogenic Escherichia coli (UPEC) is the causative patho-
gen in the vast majority of both acute and chronic urinary tract
infections in humans [1, 2]. Thought to originate from the in-
testinal tract, pathogens can enter the urethra and ascend in a
retrograde manner to the urinary bladder and, in more-severe
cases, also can colonize the kidney, causing pyelonephritis. Con-
versely, owing to the anatomical connection of the urinary tract
to the genital tract in the male, UPEC can invade the ductal sys-
tem of the male genital tract and cause urethritis, prostatitis,
epididymitis, or combined epididymo-orchitis [3, 4]. Conse-
quently, in isolates frommen in whom epididymo-orchitis is di-
agnosed, urinary tract pathogens such as E. coli pathovars,
rather than other gram-negative bacteria and sexually transmit-
ted microbes, are predominantly identified [1, 2, 5]. UPEC
strains possess a plethora of virulence factors that enable
them to colonize and manipulate the host innate immune re-
sponse. In recent years, the UPEC virulence factor α-hemolysin
has been shown to deviate host survival signaling pathways, in-
cluding those involving mitogen-activated protein kinases, nu-
clear factor κB, protein kinase B (AKT), and inflammasome
activation, as a strategy to escape the host immune response
[6–8]. In addition, α-hemolysin directly suppresses release of
cytokines (such as interleukin 6 and tumor necrosis factor α)
by killing natural killer cells [9].

Mammalian forkhead box O (FOXO) transcription factors,
orthologs of the Caenorhabditis elegans forkhead factor DAF-
16, include 4 highly conserved members: FOXO1, FOXO3,
FOXO4, and FOXO6. The FOXO transcription factors are nega-
tively regulated by the phosphatidylinositol-3-kinase (PI3K) and
AKT signaling pathway [10, 11]. AKT-dependent phosphoryla-
tion of distinct threonine and serine residues at multiple sites
on FOXO causes rapid translocation of FOXO proteins from
the nucleus to the cytoplasm and promotes ubiquitin-mediated
degradation. In contrast, inactivation of the PI3K-AKT signaling
pathway by withdrawal of growth factors or other factors results
in accumulation of FOXOs in the nucleus and, hence, increased
transcriptional activity. Upon activation, FOXOs regulate diverse
gene expression programs and affect multiple cellular processes,
such as cell metabolism, cell cycle arrest, differentiation, reactive
oxygen species (ROS) detoxification, DNA repair, autophagy,
and apoptosis [12–14]. FOXOs mediate mitochondria-depen-
dent and -independent apoptosis by regulating the expression
of death receptor ligands, such as Fas ligand (FasL) and tumor
necrosis factor–related apoptosis inducing ligand, or by enhanc-
ing the expression of pro-apoptotic BCl2 family members, such
as BIM [15, 16]. BIM, a BH3 only member of the BCL2 family,
can directly activate BAX or BAK oligomerization, which further
leads to permeabilization of the outer mitochondrial membrane,
subsequently inducing apoptosis [17, 18].Gilley et al have report-
ed that FOXO3 directly activates the BIM promoter via 2 con-
served FOXO binding sites to upregulate BIM expression and
induce neuron apoptosis [19]. In addition, many studies on
growth factor deprivation or treatment with chemicals that lead
to induction of apoptosis were characterized by increased expres-
sion of BIM and nuclear accumulation of FOXOs. Increasing ev-
idence suggests that AKT/FOXO/BIM signaling is involved not
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only in carcinogenesis, but also in infection and inflammation
[15, 20–22]. The programmed cell death pathways generally act
as part of the host defense system or by manipulating its media-
tors as a component of the survival strategy of the pathogen [23].
Apoptosis is a noninflammatory or even antiinflammatory cell
death pathway, whereas necrosis elicits proinflammatory cell
death signaling [24]. Apoptotic clearance of host cells not only
can be bactericidal, but also can aid to restrict the host immune
response. On the contrary, necrosis facilitates bacterial dissemi-
nation and transmission and induces excessive and prolonged
inflammation.

