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Enterohemorrhagic Escherichia coli (EHEC) O157:H7 EspF is an important

multifunctional protein that destroys the tight junctions of intestinal epithelial cells

and promotes host cell apoptosis. However, its molecular mechanism remains elusive.

We knocked out the espF sequence (747 bp, 1espF ), N-terminal sequence (219

bp, 1espFN), and C-terminal sequence (528 bp, 1espFC) separately using the

pKD46-mediated λ Red homologous recombination system. Then, we built the

corresponding complementation strains, namely, △espF/pespF, △espFN/pespFN, and

△espFC/pespFC by overlap PCR, which were used in infecting HT-29 cells and BALB/C

mice. The level of reactive oxygen species, cell apoptosis, mitochondrial trans-membrane

potential, inflammatory factors, transepithelial electrical resistance (TER), and animal

mortality were evaluated by DCFH-DA, double staining of Annexin V-FITC/PI, JC-1

staining, ELISA kit, and a mouse assay. The wild-type (WT), △espF, △espF/pespF,

△espFC, △espFC/pespFC, △espFN, and △espFN/pespFN groups exhibited apoptotic

rates of 68.3, 27.9, 64.9, 65.7, 73.4, 41.3, and 35.3% respectively, and mean TNF-α

expression levels of 428 pg/mL, 342, 466, 446, 381, 383, and 374 pg/mL, respectively.

In addition, the apoptotic rates and TNF-α levels of the WT, △espF/pespF, and

△espFC were significantly higher than that of △espF, △espFN, △espFC/pespFC, and

△espFN/pespFN group (p < 0.05). The N-terminal of EspF resulted in an increase

in the number of apoptotic cells, TNF-α secretion, ROS generation, mitochondria

apoptosis, and pathogenicity in BalB/c mice. In conclusion, the N-terminal domain of

the Enterohemorrhagic E. coli O157:H7 EspF more strongly promotes apoptosis and

inflammation than the C-terminal domain.
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INTRODUCTION

Enterohemorrhagic Escherichia coli (EHEC) O157:H7 is a new
foodborne zoonotic pathogen that predominantly colonizes
human and animal colorectum. It is transmitted through
the fecal-oral route and causes severe diarrhea, hemorrhagic
colitis (HC), hemolytic uremic syndrome (HUS), thrombotic
thromobocytopenic porpura (TTP), and other gastrointestinal
symptoms (Kaper et al., 2004; Rangel et al., 2005).

In 1982, the United States reported the first case of
hemorrhagic colitis due to EHEC O157:H7 (Rangel et al., 2005).
Since then, similar cases have been occasionally reported in the
United States (1993 and 2006), Japan (1996), Canada (2000),
China (2000), and other places (Michino et al., 1999; Li et al.,
2002; Moist et al., 2010; Heiman et al., 2015). Several EHEC
outbreaks have been reported in the past few years. In 2011, 181
people were infected with EHEC due to eating undercooked beef
in Japan (Kanayama et al., 2015). In the same year, an EHEC
outbreak in Germany was reported, which infected 4,137 people
and 52 people died (Frank et al., 2011). In 2014, 119 individuals
were infected EHEC O157:H7 via eating infected pork in Canada
(Honish et al., 2017). Cattle and swine are the most important
intermediate natural carriers of EHEC, as well as the major
transmission source to humans (Money et al., 2010; Pennington,
2010). The incidence of human EHEC O157:H7 is positively
correlated with the density of cattle (Chase-Topping et al., 2008).
The infection of EHEC O157:H7 has strong pathogenicity and
lethality, thereby posing a great challenge to global public health.

EspF exists in EHEC, enteropathogenic Escherichia coli

(EPEC), and Citrobacter rodentium, which causes severe disease
in humans. The N-terminal of EHEC O157:H7 EspF [length: 1–
73 amino acids (aa)] is relatively conserved and the C-terminal
(length: 74–248 aa) is composed of four highly homologous
proline-rich sequences (McNamara and Donnenberg, 1998;
Holmes et al., 2010). However, the molecular pathogenetic role
of the N- and C-terminal domains during Escherichia coli O157:
H7 infection remains unclear.

EspF is a multifunctional effector protein that can destroy the
tight junctions of intestinal epithelial cells and promote host cell
apoptosis (Viswanathan et al., 2008). Furthermore, the EspF in
EHEC O26:H11 and EPEC O127:H6 assists bacteria in avoiding
macrophage phagocytosis, although this ability is significantly
weaker in EHECO157:H7 (Tahoun et al., 2011). In 2010, the EspF
of EHEC O157:H7 was localized to cell nuclei and determined to
disrupt nucleoprotein synthesis and transport within the host cell
(Dean et al., 2010). Recently, we confirmed that the N-terminal
of EspF targets the mitochondria and induces host cell apoptosis
(Zhao et al., 2013). Nevertheless, the molecular pathogenesis of
EHEC due to the EspF remains elusive.

Here, we knocked out the EHEC O157:H7 EDL933w espF
gene and its N- and C-terminal domains by using a λ

red homologous recombination system and established its
complementation strains. After infection, the level of ROS
generation, cell apoptosis, inflammatory cytokines, and animal
toxicity were assessed to reveal the role of the EspF in EHEC
O157:H7 hemorrhagic enteritis and elucidate the molecular
mechanism of EHEC infection and pathogenesis.

