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Chlamydia psittaci is an important zoonotic factor associated with human and animal
atypical pneumonia. Resisting host cell apoptosis is central to sustaining Chlamydia
infection in vivo. Chlamydia can secrete inclusion membrane proteins (Incs) that play
important roles in their development cycle and pathogenesis. CPSIT_0846 is an Inc
protein in C. psittaci identified by our team in previous work. In the current study, we
investigated the regulatory role of CPSIT_0846 in Hela cell apoptosis, and explored
potential mechanisms. The results showed that Hela cells treated with CPSIT_0846
contained fewer apoptotic bodies and exhibited a lower apoptotic rate than untreated
cells either with Hoechst 33258 fluorescence staining or flow cytometry with or without
induction by staurosporine (STS). CPSIT_0846 could increase the phosphorylation of the
extracellular signal-regulated kinases 1/2 (ERK1/2) or stress-activated protein kinases/c-
Jun amino-terminal kinases (SAPK/JNK) signaling pathways, and the Bcl-2 associated X
protein (Bax)/B cell lymphoma 2 (Bcl-2) ratio, levels of cleaved caspase-3/9 and cleaved
Poly-ADP-ribose polymerase (PARP) were significantly up-regulated following inhibition of
ERK1/2 or SAPK/JNK pathways with U0126 or SP600125. After carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) treatment, the mitochondrial membrane potential (MMP)
of cells was significantly decreased in control group, but stable in the CPSIT_0846 treated
one, and less cytochrome ¢ (Cyt.c) was released into the cytoplasm. Inhibition of the
ERK1/2 or SAPK/UNK pathway significantly decreased the JC-1 red-green fluorescence
signal, and promoted Cyt.c discharge into the cytoplasm in Hela cells treated with
CPSIT_08486. In conclusion, CPSIT_0846 can regulate mitochondrial pathway-mediated
apoptosis in Hela cells by activating the ERK/JNK signaling pathway.
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INTRODUCTION

Chlamydia psittaci is an unique intracellular gram-negative
pathogen that causes a variety of acute and chronic diseases in
humans, mammals and birds, resulting in severe inflammatory
damage in numerous organs and ultimately in pneumonia,
conjunctivitis, and other conditions (Lin et al., 2019; Wang
et al,, 2019; Brokatzky et al., 2020; Gough et al., 2020).
Humans can be infected by breathing in C. psittaci in aerosol
form, or via contact with infected animalsand their excrement
(Liu et al., 2019). C. psittaci usually causes flu-like symptoms in
humans that may progress to sepsis, atypical pneumonia and
other systemic illnesses (Collina et al., 2012; Vandendriessche
et al., 2019). C. psittaci can also cause adnexal marginal zone
lymphoma (Behdad et al,, 2019). Studying the pathogenic
mechanism of C. psittaci is very important for controlling
associated diseases and promoting the economic development
of the livestock industry.

Chlamydial inclusion membrane proteins (Incs) are proteins
which can rearrange the inclusion membrane (IM) and thereby
affect chlamydial pathogenesis (Shaw et al, 2018; Dickinson
et al.,, 2019). The first reported Inc protein is IncA, secreted by
C. psittaci. Then its homologues were found to exist in other
Chlamydia species (Rockey et al., 1995); IncB and IncC were
found in C. psittaci and C. trachomatis, and IncD, IncE, IncF, and
IncG were found in C. trachomatis (Rockey et al., 2002;
Kostrjukova et al., 2006). With the development of in silico
analyses, more than 50 C. trachomatis and 100 C. pneumoniae
Inc proteins have been predicted, and some of them have been
verified by experiment in vitro (Cortes et al., 2007; Flores et al.,
2007; Sixt et al., 2017; Nguyen et al., 2018).