The objective of this study was to investigate the molecular
mechanism of UPEC-mediated suppression of apoptotic cell
death pathways as a means to facilitate bacterial propagation
and silent progression to chronic disease.

METHODS

Animals and Sertoli Cell Isolation
Male Wistar rats aged 19 days were purchased from Charles
River Laboratories (Sulzfeld, Germany). This study was per-
formed in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals and German
animal welfare law. The protocol was approved by the Commit-
tee on the Ethics of Animal Experiments of the Regierungsprae-
sidium Giessen, Giessen, Germany (permit GI 20/23 [no. 16/
2009] and GI 20/23 [no. A31/2012]).

Sertoli cells were isolated from 19-day-old Wistar rats as pre-
viously described [7]. Purity of Sertoli cell preparations was
estimated as >95% by immunofluorescence analysis, using anti-
bodies directed against vimentin (Santa Cruz, Dallas, Texas).

Propagation of Bacteria
Uropathogenic E. coli strain 536 and the mutant with deletion
of both genes encoding α-hemolysin in the UPEC 536 strain
(UPEC 536 hemolysin double mutant [HDM]) were propagat-
ed overnight on Columbia blood agar plates (Oxoid, Wesel,
Germany). The bacteria were inoculated in LB medium and
grown to early growth phase (OD600 = 0.4–0.8) at 37°C in a
shaking incubator. The concentration of viable bacteria was de-
termined by using standard growth curves.

Rat Bacterial Epididymo-orchitis Model
Epididymo-orchitis was elicited in male Wistar rats as described
previously [7, 25]. Briefly, 100 µL of saline containing approxi-
mately 4 × 106 bacteria were injected into the vas deferens close
to the distal end of the epididymis. Sham-operated rats were in-
jected with saline.

Immunoblotting
Immunoblotting was performed as described previously [7].
Briefly, 20 µg of protein were separated on 7.5%–15% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and trans-
ferred onto nitrocellulose membranes (GE Healthcare, Bu-
chinghamshire, United Kingdom). Membranes were probed

with indicated primary antibodies and corresponding peroxi-
dase-conjugated secondary antibodies. The blots were devel-
oped by enhanced chemiluminescence (Thermo Scientific)
and visualized by using the Fusion imaging system (Peqlab,
Erlangen, Germany).

FOXO DNA-Binding Activity Assay
Nuclear extracts were isolated from UPEC-infected Sertoli cells,
using the Nuclear Extract Kit (Active Motif, La Hulpe, Belgium)
according to the manufacturer’s instruction. The DNA-binding ac-
tivity of nuclear FOXO1 was measured using the Trans-AM FKHR
Kit (Active Motif) as instructed by the manufacturer, using a Bio-
Source enzyme-linked immunosorbent assay reader and installed
software (Berthold Technologies, Bad Wildbad, Germany).

Chromatin Immunoprecipitation (ChIP) Assay
ChIP assay was performed using the ChIP Assay Kit (EMD
Millipore) according to the manufacturer’s instruction. Briefly,
extracted chromatin was sonicated in 500 µL of lysis buffer for
16 rounds of 10 seconds each, with intervals of 2 minutes, using
an Ultrasonic homogenizer (Bandelin Sonopuls, Berlin, Germa-
ny) at 50% intensity, to generate fragments of 200–1000 base
pairs of DNA. Sheared chromatins were immunoprecipitated
by using rabbit anti-acetyl-histone 3 and rabbit anti-acetyl-his-
tone 4 antibodies (EMD Millipore). Anti-rabbit immunoglobu-
lin G (IgG) antibody (Abcam, Cambridge, United Kingdom)
was used as negative control. Precipitated DNA was analyzed
by the iCycler real-time polymerase chain reaction (PCR) sys-
tem (Bio-Rad), using the iQSYBR Green Supermix from Bio-
Rad. The PCR conditions were 8 minutes at 95°C, 20 seconds
at 95°C, 30 seconds at 59.6°C, and 30 seconds at 72°C for 45
cycles. Two percent of input was compared to the immunopre-
cipitation sample, and the values from the IgG control were
subtracted as background. Primers for the BIM promoter region
were as follows: forward, 5′-GGTGATGAAGAGTCCCGCTT-3′;
reverse, 5′-GGTGCAAGGATGGGTACTGT-3′.