MATERIALS AND METHODS

Bacteria, Plasmids, and Cells
Enterohemorrhagic E. coli O157:H7 EDL 933(WT), DH5α
pKD46, DH5α pKD4, and DH5α were preserved in our
laboratory. Prior to infection, the strains were cultured
in LB broth at 37◦C overnight with 0.1% kanamycin
(△espF, △espF/pespF, △espFC, △espFC/pespFC, △espFN , and
△espFN /pespFN) or 0.4% chloramphenicol, 0.1% L- arabinose
(△espF/pespF, △espFC/pespFC, and △espFN /pespFN). Plasmid
pBAD33 has Xbal and HindIII restriction enzymes sites (ATCC,
Manassas, USA) and chloramphenicol-resistant. Its expression
was induced by 0.01% L-arabinose. Primers used in this study
were synthesized by Sangon Biotech (Shanghai, China) Co.,
Ltd. Gene sequencing was performed by Guangzhou IGE
Biotechnology, Ltd.

HT-29 and Lovo cells were cultured in RPMI-1640 (Gibco,
Waltham, USA) broth containing 10% fetal bovine serum (FBS)
and 1% penicillin and streptomycin at 5% CO2 and 37◦C
overnight.

Adult female BalB/C mice are obtained from the Lab Animal
Center of Southern Medical University [Certificate: SCXK
(Guangdong Province) 2016-0041, No.44002100010995]. The
mice were housed at the SPF Animal Center of Southern Medical
University (Guangzhou, China) according to the regulations
of the animal care committee. This study was conducted in
accordance with the recommendations of the Southern Medical
University Experimental Animal Ethics Committee.

Construction of EHEC O157:H7 Mutant
Strains
Based on the EHEC O157:H7 espF gene sequence (GenBank
Accession No. NC_02655), primers H1-K1, H2-K2, H3-K3, and
H4-K4 were synthesized to contain homologous arms. The
sequences of the primers are shown in Table 1. The 5′ termini
of the primers were homologous to the 50-bp upstream and
downstream flanking regions of the knocked-out gene. The
3′ termini of the primers were homologous to the end of
the kanamycin resistance gene. After PCR amplification, the
targeting fragments (with kanamycin resistance) of espF, espF
N-terminal, and espF C-terminal were respectively constructed.

Plasmid pKD46 was transformed into EHEC O157:H7
EDL933 and cultured to an OD600 = 0.2–0.3. The recombinant
enzyme Exo, Bet, and Gam of pKD46 were fully expressed
after adding 10–30mmol/L L-arabinose. Approximately 10µL
of the targeting fragments from the gels were transferred
into a gene pulser cuvette (Bio-Rad Laboratories, Inc.) and
subjected to an electric shock for 10–20 s (25µF, 200�, 3KV).
The transfected bacteria were grown in LB plates (containing
100µg/mL kanamycin) at 37◦C overnight, and positive colonies
were selected for PCR analysis and gene sequencing verification.
The deletion sites of the mutant strains are presented in Figure 1.

Construction of EHEC O157:H7
Complementation Strains
The primers EF, ER, N-F, C-R, pF, and pR were designed based
on the sequence of EHEC espF and plasmid pBAD33 (Table 1).
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TABLE 1 | Sequences of the primers used in this study.

Primers Sequences (5’→3’)a

H1-K1 ACTAATCCATTTATTACCACACAATTTGATATCGGTTTTTATTAGTTGG GTGTAGGCTGGAGCTGCTTC

H2-K2 TTTGATATATATGAGAGTTAGCCAAGCTTAGATATAAAGAGGCATAAATT CATATGAATATCCTCCTTAG

H3-K3 GATGCCCCGGATGCCTGTCCACTTGTCGGTGGCGGCGGTGCCGGACGAGA TGTAGGCTGGAGCTGCTTC

H4-K4 ATGCGAGAACGATTTTTAATGTGAGCAGCCAGGTGACTTCATTTACTCCC CATATGAATATCCTCCTTAG

F1 CCGTTACGACAACACCTC

F2 CGGTGCCCTGAATGAACTGC

R1 GGATTCATCGACTGTGGCCG

R2 TACCCAGCCACTACCATT

pkdF GGAGCGCATGGCAGAACAC

pkdR CAGAGCGGCAATAAGTCG

pF ATGCCATAGCATTTTTATCC

pR GATTTAATCTGTATCAGG

eF CCCAAGCTTTTACCCTTTCTTCGATTGCT

eR CTGTCTAGAAGGAGGAATTCACCATGCTTAATGGAATTAGTAA

NF CCCAAGCTTTTAGGGAGTAAATGAAGTCACCTG

CR CTCTAGAAGGAGGAATTCACCATGTCTCGTCCGGCACCGCCGCC

aThe sequence in the box represents the homologous arm of the espF gene. The italicized letters represent the homologous arms of kana gene. The underlined sequence TCTAGA

represents the restriction sites of XbaI; AAGCTT indicates the restriction of HindIII; Bold letters represent synthetic ribosomal binding sites.

FIGURE 1 | Modular architecture of espF mutant strains. Deletion sites of the

mutant strains are replaced by kanamycin resistance gene. The N-terminal of

EspF region are residues 1–73. And C-terminal of EspF region are residues

74–249.