Inc proteins have distinct coiled-coil domains that can insert
into the IM and interact with host cell proteins to facilitate the
exchange of materials, energy, and signals (Ronzone and Paumet,
2013). For example, IncA mediates vesicle fusion, and
participates in the formation of tubule extensions in vitro
(Weber et al., 2016). IncB interacts with host cell dynein to
regulate the microtubule system (Bocker et al., 2014).
CPSIT_0846 is a novel C. psittaci Inc protein that was
identified by our team in previous work, which is the homolog
of C. psittaci IncA (100% homology), and show 41% or 35%
identity with IncA of C. caviae or C. felis. CPSIT_0846 is also a
member of the transmembrane head (TMH) protein family,
which shares 84% homology with the TMH family protein
secreted by C. abortus. We previously found that CPSIT_0846
not only promoted the production of tumor necrosis factor alpha
(TNF-0), interleukin (IL)-1B, and IL-6 in human monocytic
THP-1 cells in vitro, but also induced a strong humoral and
cellular immune response in mice (Wu et al,, 2016; Ran et al,
2017). Therefore, we speculate that this protein may be closely
related to the pathogenic mechanism of C. psittaci.

Apoptosis is a critical defence mechanism that helps to
maintain balance in the immune system and protect hosts
against pathogen infection (Naoi et al., 2019). Chlamydia can
inhibit apoptosis in host cells during the early stages of infection

to ensure their proliferation (Wen et al., 2019). C. trachomatis
can activate PDPK1-MYC, enhance the binding of hexase II
(HKII) to mitochondria, and thereby resist apoptosis (Al-Zeer
et al., 2017). C. psittaci can inhibit HeLa cell apoptosis through
the mitochondria-mediated apoptosis pathway, and this process
is regulated by ERK1/2 and Bcl-2 family proteins (Li et al., 2018).
Chlamydial Inc proteins also participate in the regulation of host
cell apoptosis. Moore and his colleagues found Chlamydial IncA
interacted with the G3BP1 partner, and affected the expression of
c-myc mRNA, thereby inhibiting host cell apoptosis (Moore and
Ouellette, 2014). CPSIT_0846, the homolog of C. psittaci IncA,
can be detected at 2 h after host cell infection, and throughout the
whole development cycle (Wu et al., 2016). So, CPSIT_0846 may
also participates in the pathogenesis of C. psittaci by regulating
apoptosis in host cells.

In this study, we explored the role of CPSIT_0846 in
regulating host cell apoptosis, with a focus on MAPK signaling
pathways. Our results clearly showed that CPSIT_0846 inhibited
mitochondrial-mediated apoptosis via the ERK1/2 and SAPK/
JNK signaling pathways in HeLa cells, which may be related to
the development cycle and pathogenic mechanism of C. psittaci.

MATERIALS AND METHODS

Preparation of CPSIT_0846 Recombinant
Protein

Recombinant CPSIT_0846 protein was prepared as formerly
described (Ran et al, 2017). Fusion proteins were purified
using Ni-nitrilotriacetic acid (NTA) beads (QIAGEN Inc,
Germany), and concentrated with a BCA Protein Assay Kit
(Dojindo, Tokyo, Japan). Endotoxins were eliminated with a
polymyxin B cartridge (Sigma, St. Louis, MO, USA) and detected
using inactivated cell lysate extracted limulus blood (Chinese
Horseshoe Crab Reagent Manufactory, Ltd., Xiamen, China).

Cell Treatment

Human cervical cancer epithelial (HeLa229) cells obtained from
the American Type Culture Collection were grown in 6-well, 24-
well, or 96-well flat-bottom plates (Corning incorporated,
Corning, NY, USA) to a suitable density, and maintained in
Dulbecco’s modified minimal essential medium (DMEM;
Hyclone, USA) supplemented with 10% fetal bovine serum
(Gibico, NY, MA). After culturing overnight at 37°C in an
incubator supplied with 5% CO,, the cell culture medium was
replaced with serum-free DMEM. For individual experiments
with or without 50 uM ERK1/2 inhibitor U0126 (Cell Signaling
Technology, Beverly, MA, USA) or 30 uM SAPK/JNK inhibitor
SP600125 (Sigma-Aldrich, Munich, Germany), recombinant
CPSIT_0846 was added to the culture medium at different
concentrations for different times. For induction of apoptosis,
after a 20 h treatment with CPSIT_0846, 1 uM staurosporine
(STS; Sigma-Aldrich) was added over a period of 4 h, or 10 uM
carbonyl cyanide 3-chlorophenylhydrazone (CCCP; Sigma) was
added for 30 min.
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CCK-8 Cell Viability Analysis