More-detailed methods can be found in the Supplementary
Data.

RESULTS

UPEC Suppress the AKT Survival Signaling Pathway and Cause
Activation of FOXO Transcription Factors in an Experimental Bacterial
Epididymo-orchitis Model
In our previous study, we demonstrated that necrosis constitutes
the predominant cell death pathway in UPEC-infected rat testes
[25]. To determine whether UPEC impede the host’s AKT sur-
vival signaling pathway and actively alter the ability of infected
cells for cellular survival, we performed Western blot analysis
of testicular homogenates after UPEC infection. As compared
to sham control, levels of phosphorylated AKT decreased in
UPEC-infected testes (Figure 1A). In agreement, immunofluores-
cence analysis of phosphorylated AKT in cryosections of control
testes revealed strong staining, whereas UPEC-infected testes
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sections showed only faint labeling (Figure 1B). Similar to AKT
phosphorylation, the phosphorylation of FOXO1 and FOXO3
was decreased or absent in UPEC-infected testes, as determined
by Western blot (Figure 1C). Immunofluorescence of FOXO1
was very weak in sham control testes, whereas prominent labeling
of FOXO1 was evident in seminiferous epithelium of UPEC-
infected testes. FOXO3 immunofluorescence was seen in the

cytoplasm of peritubular cells in sham control testes. In infected
testes, fluorescence intensity increased and was visible in the nu-
clei of cells located at the base of the seminiferous epithelium,
with labeling in the peritubular cells mostly lost (Figure 1D).
Taken together, these results indicate that UPEC infection
leads to the suppression of the AKT survival signaling pathway
and consequently activation of FOXO transcription factors in
UPEC-infected testes.

UPEC Virulence Factor α-hemolysin Suppresses the AKT Survival
Signaling Pathway in Sertoli Cells
The facts that in our previous study substantial necrotic changes
were seen in Sertoli cells in UPEC-infected testes [25] and that
FOXO immunofluorescence was visible in the nuclei of Sertoli
cells of infected testes (Supplementary Figure 1A and 1B)
prompted us to examine whether UPEC are involved in Sertoli
cell death by attenuation of the AKT survival pathway. Therefore,

Figure 1. Uropathogenic Escherichia coli (UPEC) inactivate the protein kinase B
(AKT) survival signaling pathway and activate mammalian forkhead box O (FOXO)
transcription factors in vivo. Testes homogenates of sham control and UPEC-treated
groups were separated by sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (n = 3; 50 µg), and immunoblots were probed with p-AKT (Ser 473; A), p-FOXO1
(Thr 24; C), p-FOXO3 (Thr 32; C), and β-actin as loading control (A and C). B and D,
Cryosections of sham control testes and testes collected 7 days after UPEC infection
were probed with p-AKT (Ser 473; B), FOXO1 (D), and FOXO3 (D) antibodies. Primary
antibodies were visualized with Cy3-labeled secondary antibodies, and nuclei were
counterstained with DAPI. Micrographs were taken using an Axioplan 2 fluorescence
microscope (Carl Zeiss, ×20 objective lens). Scale bars = 50 µm. In the control group,
the arrows indicate cells with cytoplasmic location of FOXO1 and FOXO3, whereas in
the UPEC-treated group, the arrowheads indicate cells with positive nuclear staining
of FOXO1 and FOXO3.