Using primers eF, eR, N-F, and C-R, and the espF gene (779
bp) and its N-terminal (252 bp), the C-terminal (561 bp) was
amplified by overlap-PCR (OL-PCR). The PCR conditions were
as follows: 95◦C for 5min; followed by 29 cycles of 94◦C for 40 s,
56◦C for 30 s, and 72◦C for 50 s; and a final extension of 72◦C for
5min. The targeting fragment and vector pBAD33 were digested
by restriction enzymes (XbaI and HindIII) and connected by
using a T4 DNA ligase at 4◦C for 12 h. The recombinant
plasmids were transformed into △espF, △espFN , and △espFC
competent strains by electric shock (25µF, 200�, 3 KV for
10–20 s). Monoclonal colonies were selected and confirmed by
cross-PCR. Positive colonies were selected for gene sequencing
verification.

Total RNA of the collected complementation strains was
extracted using a bacterial RNA kit (Omega, Norcross, USA).
DNase I digestion (Takara, Japan) was performed to remove the
any contaminating DNA, and a Prime ScriptTM II 1st strand

cDNA synthesis kit (Takara) was employed to reversely transcribe
the RNA into cDNA. Using primers E-F, E-R, N-F, and C-R,
RT-PCR was conducted using the cDNA templates to confirm
whether the complementation genes were successfully expressed.
The RT-PCR conditions were as follows: 95◦C 3min; followed by
30 cycles of 95◦C for 30 s, 55◦C for 30 s, and 72◦C for 50 s; and a
final extension step of 72◦C for 5min.

Reactive Oxygen Species (ROS) Assay
Before infection, the strains of different groups were cultured
overnight in 5mL of LB broth at 37◦C. The HT-29 cells were
cultured in 12-well cell culture plates (about 5 × 105 cells per
well) overnight. These were infected with the wild-type (WT),
△espF, △espFN , △espFC, pespF, pespFC, and pespFN at a 1:100
rate and incubated at 37◦C in 5% CO2 for 6 h. Then, the cells
were washed with phosphate-buffered saline (PBS, 0.01 mol/L,
pH 7.4) three times and then collected by trypsin digestion.
An ROS assay kit (Beyotime Biotechnology, Jiangsu, China)
was used to detect ROS levels within the host cells. DCFH-DA
was added to the cells at a final concentration of 10µM and
incubated at 37◦C under moist dark conditions for 20min. The
results were measured by using a fluorescence microplate reader
(Infinite M200, TECAN) at an excitation wavelength of 485 nm
and an emission wavelength of 525 nm. All determinations were
performed in triplicate.

Cell Apoptosis Assay
The HT-29 cells were infected with EHEC O157:H7 WT, △espF,
△espFN , △espFC, pespF, pespFC, and pespFN and incubated at
37◦C in 5%CO2 for 6 h. Then, the cells were washed and collected
at a density of 1 × 106 cells per tube. An annexin V-FITC
apoptosis detection kit (Keygen Biotech, Nanjing, China) was
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used to detect apoptotic cells. Annexin V-FITC and propidium
iodide (PI) were added to the collected cells for 15min at room
temperature in the dark. The cells were analyzed immediately by
flow cytometry (BD FACSCalibur, USA). Annexin-V-FITC was
excited at a wavelength of 488 nm, and fluorescence emission
was detected using a 530-nm band-pass filter. PI was excited at a
wavelength of 488 nm, and emission was detected using a 630-nm
band-pass filter.

The HT-29 cells were infected with EHEC O157:H7 WT,
△espF, pespF, △espFN , and △espFC and incubated at 37◦C in 5%
CO2 for 6 h. The cleavage products of the chromogenic caspase
substrates, Ac-DEVD-pNA and Ac-LEHD-pNA, were separately
measured to quantify the activity of caspase-3 and caspase-9
using an assay kit (Beyotime Biotechnology, Jiangsu, China). The
HT-29 cells were collected and lysed on ice for 15min. Then, the
protein was collected by centrifugation at 16,000 g for 20min at
4◦C. Approximately 50–100µg protein was added to a reaction
buffer containing Ac-DEVD-pNA or Ac-LEHD-pNA (2mM),
incubated at 37◦C for 10 h, and the absorbance of yellow pNA
(the cleavage product) was calculated using a microplate reader
(Infinite M200, TECAN) at a wavelength of 405 nm. The specific
activity of caspase-3 and caspase-9 was normalized to the 50 ug
protein in the HT-29 cell per well.

JC-1 Assay
The HT-29 cells were cultured in six-well cell culture plates
(about 1 × 106 cells per well) at 37◦C overnight and infected
with EHEC WT, △espF, △espFN , △espFC, pespF, pespFC, and
pespFN for 2 h. A JC-1 apoptosis detection kit (Keygen) was used
to measure the mitochondrial transmembrane potential (1ψm).
After washing, the JC-1 working solution was added to each well,
followed by incubation at 5% CO2 and 37◦C for 20min. The
results were observed under a fluorescence microscope (TE2000-
U, Nikon).

After infection, the cells were washed and collected by trypsin
digestion. The cells were stained with JC-1 for 20min in the dark.
Then, the cells were washed twice and resuspended in 500µL
of an incubation buffer. The cells were immediately analyzed
by flow cytometry (BD FACSCalibur, USA) using a 488-nm
excitation wavelength with a 530-nm band-pass emission filter
through FL1 an FL2 tunnel.

Measurement of Transepithelial Electrical
Resistance (TER)
The HT-29 cells were seeded at a density of 105 cells/cm2 onto
0.4-µm pore size, 1.13 cm2 surface area polyester Transwell R©

cell culture inserts (Corning-Costar, NY) and infected with
EHEC WT, △espF, pespF, △espFN , and △espFC for 6 h. TER was
measured after 6 h using an EVOM2 epithelial voltohmmeter
(World Precision Instruments, Sarasota). TER values, which were
reported asmeans± SE, were obtained from threemeasurements
per condition.