A cell counting kit-8 (CCK-8, Dojindo) was used to assay the
effect of CPSIT_0846 on the viability of Hela cells. Cells were
placed in 96-well plates at suitable densities and cultured
overnight. After rinsing with sterile phosphate-buffered saline
(PBS; Hyclone, Logan, USA), HeLa229 cells were treated with
recombinant CPSIT_0846 for 24 h, and PBS alone or heated
CPSIT_0846 served as controls. CCK-8 was diluted to 5 mg/ml
with DMEM containing 10% fetal bovine serum, and 100 pl
CCK-8 solution was added to each well. After culturing for 2 h,
the optical density of each sample was measured with a
microplate reader at 490 nm and cell viability (%) was calculated.

Hoechst 33258 Staining

Sterile round glass slides were placed into a plate in advance, and
HeLa cells at an appropriate density were seeded onto the glass
slides and cultured overnight. After the cells were sitmulated with
different concentrations of CPSIT_0846 for different times,
Hoechst33258 (Sigma) staining was carried out to explore nuclear
morphological changes. Specifically, after treatment, cells were fixed
with 4% paraformaldehyde bufter for 30 min, then permeabilised
with 0.3% (v/v) Triton X-100 for 10 min. After discarding the liquid
in each well, Hoechst 33258 fluorescent staining solution was added
and incubated at 37°C in the dark for 30 min. The morphology of
cells in each group was observed and photographed using a TS 2R
fluorescence microscope (Nikon, Tokyo, Japan). The percentage of
apoptotic cells was calculated by counting cells in five random fields
under the microscope.

Flow Cytometry Assay

After treatment, cells were stained with combined annexin V-FITC/
PI (KeyGEN, Nanjing, China) according to the manufacturer’s
instructions. Briefly, resuspend HeLa cells were mixed with 500
binding buffer, followed by addition of 5 ul annexin V-FITC and 5
ul propidium iodide, and then incubated for 10 min, and the
apoptotic cell population was determined by flow cytometry
(Becton Dickinson, Franklin, New Jersey, USA).

JC-1 Staining

JC-1 staining was used to assess mitochondrial membrane potential
(MMP). After HeLa cells were stimulated with CPSIT_0846, 10 uM
CCCP was added to each well and incubated for 30 min. MMP was
measured using a JC-1 Mitochondrial Membrane Potential
Detection Kit (Abcam, Cambridge, MA, USA) according to the
manufacturer’s instructions. Briefly, 500 pl working solution was
added to each well and incubated for 20 min at 37°C with 5% CO,,
then washed with buffer solution. After that, cells were observed and
photographed using a TS 2R fluorescence microscope (Nikon). Cells
with a stable MMP displayed red fluorescence (J-aggregates), while
displayed green fluorescence (monomer) with a lower MMP.

Indirect Immunofluorescence Assay

Indirect immunofluorescence was used to analyze the release of
cytochrome ¢ (Cyt.c) into the cytoplasm. After HeLa cells were
treated with CPSIT_0846, 10 uM CCCP was added to each well

and incubated for 30 min. Thereafter, 4% paraformaldehyde
buffer was used to fix cells for 30 min, and cells were
permeabilised with 0.3% Triton X-100 for 10 min. After
washing and blocking, cells were immunostained with rabbit
anti-cytochrome c¢ antibody (1: 200; Abcam) overnight at 4°C,
then incubated with Cy2-conjugated goat anti-rabbit IgG (1:200;
Green, Jackson ImmunoResearch Laboratories, USA) for 1 h at
room temperature. DNA was stained blue with Hoechst 33258
(1:400; Sigma). Fluorescence images were visualized with a TS 2R
fluorescence microscope (Nikon).