Figure 2. α-hemolysin is the responsible uropathogenic Escherichia coli (UPEC)
virulence factor for inactivation of the protein kinase B (AKT) signaling pathway in
isolated Sertoli cells. A, Sertoli cells were treated with UPEC (multiplicity of infec-
tion [MOI], 0.01) for the indicated periods. Protein extracts (20 µg) were separated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and immunoblots were
probed with p-AKT (Ser 473) and total AKT. B, Sertoli cells were treated with UPEC
536 (hemolysin double mutant [HDM]; MOI, 0.01) for the indicated periods. Extracts
of whole-cell lysates (20 µg) were immunoblotted for p-AKT (Ser 473) and total AKT.
C, AKT dephosphorylation caused by UPEC infection is calcium dependent. Sertoli
cells were incubated in calcium-free medium 1 hour before infection with UPEC
(MOI, 0.01) for the indicated periods. Total cell lysates were subjected to Western
blot analysis using antibodies against p-AKT (Ser 473) and total AKT. In all panels, β-
actin served as a loading control. Data are representative of 3 independent
experiments.
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isolated Sertoli cells were infected in vitro with UPEC strains ex-
pressing α-hemolysin (UPEC 536) and a mutant with deletion
of both α-hemolysin genes in HDM.

UPEC completely abrogated AKT phosphorylation 4 hours
after infection, whereas infection with HDM showed no change
after 4 hours and a marked increase in AKT phosphorylation
6 hours after infection (Figure 2A and 2B). To verify the role
of α-hemolysin in AKT dephosphorylation, Sertoli cells were
challenged with UPEC in calcium-free medium, with the phos-
phorylation status of AKT remaining unchanged (Figure 2C).
Next, we sought to determine whether AKT dephosphorylation
represents a Sertoli cell–specific event or a more general phe-
nomenon. Hence, testicular peritubular myoid cells and a uroe-
pithelial cell line (5637) were treated with UPEC, as both serve
as models for UPEC target cells in organs typically reached in
infection (ie, organs in the urinary tract and testes). In both
cases, UPEC infection ablated AKT activation, indicating a
more general phenomenon (Supplementary Figure 2). In con-
trast, infection with HDM showed an increase in AKT

phosphorylation in testicular peritubular myoid cells and the
uroepithelial cell line 5637 (Supplementary Figure 2).

Activation of the FOXO Signaling Pathway After UPEC Infection

To investigate whether FOXOs are also activated in testicular
Sertoli cells following AKT suppression, FOXO1 and FOXO3
levels were examined byWestern blot and immunofluorescence.
Immunoblot data revealed that phosphorylation of FOXO1,
FOXO3, and FOXO4 was barely detectable in isolated Sertoli
cells 4 hours after UPEC infection (Figure 3A and Supplemen-
tary Figure 3A). In contrast, Sertoli cells infected with HDM
and phosphorylation of FOXO1, FOXO3, and FOXO4 were sig-
nificantly increased or remain unchanged (Figure 3B and Sup-
plementary Figure 3B). In support, immunofluorescence data
showed that FOXO1, FOXO3 and FOXO4 accumulate in the
nucleus after exposure to UPEC (Figure 3C, Supplementary Fig-
ure 3C). Further credence for activation of the FOXO signaling
pathway was provided by a significant increase in the DNA-
binding activity of FOXO1 after incubation with UPEC

Figure 3. Uropathogenic Escherichia coli (UPEC) infection induces dephosphorylation and nuclear translocation of mammalian forkhead box O (FOXO) family proteins in
isolated Sertoli cells. A, Sertoli cells were challenged with UPEC (A) or UPEC 536 (hemolysin double mutant [HDM]; B) for the indicated periods. Extracts of whole-cell lysates
(20 µg) were subjected to Western blot analysis, using antibodies against p-FOXO1 (Thr 24), FOXO1, p-FOXO3 (Thr 32), and FOXO3. β-actin served as the loading control. C, UPEC
infection causes FOXO1 and FOXO3 nuclear translocation in Sertoli cells. Cells were incubated with UPEC or Roswell Park Memorial Institute medium alone as a control for
4 hours. Immunofluorescence staining was performed for FOXO1 and FOXO3 and visualized using Cy3-labeled secondary antibodies. Nuclei were counterstained with Cy5-
conjugated TO-PRO-3 dye. Representative images of each sample are shown. D, Sertoli cells were incubated with UPEC for the indicated time points or with medium alone as
control. DNA-binding activity of FOXO1 was measured in nuclear extracts, using the Trans-AM FKHR kit. Multiplicity of infection was 0.01 in all cases of infection. Data are
shown as mean ± SD of 3 independent experiments. *P < .05, by 1-way analysis of variance.
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(Figure 3D). Together, these results strongly propose a role for
the UPEC virulence factor α-hemolysin in activation of FOXO
transcription factors in Sertoli cells.