Detection of Inflammatory Cytokines
The HT-29 cells were cultured in 24-well cell culture plates
(1 × 105 cells per well) at 37◦C overnight and infected with
EHEC WT, △espF, △espFN , △espFC, pespF, pespFC, and pespFN
for 6 h. The cell culture supernatants were then centrifuged

for 15min at 1,000 g at 4◦C to remove particulates. Tumor
necrosis factor α(TNF-α) levels were measured using a specific
ELISA kit (Cusabio, Wuhan, China). The process was as follows:
Approximately 100µL of the standard or sample was added into
each well and incubated at 37◦C for 2 h. After incubation, the
supernatant was removed, and 100µL of a biotin antibody was
added, and then incubated at 37◦C for 1 h. After incubation,
the plates were washed thrice, and the 100µL of HRP-avidin
was added and incubated at 37◦C for 1 h. After incubation, the
plates were washed five times. Then, 90µL of the TMB substrate
was added to each well, followed by incubation at 37◦C for 15–
30min in the dark. Finally, 50µL of a stop solution was added
to each well, and the results were evaluated within 5min using a
microplate reader at a wavelength of 450 nm.

Survival Assay of Mice
A total of 50 adult female BalB/C mice (5–6 weeks old, weight:
14.29 ± 1.12 g) were randomly divided into eight groups
(WT, △espF, △espFN , △espFC, and uninfected group), with 10
mice in every group. The EHEC O157 of the different groups
was cultured overnight in kanamycin, chloramphenicol, or L-
arabinose at 37◦C. The mice respectively received 0.3mL of
the bacterial suspension of different groups (approximately 2 ×

1010 CFU/mL) by intragastric administration. After 12 h, the
mice were infected again with 0.3mL of the bacteria suspension
(approximately 1.5 × 1010 CFU/mL). The uninfected group
received LB broth. Prior to the gavage, the BalB/C mice were
injected with mitomycin C (2.5mg/kg) to enhance susceptibility
to bacteria. The survival state of the mice was monitored every
4 h for 15 days, and their survival rate was calculated. After 15
days, the surviving mice were killed and their colons (5.5 cm of
distal colon) were taken out. The fecal particles inside the colons
were gently removed. Subsequently the weight of each colon was
measured.

Statistical Analysis
All experiments, unless otherwise stated, were performed
independently in triplicate. The data were expressed as the
mean ± SD of triplicate experiments. When necessary, one-
way ANOVA was performed, with p-values < 0.05 signifying
statistical significance.

RESULTS

Construction of EHEC O157:H7 1espF,
1espFN, and 1espFC mutant Strains and
their complementation Strains
H1K1 and H2K2, H3K3 and H2K2, and H1K1 and H4K4
were respectively used as primers for PCR amplification of
the targeting fragment (with kanamycin resistance) of △espF,
△espFN , and △espFC. Targeting fragments were electrostatically
transformed into cells of the EHEC O157:H7 strain, and the
espF, espF-N, and espF-C genes were knocked out by λ red
homologous recombination. Cross-PCR was performed to verify
each mutant strain by using internal primer F2R1 and external
primer F1R2. The bands of the mutant strains were separated
via electrophoresis. The resulting band of △espF by using primer
F1R2 was 2,019 bp in size (Figure 2Aa, containing kanamycin).
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FIGURE 2 | Construction of the EHEC O157:H7 mutant and complementation strains. (A) Electrophoresis verification of the mutant strains. (a) WT: Amplification of

wild-type using primers F1-R2 (1,289 bp); 1espF: Amplification of 1espF using primers F1-R2 (2,019 bp); (b) F2-R1: Amplification of △espFN using primers F2-R1

(471 bp); F1-R1: Amplification of △espFN using primers F1-R1 (2,015 bp); F2-R2: Amplification of △espFN using primers F2-R2 (1,002 bp); (c) F2-R1: Amplification of

△espFC using primers F2-R1 (471 bp); F1-R1: Amplification of △espFC using primers F1-R1 (1,487 bp); F2-R2: Amplification of △espFC using primers F2-R2 (1,221

bp). (B) Identification of complementation strains by cross PCR. (a) pF-pR: Amplification of pespF using primer pF and pR (948 bp); eF-eR: Amplification of pespF

using primers eF and eR (779 bp); (b) pF-pR: Amplification of pespFN using primers pF and pR (423 bp); pF-NF: Amplification of pespFN using primer pF and NF (373

bp); pR-CR: Amplification of pespFC using primers pR and CR (607 bp, white arrow); pF-pR: Amplification of pespFC using primers pF and pR (732 bp). (C) Agarose

gel electrophoresis of the RT-PCR products. pespF: RT-PCR results of pespF (779 bp); pespFN: RT- PCR results of pespFN (252 bp); pespFC: RT-PCR results of

pespFC (557 bp, arrow).

The resulting band of △espFN using primer F1R1 was 2,015 bp
in size (Figure 2Ab, containing kanamycin and espF-C gene).
The resulting band of △espFC using primer F2R2 was 1,221
bp in length (Figure 2Ac, containing kanamycin and espF-N
gene). The target bands coincided with the theoretical values.
Sequencing indicated that we successfully generated the EHEC
O157:H7 mutant strains.