Western Blotting Assay

Cells were collected and lysed with lysis buffer (containing
protease and phosphatase inhibitors) on ice for 15 min. Lysates
were collected and boiled at 100°C for 10 min. An equal amount
of protein was loaded onto each lane of a 10% or 12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE
gel), separated by electrophoresis, and transferred to a
polyvinylidene fluoride (PVDF) membrane (Millipore,
Billerica, USA). Afterwards, the PVDF membrane was blocked
with blocking solution (containing 5% skim milk, 0.02% Tween-
20 and Tris buffer) for 2 h, and incubated overnight at 4°C with
specific primary antibodies. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a control. Primary
antibodies recognising GAPDH, Bax, Bcl-2, ERK1/2, p-ERK1/
2, SAPK/JNK, p-SAPK/JNK, p38, p-p38, caspase-3, cleaved
caspase-3, caspase-9, cleaved caspase-9, PARP, cleaved PARP
rabbit mAb, and p53 mouse mAb were purchased from Cell
Signaling Technology. After washing five times with PBST, the
membrane was incubated with the corresponding horseradish
peroxidase (HRP)-conjugated Affinipure Goat Anti-Rabbit IgG
(H+L; Abcam) or HRP-conjugated Affinipure Goat Anti-Mouse
IgG (H+L; Abcam) for 1 h. The ECL reaction was performed
with developing solution and the reaction signal was detected by
a G:BOX Chemi XXX9 system (Syngene, Cambridge, UK).

Statistics

All experiments were performed in triplicate independently, and
data are reported as mean + standard deviation (SD). The results
of western blots were scanned and analyzed by Image ] (NIH
Image, Bethesda, MD) and OriginPro 9.0 software. One-way
analysis of variance (ANOVA) was used for comparisons
between two groups. Differences were considered significant at
P <0.05 (%, P<0.05and **, P < 0.01).

RESULTS

Preparation of Recombinant CPSIT_0846
Recombinant CPSIT_0846 protein was expressed from the pET-30a
(+)-CPSIT_0846 plasmid by isopropyl B-D-thiogalactopyranoside
(IPTG) induction. Endotoxin elimination and purification resulted
in recombinant CPSIT_0846 protein with a molecular weight of 24
kDa (Figure 1).
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CPSIT_0846 Protein Has No Significant
Effect on HeLa Cell Viability

HeLa cells were treated with different concentrations of
CPSIT_0846 protein for 24 h, and cell viability (Cell viability
%) was determined using a CCK-8 cell activity detection kit. As
shown in Figure 2, the viability of HeLa cells treated with
different concentrations of CPSIT_0846 protein did not differ
from that of the control group (P > 0.05), which indicates that
recombinant CPSIT 0846 has no obvious toxic effect on
HeLa cells.

CPSIT_0846 Inhibits HeLa Cell Apoptosis

When C. psittaci infects host cells, CPSIT_0846 can be detected
in 2 h after C. psittaci infection, and throughout the subsequent
infection cycle. So, CPSIT_0846 may play a role in the whole
stages of infection. We first chose 24 h as the experimental time
to determine the optimal concentration of CPSIT_0846. Hoechst
33258 staining showed that HeLa cells treated with CPSIT_0846
contained fewer apoptotic bodies and exhibited a lower apoptotic
rate than untreated cells. After STS inducer treatment, the
morphology of cells showed obvious nucleoli shrinkage or
fragmentation, and numerous “bear-palm” apoptotic bodies
were evident. Although apoptotic bodies were also observed in
CPSIT_0846-treated cells, the morphology of most cells were
normal, and the degree of apoptosis was greatly reduced (Figure
3A). After CPSIT_0846 treatment, the expression level of Bax
was down-regulated, while Bcl-2 expression was increased, and
the ratio of Bax/Bcl-2 was lower (Figure 3B). And the changes
after 8ug/mL CPSIT_0846 treatment are the most obvious, so