FOXO-Dependent Genes Are Not Upregulated After UPEC Treatment
Accumulated FOXOs in the nucleus can bind to promoters or
enhancers to regulate expression of various FOXO-dependent
genes involved in apoptosis, ROS detoxification, DNA repair,
and cell cycle arrest. It has been reported recently that Porphyr-
omonas gingivalis, a prominent periodontal and emerging sys-
temic pathogen, could activate FOXO transcription factors to
control oxidative stress responses by upregulation of superoxide
dismutase 2 (SOD2) and catalase [26]. The upregulation of
SOD2 and catalase by the FOXO family could detoxify ROS
as a cell survival strategy [13, 27]. As the next step, we investi-
gated the expression levels of these enzymes by quantitative

reverse-transcription PCR and Western blot analysis. Surpris-
ingly, protein and messenger RNA (mRNA) expression levels
of the FOXO target gene SOD2 and catalase were not regulated
by UPEC infection at any of the investigated time points (Fig-
ure 4A and 4B). Similarly, the expression of BIM was not
changed at the protein level, but the mRNA level was downre-
gulated, although not significantly (Figure 4C). In addition, no
change was documented in protein/mRNA expression levels of
other known FOXO target genes such as p15INK4B, p27Kip1
and Cyclin D1 as mediators of cell cycle arrest and the DNA
repair gene Gadd45α in Sertoli cells following UPEC infection
(Supplementary Figure 4).

BIM Is Upregulated by PI3K Inhibitor but Suppressed by UPEC Infection
Despite the nuclear translocation of FOXO and increased
DNA-binding activity following UPEC infection, no significant

Figure 4. Expression of mammalian forkhead box O (FOXO) target genes SOD2, catalase, and BIM are not affected on the protein and messenger RNA level in isolated
Sertoli cells by uropathogenic Escherichia coli (UPEC) infection. A–C, Sertoli cells were infected with UPEC (multiplicity of infection, 0.01) for the indicated periods. Immu-
noblots of cell lysates (20 µg) were probed with antibodies directed against SOD2 (A), catalase (B), and BIM (C). A–C, Detection of β-actin served as the loading control on
reprobed membranes. Data are representative of 3 independent experiments. A–C, Total RNA was isolated from cells treated with UPEC (multiplicity of infection, 0.01) at the
indicated periods. Expression levels of SOD2, catalase, and BIM messenger RNAs were quantified by quantitative reverse-transcription polymerase chain reaction analysis.
Results were normalized to expression levels of β-2-microglobulin. All data are shown as mean ± SD of at least 3 independent experiments.
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increase in the expression of FOXO target genes was evident.
Hence, we sought to determine whether this phenomenon
was specific to the investigated cell type or, alternatively, wheth-
er it can be attributed to the pathogen independent of the in-
fected cell type. Therefore, Sertoli cells were treated with the
PI3-kinase/AKT inhibitor LY249002 and subsequently ana-
lyzed for AKT phosphorylation. As shown in Figure 5A, after
AKT inhibition by LY249002, FOXO1 and FOXO3 were de-
phosphorylated. Of note, the protein levels of the FOXO target
genes SOD2, catalase, and p27KIP1 remained unchanged, as ex-
amined by Western blot analysis (Supplementary Figure 5). In
contrast, protein levels of BIM were significantly increased 16
hours and 24 hours after LY249002 treatment (Figure 5B). To
investigate this further, we treated Sertoli cells with LY249002
for 12 hours, followed by treatment with UPEC for 4 hours. Re-
markably, UPEC significantly suppressed LY249002-induced
expression of BIM mRNA (Figure 5C). To verify whether
UPEC-mediated BIM suppression can impede activation of ap-
optosis, we treated the uroepithelial cell line 5637 with
LY249002 for 13 hours, followed by treatment with UPEC for
3 hours. Indeed, UPEC blocked LY249002-induced activation
of caspase 3 (Figure 5D). Taken together, these results indicate