Using the whole genome of EHEC O157:H7 as template, the
gene fragments of espF (779 bp) and its N-terminal (252 bp)
and the C-terminal (561 bp) were respectively amplified via
OL-PCR (overlap PCR). The targeting fragments were ligated
to the pBAD33 plasmid, which were then transformed into
the corresponding mutant strains. Then, the band position of
complementation strains was analyzed by electrophoresis. The
respective sizes of the bands of pespF, pespFN , and pespFC
using the external primer pF-pR were 948 bp (Figure 2Ba,
containing the pBAD33 fragment), 423 bp (Figure 2Bb), 732 bp
(Figure 2Bb). The target bands coincided with our theoretical
values. Sequencing verified that we had successfully generated the
EHEC O157:H7 complementation strains.

The complementation strains were induced by L-arabinose
and collected after growth up to the logarithmic phase. Total
RNA was extracted from the strains and reversed transcribed
into cDNA for the subsequent RT-PCR analysis. The results
of RT-PCR electrophoresis were as follows: 779 bp (pespF),

252 bp (pespFN), and 557 bp (pespFC). The size of the gene
fragments was consistent with the theoretical values (Figure 2C,
containing the enzyme cutting sites and ribosomal binding sites).
These results proved that we had successfully constructed the
complementation strains.

The 1espF Decreases ROS Production in
HT-29 Cells
After △espF, pespF, and WT infection of the HT-29 cells, ROS
levels were measured using the DCFH method. The mean green
fluorescence values of Uninfected, WT, △espF, pespF, △espFC,
pespFC, △espFN , and pespFN was 394, 864, 635, 853,742, 820,
675, and 649, respectively (Figure 3C). The green fluorescence
intensity of each group was higher than that of the uninfected
group (P < 0.05). The fluorescence intensity of WT was higher
than those of △espF, △espFN , and pespFN (P < 0.05). The
fluorescence intensity of pespF was higher than those of △espF
and pespFN (P < 0.05). In addition, the fluorescence intensity of
pespFC was higher than that of △espF. Other groups showed no
significant differences. These findings demonstrated that the ROS
levels of WT, pespF, and pespFC were higher than those of △espF,
△espFN , and pespFN . It indicated that the deletion of the E. coli
O157:H7 espF gene and its N-terminal led to a decrease in ROS
levels in the host cells.
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FIGURE 3 | Apoptosis of HT-29 cells after infection. (A) Detection of HT-29 apoptotic cells after infection as detected by double-staining using annexin V-FITC and PI

combined with flow cytometry. Q1 represents the dead cells (Annexin V-FITC-/PI+); Q2 represents the late apoptotic cells (Annexin V-FITC+/PI+); Q3 represents the

early apoptotic cells (Annexin V-FITC+/PI−); Q4 represents the viable cells (Annexin V-FITC-/PI-). (B) The proportion of early and late apoptotic cells in each

experimental group (Q2+Q3%). Data are expressed as the mean ± SD of at least three independent experiments. (C) The reactive oxygen species (ROS) levels of the

HT-29 cells after infection. The fluorescence intensity of each group (* p < 0.05) using an excitation wavelength of 488 nm and emission wavelength of 525 nm. (D,E)

Detection of caspase-3 and 9 activity. Cells were treated by different strains, and then caspase-3 and 9 activity were examined. Data are expressed as the mean ± SD

of at least four independent experiments.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6 September 2017 | Volume 7 | Article 410

http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


Wang et al. EspF N-Terminal Imparts Stronger Toxicity

The N-Terminal Domain of EspF Plays an
Important Role in Apoptosis
Apoptosis in the infected HT-29 cells was assessed by double
staining of Annexin V-FITC/PI combined with flow cytometry
(Figure 3A). The average apoptotic percentage (early and late
apoptosis) of the WT, △espF, pespF, △espFC, pespFC, △espFN ,
and pespFN was 68.3, 27.9, 64.9, 65.7, 73.4, 41.3, and 35.3%,
respectively (Figure 3B). Compared to the uninfected group
(13.1%), the number of early and late apoptotic cells significantly
increased in each experimental group (P < 0.01). Compared
to the △espF, △espFN , and pespFN groups, the pespF, △espFC,
and pespFC groups showed fewer viable cells and a significantly
higher number of apoptotic cells (P < 0.01). The activity
of caspase-3 and caspase-9, two markers of apoptosis, were
also detected to further assess the apoptotic effect of EspF.
As indicated in Figures 3D,E, treatment with WT, pespF or
△espFC led to a remarkable activation of caspase-3 and caspase-
9 (P < 0.05), which was significantly higher than uninfected
and△espF group. Furthermore, caspase-3/9 activation of△espFN
reduced.

Thus we found that the apoptotic rate of △espFC and pespFC
remained high after mutation, indicating that the deletion of
the C-terminal gene did not reduce the ability of strains to
induce host cell apoptosis. On the other hand, the apoptotic rate
of △espFN significantly decreased. These findings revealed that
EspF plays an important role in promoting apoptosis in the host
cells, and its N-terminal domain is indispensable, which were in
agreement with our previous results.

The espF-Mutant Strains Exhibit a Slower
Rate of Reduction in 1ψm
After infection, the mitochondrial 1ψm of the HT-29 cells was
detected by JC-1 staining (Figure 4). Strong green fluorescent
signals and sporadic red fluorescent signals were observed
in the WT, pespF, △espFC, and pespFC groups, indicating a
significant decrease in mitochondrial1ψm, which in turn results
in mitochondrial dysfunction and eventually mitochondrial
apoptosis. The△espF, pespFN , and△espFN groups showed strong
green fluorescent signals and weak red fluorescent signals. The
fluorescence intensity of the red signals was significantly higher
than that of the above groups, but lower than that of the control
group (strong green signals and red fluorescent signals). These
also exhibited a decrease in 1ψm but not as severe as that in the
WT, pespF, △espFC, and pespFC.

The cells were also subjected to flow cytometry analysis
(Figure 5A). The percentage of cells exhibiting low membrane
potential (strong green fluorescence intensity and weak red
fluorescence intensity) in the Uninfected, WT, △espF, pespF,
△espFN , △espFC, pespFN , and pespFC groups was 5.1, 12.2, 7.0,
9.6, 6.9, 8.4, 7.0, and 9.6% (Figure 5B). The 1ψm of the WT,
pespF, pespFC, and △espFC groups was lower than that of the
△espF, △espFN , and pespFN groups (p < 0.01).

Above all, these findings demonstrated that the EHEC
O157:H7 wild strain, pespF, and △espFC could reduce the 1ψm
in the host cells, and the△espF and△espFN strains slow down the
process of 1ψm reduction.

FIGURE 4 | Changes in the mitochondrial transmembrane potential of HT-29

cells. The red fluorescence (polymer) and green fluorescence (monomer) of

HT-29 cells after infection. Normal mitochondria JC-1 forms a polymer using

its potential energy, which is emitted as red fluorescence. During disruption of

mitochondrial function, JC-1 is dispersed as monomers and distributed in the

cytoplasm, which is detected as green fluorescence. Merge: The overlay of red

fluorescence (polymer) and green fluorescence (monomer) in HT-29 cells after

infection. White arrows point to the normal cells which have strong red and

green fluorescence.

The N-Terminal of espF Is Involved in Tight
Junction Disruption
After 6 h of incubation, a progressive decrease in TER was
observed in HT-29 cells infected with WT, 1espFC (p <

0.01), and pespF (p < 0.05) but not △espF and △espFN ,
indicating a loss in barrier function (Figure 5C). Interestingly,
1espFC was equally efficient in complementing this phenotype,
thereby suggesting that the N-terminal of espF is involved in the
disruption of tight junctions.
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FIGURE 5 | (A) Flow cytometry analysis of changes in the mitochondrial transmembrane potential. Flow cytometry analysis was performed to assess mitochondrial

membrane potential (MMP). The cells with weak red fluorescence indicated lower membrane potential (LR quadrant). The numbers at the corners displayed the

percentage of cells in the corresponding quadrants. (B) The percentage of cells with low MMP (LR) values in each group is shown. Data are expressed as the mean ±

SD of at least three independent experiments. (C) Measurement of transepithelial electrical resistance (TER) after 6 h incubation. (* p < 0.05; ** p < 0.01) (D) TNF-α

expression in HT-29 cells after infection. Standard curve of TNF-α. (E) The level of TNF-α secreted by HT-29 cells after infecting each group.

Infection with espF-Mutant Strains
Decrease TNF-α Secretion in HT-29 Cells
The standard curve of TNF-α was successfully established in
Figure 6A. The concentration of TNF-α secreted by HT-29 cells

respectively infected with WT, p1espF, 1espFC, 1 espF, 1espFN ,

p1espFC, and p1espFN was 428, 466, 446, 342, 383, 381, and

374 pg/mL (Figure 6B). Compared to the control group (113

pg/mL), the TNF-α level of each experimental group significantly
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FIGURE 6 | Pathogenicity of EHEC O157:H7 mutant strains to BALB/c mice. (A) Survival curves of BALB/c mice post gavage of the constructed strains. Being

censored means mice were still alive after 15 days. (B) The mean mortality of mice after infecting the constructed strains. (C) Increase in colon weight of the mice at

15 days post infection. (* p < 0.05; ** p < 0.01).

increased (p < 0.01), with that of pespF and △espFC higher
than that of △espF, △espFN , pespFC, and pespFN (p < 0.05). In
addition, the TNF-α level of the WT group was higher than that
of △espF (p < 0.05).

The deletion of the espF gene resulted in a reduction in TNF-

α secretion in HT-29 cells. The concentration of TNF-α of the
pespFC and pespF groups did not significantly differ from that

of the WT but was higher than that of the other mutant strains.
The deletion of the espF gene resulted in a decrease in TNF-α

expression in the host cells. These findings indicate that the N-
terminal domain of EspF plays an important role in the infection
process.

The espF-Mutant Strains Attenuate
Pathogenicity to BalB/c Mice
After intraperitoneal injection of mitomycin and two rounds
of gavage of the constructed strains, the BalB/c mice were
monitored each day. The mortality rates of the WT, △espF,
△espFN , △espFC, and uninfected groups were 50, 30, 20, 30, and
0% (Figure 6B). The survival curve is presented in Figure 6A.

The WT mice showed the highest mortality rate (50%),
whereas that of the △espF (30%) and △espFN (20%) mice were
low. The mortality rate of the △espFC mice was relatively high
(40%), although these also died early. After 15 days, the surviving
mice were killed and their colons (5.5 cm of the distal colon)
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were weighed. Themean colon weight of theWT,△espF,△espFN ,
△espFC, and uninfected groups were 0.117, 0.0924, 0.0963,
0.1104, and 0.06846 g, respectively (Figure 6C). The distal colon
of the WT and △espFC groups was significantly heavier than that
pf the △espF and △espFN groups (p < 0.05). After infection, the
colons of the mice showed signs of proliferation, inflammation,
edema, and increase in weight. These results indicate that theWT
and△espFC groups developedmore severe pathological reactions
than the other groups. These findings reveal that the deletion of
the espF gene attenuates the pathogenicity of EHEC O157:H7 to
BalB/c mice, particularly the N-terminal domain.