that UPEC can manipulate host cell apoptotic cell death path-
ways by suppressing the expression of BIM, consequently block-
ing the activation of caspase 3.

UPEC Suppress BIM Expression Epigenetically
It has been reported that viruses (as a survival strategy) or can-
cer cells can methylate the CpG islands within the promoter re-
gion to silence BIM expression [28–30]. Similarly, Tolg et al
have shown that UPEC infection provokes downregulation of
CDKN2A (p16INK4A) by inducing CpG island methylation
[31]. Since the expression of BIM mRNA was downregulated
after UPEC exposure, the methylation status of the BIM pro-
moter region was analyzed as a possible mechanism, using bi-
sulfite sequencing at various sites at the BIM promoter region
(Figure 6A). The methylation profile at the BIM promoter re-
gion did not change in Sertoli cells after UPEC infection
(Figure 6B).

Next, we evaluated the changes of global histone acetylation
by Western blot analysis. Of note, UPEC infection completely
abrogated global histone 3 (H3) and H4 acetylation in Sertoli
cell extracts 4 hours after treatment. In contrast, challenge
with HDM did not cause any changes in the global acetylation

Figure 5. Expression of BIM is regulated by PI3K inhibition in isolated Sertoli cells. A, Sertoli cells were treated with the phosphatidylinositol-3-kinase (PI3K) inhibitor
LY249002 (50 µM) for the indicated time points. A and B, Cell lysates (20 µg) were subjected to Western blot analysis using antibodies against p–protein kinase B (AKT;
Ser 473), AKT, p–mammalian forkhead box O 1 (FOXO1; Thr 24), FOXO1, p-FOXO3 (Thr 32), and FOXO3 (A) and BIM (B). Detection of β-actin served as loading control. Presented
data are representative for 3 independent experiments. C, Sertoli cells were pretreated with LY249002 (50 µM) for 12 hours, followed by co-incubation with UPEC (multiplicity of
infection [MOI], 0.01) for another 4 hours. Expression levels of BIM messenger RNA were quantified by quantitative reverse-transcription polymerase chain reaction analysis.
Results were normalized to expression levels of β-2-microglobulin. Data are shown as mean ± SD of 3 independent experiments. *P < .05, by 1-way analysis of variance. D, The
uroepithelial cell line 5637 was pretreated with LY249002 (50 µM) for 13 hours followed by co-incubation with UPEC (MOI, 1) for another 3 hours. Cell lysates (20 µg) were
subjected to Western blot analysis, using antibodies against cleaved caspase 3 (c-caspase 3) and β-actin as loading control.
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status of H3 and H4 (Figure 7A and 7B). Investigation of the H3
and H4 acetylation status at the BIM promoter region by the
ChIP assay following UPEC and HDM treatment revealed a de-
crease in the acetylation of H4 following UPEC treatment, com-
pared with control (Figure 7C), whereas no significant change
was noted in the acetylation status of H3 (Figure 7D). Moreover,
treatment with HDM did not cause any significant change in
the H3 and H4 acetylation level at the BIM promoter region,
compared with control. Taken together, UPEC suppress BIM
transcription by deacetylation of H4 at its promoter region.