DISCUSSION

Amino acids (aa) 1–24 of the EspF comprise the mitochondrial
targeting signal (MTS) (Nougayrede and Donnenberg, 2004),
whereas aa 21–74 represent nucleolar targeting domain (NTD)
(Dean et al., 2010). The EspF of Citrobacter rodentium is capable
of initiating cell apoptosis (Nagai et al., 2005). In 2013, our
group knocked out aa 15–68 of EspF (EHEC O157:H7) and
compared the adhesion and toxicity between the WT and △espF.
We verified that the N-terminal of EspF could migrate and
target the host mitochondria, increase membrane permeability,
activate caspase-3 signaling pathways, change the potential
of mitochondrial membrane (1ψ), and finally induce cell
apoptosis. However, whether the C-terminal of EspF (including
the four PxxP domains) induces cell apoptosis was unclear. The
expression of the host proteins was altered during infection.
Furthermore, our understanding of the mechanism underlying
the regulation of host cell activities by EspF remained unclear.

In the present study, we successfully knocked out the entire
espF gene (1–249 aa), the N-terminal domain (1–73 aa), and the
C-terminal domain (74–249 aa) and constructed EHECO157:H7
mutant strains (△espF, △espFN , and △espFC). We inserted
the transformed pBAD33 plasmid (containing target fragment,
constructed by OL-PCR) into mutant strains and constructed
complementation strains (△espF/pespF, △espFN /pespFN , and
△espFC/pespFC). The HT-29 cells were infected by WT, mutant
strains, and complementation strains, followed by detection
of cell apoptosis, ROS, inflammatory reaction, mitochondrial
apoptosis, and mice assay. The results of these tests provide
insights into the function of the N- and C-terminal domains of
EspF.

Mitochondria are the “master switches” that regulate cell
apoptosis. When cells are stimulated by death signals, the
membrane permeability of the mitochondria increases and
apoptosis-related factors are released, which in turn triggers a
cascade of reactions that induce cell apoptosis(Sinha et al., 2013).
The MTS generally consists of the first 101 amino acids of
the EspF sequence. Mitochondrial targeting is disrupted when
the16th aa of the MTS is mutated from leucine to glutamic acid
(Nagai et al., 2005).

The N-terminal of EspF targets the mitochondria and induces
cell apoptosis (Nougayrede and Donnenberg, 2004). By JC-
1 staining, WT, pespF, △espFC, and pespFC showed strong
green and sporadic red fluorescent signals; △espF, pespFN , and
△espFN exhibited strong green and weak red fluorescent signals;
and the uninfected cells presented strong green and strong

red fluorescent signals. These findings are indicative of host
mitochondrial dysfunction (a decrease in mitochondrial 1ψm)
with the WT, pespF, △espFC, and pespFC. In contrast, the red
fluorescent signals of △espF, pespFN , △espFN were stronger.
These groups were thus considered to have a weak ability in
disrupting the mitochondrial 1ψm.

The results of flow cytometry coincided with the above results.
The cells of WT, pespF, pespFC, and △espFC showed lower
membrane potential than the△espF, pespFN ,△espFN groups. The
findings of this experiment prove that espF effectively disrupts
mitochondrial1ψm. The1ψm of△espFC was low, whereas that
of △espFN was high, indicating that the EspF N-terminal domain
plays an essential role in regulating mitochondrial apoptosis
compared to the C-terminal domain.

After infection, different host cells were separated by flow
cytometry (after double staining with annexin V-FITC and
PI) based on the degree of apoptosis. The percentage of early
and late apoptotic cells infected with WT, pespF, △espFC, and
pespFC was higher than that with △espF, △espFN , and pespFN .
These results prove that espF plays a key role in accelerating
apoptosis. The percentage of apoptotic cells infected with△espFC
was high, whereas that with △espFN was significantly lower.
And the caspase-3/9 activity of WT, pespF and △espFC were
enhanced, which was higher than △espF, △espFN group. These
findings indicate that the N-terminal of EspF plays a critical
role in host cell apoptosis. Cell apoptosis contributes to the
inflammation of intestinal epithelial cells, which consequently
induces hemorrhagic colitis. Our findings were similar to that
of Philippe et al., who reported that the N-terminal of EspF
induces cell apoptosis. Furthermore, we have determined that
the C-terminal of EspF alone does not induce cells to undergo
apoptosis.

ROS are byproducts of aerobic respiration that are involved in
signal transduction, immune responses, and regulation of gene
expression and participate in the pathogenesis of various diseases
and cancer (Shi et al., 1998; Vallyathan et al., 1998; Schieber
and Chandel, 2014). Excessive ROS can destroy various cell
components and induce lipid peroxidation of the cytomembrane.
More importantly, these can induce DNA breakage, inhibit cell
proliferation, and promote apoptosis (Jena, 2012; Dan Dunn
et al., 2015). Our results showed that the WT, pespFC and
pespF generated more ROS than △espF, △espFN , and pespFN
within the host cells. These also disrupted oxygen metabolism
and suppressed cell proliferation, which are hallmark features
of apoptosis. On the other hand, the ROS of levels △espF and
△espFN significantly decreased. These findings reveal that the
espF gene, particularly its N-terminal, plays a major role in the
generation of ROS.

The EspF domains involved in tight junction disruption
remain unclear (Dean et al., 2010). Our preliminary results show
that N-terminal of the espF gene plays an important role in
disrupting tight junctions of the host cell. Thereby allowing
leakage of water and small molecules, which are symptoms of
diarrhea. In the future, more research are needed to verify the
its specific mechanism.

TNF-α is a diversified cytokine that causes various biological
effects (Sethi et al., 2008). It mainly triggers three signal pathways,
namely, apoptosis that is mediated by members of the caspase
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family, regulation of NF-κ B, which is mediated by adaptin
TRAF, and activation of JNKMAPK. Our results showed that
WT, pespF, and espFC secrete more TNF-α than △espF, △espFN ,
pespFC, and pespFN (p < 0.05). These results indicate that
the deletion of the espF gene results in a decrease in TNF-α
production. The N-terminal of EspF plays a critical role in this
process. TNF-α activates members of the caspase family or the
NF-κB signaling pathway, which in turn increases caspase-3/8
expression via TNFR1-TRADD-FADD and TNFR1-TRADD-
TRAF (Hayden and Ghosh, 2014). In the present study, we
verified that the reduction in caspase-3 expression could also be
the consequence of secreting less TNF-α. Additional experiments
exploring whether the N-terminal of EspF activates JNKMAPK
are thus warranted.

Mice have always been the ideal animal model for studying
EHEC infections (Wadolkowski et al., 1990; Mohawk and
O’Brien, 2011). In this study, BALB/c mice were injected
with mitomycin C (MMC) to increase their vulnerability to
pathogenic bacteria (Al-Jumaili et al., 1992; Zhao et al., 2013).
The highest mortality (50%) and colon weight (0.117 ± 0.014 g)
was observed in the WT group. The first deaths and the earliest
pathological symptoms were also observed in mice infected with
WT. A lower number of BALB/c mice infected with △espF (30%)
and △espFN (20%) had died. However, the mortality rate (40%)
and colon weight (0.110± 0.016 g) of mice infected with △espFC
was high and death occurred early.

The deletion of the N-terminal and the entire espF gene
led to a significant reduction in mouse mortality and EHEC
virulence, whereas the deletion of the C-terminal of EspF
induced less severe effects. These findings indicate that the
EspF N-terminal domain determines EHEC toxicity in the
mouse model. The complementation strains were not involved
in this experiment because 0.1% L-arabinose was required to
induce the expression of the complementation gene (espF).
L-arabinose was quantitatively added in vitro in this study. In
vivo, some L-arabinose was absorbed by the BALB/c mice. Thus,
its concentration could not be maintained at 0.1%, which in turn
resulted in low levels of expression of complementation strains.

The findings of the present study prove that the C-
terminal imparted minimal effects on cellular and mitochondrial
apoptosis, inflammatory response, and animal toxicity. It also
demonstrated that the C-terminal is not involved with the
apoptotic effect of EspF and may play another cellular role.
The C-terminal (73–248 aa) comprises four highly homologous
proline-rich repeat (PRR) regions, each having one PxxP
motif and one CRIB (Cdc42/Rac-interactive binding) domain
(McNamara and Donnenberg, 1998). The src homology 3 (SH3)
domain, which is 50–60 aa in length, mediates protein-protein
interactions by binding to PRR regions (Mayer, 2001). For
example, in the Src and Abl tyrosine kinase, the CRIB domain
binds and activates N-WASP to form pedestals and cytoskeletal
rearrangements via the Arp2/3-F-actin pathway (Alto et al.,
2007). This presumably reflects that the C-terminal requires the
N-terminal to perform its physiological function. A complete
EspF protein is essential to its multifunctionality, and further
research studies elucidating its role in apoptosis are warranted.
In this experiment, the recovery effects of △espFN /pespFN and

△espFC/pespFC were poor. This may because that these two
complementation strains only express the peptide fragments of
the N- or C-terminal. However, a complete structure is essential
for EspF to play an efficient role.

We also evaluated the ability of △espF to induce A/E lesions.
Lovo cells infected with WT, △espF, and pespF were stained
with rhodamine-phalloidin and DAPI. The Lovo cells with A/E
lesions showed intense staining and were counted (Figure S1).
The results showed that the WT (35.03%) and pespF (32.27%)
did not significantly differ in terms of the effects of △espF
(26.42%). These findings also reveal that espF is not involved in
the formation of A/E lesions, which coincide with the findings of
previous studies (McNamara and Donnenberg, 1998; Shaw et al.,
2005).

CONCLUSIONS

EspF was injected into host cells using a type three secretion
system (TTSS) after EHEC O157:H7 infection. EspF has
multiple functions; its N-terminal promotes ROS generation,
disrupts membrane potential of mitochondria and tight junction,
increases the expression of inflammatory factor TNF-α, resulting
in the cell apoptosis and death ofmice. The findings of the present
study provide information on the pathogenesis and molecular
mechanisms of EHEC O157:H7.
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Figure S1 | The espF isn’t involved in the formation of A/E lesions. (A) Lovo cells

were stained with rhodamine-phalloidin (actin) and DAPI (nuclei) after infection.

The white arrows point to A/E lesions. (B) The proportion of Lovo cells which has

formed A/E lesions (at least 3 slides, more than 50 cells per slide, ∗∗p < 0.01 vs.

other groups).
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