DISCUSSION

Death of host cells is a well-established and obvious conse-
quence of host-pathogen interaction during infection. Emerg-
ing data demonstrate that cell death caused by microbial
infection often does not constitute an ancillary phenomenon
but is a process that is controlled by the host to eliminate path-
ogens, clear damaged cells, and limit the spread and magnitude
of inflammation. In this regard, apoptosis is an immunological-
ly silent mode of death, whereas necrosis represents an inflam-
matory mode of death [32]. During evolution, pathogens have
enhanced their ability to persist by developing multiple strate-
gies tomanipulate the cell death pathways, primarily to propagate

inside the host cell and to avoid the host innate immune re-
sponse. Although several reports have demonstrated that UPEC
use various means to dampen host immune responses [7, 33, 34],
reports that UPECmanipulate host apoptotic cell death pathways
as a strategy to survive and propagate inside the host cells for dec-
imation are scarce. In this study, we have presented evidence that
the UPEC virulence factor α-hemolysin could manipulate host
cell death pathways to facilitate pathogen survival and disse-
mination. We propose here that UPEC can suppress the expres-
sion of the proapoptotic FOXO target gene BIM, although the
AKT/FOXO signaling pathway usually leading to BIM synthesis
is activated at the same time. Preventing programmed cell death
in Sertoli cells, which are obligatory nurse cells for the develop-
ment of germ cells, is essential to maintain or recover spermato-
genic potential during or after infectious episodes. This has
particular importance, as one Sertoli cell supports a large number
of adjacent germ cells.

In this work, we have demonstrated that the pore-forming
UPEC virulence factor α-hemolysin abrogates the prosurvival
AKT signaling pathway in a manner depending on the availabil-
ity of extracellular calcium. In contrast to Sertoli cells and uroe-
pithelial cells, in peritubular myoid cells, after an initial minor
increase, the levels of p-AKT levels decreased substantially,

Figure 6. Infection of Sertoli cells with uropathogenic Escherichia coli (UPEC) has no effect on the methylation status of the BIM promoter. Sertoli cells were treated with
UPEC (multiplicity of infection, 0.01) for 4 hours and 6 hours. Genomic DNAwas isolated following bisulfite conversion of nonmethylated CpGs. Four areas of the BIM promoter
in converted samples were analyzed by sequencing. A, A schematic overview of the CpG-islands (defined at: http://cpgislands.usc.edu/) within the BIM promoter relative to
transcription start site (TSS) is shown. Amplified and analyzed regions are indicated as CpG1, CpG2, CpG3A, and CpG3B. B, Methylation status and distance from TSS for tested
CpGs are shown for different treatments. Filled (black) circles correspond to methylated CpGs, and unfilled (white) circles correspond to unmethylated CpGs. Experiments and
analysis were performed 3 times. To show the method′s competence of detecting methylated CpGs (positive control), untreated testicular rat DNAwas analyzed and compared
to in vitro methylated testicular rat DNA.
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which may indicate a cell-specific phenomenon. Attenuation of
AKT phosphorylation results in activation of FOXO transcrip-
tion factors. In this study, we have demonstrated that inactivation
of AKT by UPEC corresponds to decreased phosphorylation of
FOXOs, accumulation of FOXOs in the nucleus, and increased
DNA-binding activity of FOXO1. Archetypically, activation of
FOXO triggers apoptosis in different cell types by increasing
levels of the proapoptotic protein BIM. As an example, FOXOs
increase BIM expression in immune cells upon cytokine depriva-
tion [35]; similarly, activation of FOXO3 upregulates BIM expres-
sion to induce neuronal apoptosis [19]. In this study, our data
suggest that, despite the activation of FOXOs following UPEC
challenge, the expression level of BIM did not increase. UPEC-
mediated BIM suppression was confirmed by co-incubation of

UPEC with the PI3K inhibitor LY294002. Here, UPEC signifi-
cantly inhibited LY294002-induced mRNA expression of BIM.
Of note, suppression of BIM expression resulted in inhibition
of apoptosis by blocking caspase 3 activation. This mechanism
is in agreement with other reports of E. coli pathovars, which sug-
gest that bacterial pathogens hijack host cell apoptosis signaling
by targeting the intrinsic mitochondrial pathway [36]. For in-
stance, the enteropathogenic E. coli effector protein Nleh1 blocks
caspase 3 activation by interacting with Bax inhibitor-1, whereas
C. trachomatis inhibits caspase 3 activation by upregulating the
expression of the antiapoptotic genes cIAP1, cIAP2, XIAP, and
MCL1. Furthermore, Yersinia pestis prevents apoptosis by de-
grading the proapoptotic molecule FasL, and Enterococcus faeca-
lis protects macrophages from apoptosis by inhibiting caspase 3

Figure 7. Uropathogenic Escherichia coli (UPEC) infection suppresses BIM expression by histone 4 deacetylation at the BIM promoter region in isolated Sertoli cells. A and B,
Infection with UPEC but not UPEC 536 (hemolysin double mutant [HDM]) causes global deacetylation of both histone 3 and histone 4. Sertoli cells were treated with UPEC or
HDM (multiplicity of infection [MOI], 0.01) for the indicated periods. Protein extracts (20 µg) were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
immunoblots were probed with antibodies against acetylated histone 3 and acetylated histone 4. Detection of β-actin served as loading control. C and D, UPEC challenge
causes deacetylation of histone 4 at the BIM promoter region. Sertoli cells were treated with UPEC and HDM (MOI, 0.01) for 4 hours and then subjected to the chromatin
immunoprecipitation assay. Immunoprecipitated DNA associated with acetylated histone 3 and 4 were assayed by quantitative polymerase chain reaction. The graphs represent
percentage changes of fold enrichment relative to input chromatin for the UPEC- and HDM-treated groups in comparison to the control group. Data are shown as mean ± SD of 3
independent experiments. ***P < .001, by the Student t test. Abbreviation: NS, not significant.
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activation, as seen in our study [37–41].Taken together, our find-
ings, in light of the literature, strongly propose that UPEC hijack
the host cell apoptosis pathway by suppressing BIM expression
and, consequently, inhibit apoptosis by attenuating caspase 3
activation.

A growing body of recent evidence indicates that bacteria and
viruses can modulate gene expression to escape the innate im-
mune response of host cells by epigenetic mechanisms, such as
DNA methylation, histone modifications, and chromatin re-
modeling [42, 43]. Prominent examples are Helicobacter pylori,
Epstein-Barr virus, and human papillomavirus E7, which, sim-
ilar to UPEC in uroepithelial cells, induce DNA methylation, a
process often leading to silencing of gene expression [28, 44, 45].
Based on the observation that BIM expression is unchanged de-
spite activated FOXOs, we investigated a possible epigenetic
mechanism underlying this phenomenon. Bisulfite sequencing
revealed no indications of methylation changes at the BIM pro-
moter. However, UPEC infection resulted in global deacetyla-
tion of H3 and H4 in the Sertoli cell line 93RS2 and the
uroepithelial cell line 5637 (data not shown), indicating that
UPEC infection can modulate the gene expression profile
through histone modification. More specifically, ChIP analysis
suggests that deacetylation of H4 at the BIM promoter region
is associated with the suppression of BIM expression after
UPEC infection. This is in agreement with observations for Lis-
teria monocytogenes, Clostridium perfringens, and Streptococcus
pneumonia. Infection with these bacteria, and particularly
secreted pore-forming toxins, have modulated the host cell’s
transcription profile through histone modification, such as de-
phosphorylation of H3 and deacetylation of H4 [46]. However,
the underlying mechanism by which UPEC change the global
histone acetylation status still remains elusive.

In summary, results obtained from this study suggest that
UPEC suppress the AKT survival signaling pathway with activa-
tion of FOXO transcription factors as a consequence. Moreover,
UPEC manipulate host cell death pathways by epigenetically de-
creasing mRNA expression of the FOXO target gene BIM, result-
ing in blockade of caspase 3 activation. These results indicate that
UPEC have evolved complex strategies for their survival, propa-
gation, and dissemination in host cells. Moreover, this study
sheds new light on the mechanism by which these bacteria mod-
ulate host cell gene expression.
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