26kDa —
—24kDa

20kDa —

FIGURE 1 | Production of recombinant CPSIT_0846. The pET-30a
(+)-CPSIT_0846 plasmid was constructed and transformed into Escherichia
coli BL21 cells, and His-tagged protein was expressed following IPTG
induction. Fusion proteins were purified with Ni-nitrilotriacetic acid (NTA)
beads. M, markers; 1, purified CPSIT_0846.

120

100

80

60

Cell viability%

40-

20

Con 2 5 8 10
CPSIT_0846 (ng/mL)

FIGURE 2 | Cell viability (%) of Hela cells after CPSIT_0846 treatment. Hel.a
cells were treated with recombinant CPSIT_0846 protein at concentrations of
5,10, 15, and 20 pug/ml for 24 h, and cell viability was determined by CCK-8
assay. There were no significant differences in cell viability between
CPSIT_0846 treatment and control groups (P > 0.05).

8ug/mL was chosen as the optimal concentration for the
next experiments.

Then, with 8 pg/ml CPSIT_0846 treatment, the Bax/Bcl-2
ratio, expression level of p53 and apoptotic rate decreased and
reached the lowest values at 18 h post-stimulation. When 8 g/
ml CPSIT_0846 was applied for 18 h, the ratio of Bax/Bcl-2 and
the expression level of p53 were strongly down-regulated (Figure
3C). Cell apoptosis was further confirmed by combined annexin
V-FITC/PI staining, and the apoptotic rate of the control group
was 5.19%. After STS inducer treatment, the apoptotic rate was
increased significantly (21.93%), demonstrating that the STS
inducer could effectively induce cell apoptosis. The apoptotic
rate (2.95%) in the CPSIT_0846 treatment group was
significantly lower than that in the control group, but the
apoptotic rate (5.62%) of the group given heated CPSIT_0846
protein was similar to that of the control group (Figure 3D).
These results indicate that CPSIT_0846 inhibits apoptosis in
Hela cells.

CPSIT_0846 Facilitates Resistance to
Apoptosis Involving the Mitochondrial
Apoptotic Pathway

The effects of CPSIT_0846 on mitochondrial membrane potential
(MMP) and cytochrome c (Cyt.c) release from HeLa cells were
evaluated by JC-1 fluorescence staining and indirect
immunofluorescence assay. In the control group, the fluorescence
signal was mainly red (J-aggregates), indicating the cells could
maintain a stable MMP. However, in the CCCP treatment group
the fluorescence signal was green (monomer), indicating a
reduction in MMP. After CCCP treatment, cells in the
CPSIT_0846 treated group displayed a stronger red fluorescence
signal (J-aggregates), and the ratio of red-green fluorescence signal
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for 18 h. Experiments were performed in triplicate independently (**P < 0.01).

in the JC-1 assay was significantly increased, which indicates that
the MMP was stable. However, the MMP of cells treated with CCCP
alone or heated CPSIT_0846 protein was significantly decreased
(Figure 4A). In addition, we also found that after treated with
CCCP, mitochondria-derived Cyt.c was detected in the cytoplasm
in cells exposed to heated CPSIT_0846, but there was no significant
change in the CPSIT_0846 treated group (Figure 4B). The above
results indicate that CPSIT_0846 inhibits apoptosis via the
mitochondrial pathway.

2

Annexin V

oawrs] 10” Jraze
o 1)
0 10 0

. o o e
5 SR
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Annexin V

FIGURE 3 | The effect of CPSIT_0846 on apoptosis. (A) Hela cell apoptosis probed by Hoechst 33258 staining following treatment with different concentrations of
CPSIT_0846. White arrows indicate apoptotic bodies (x400 magnification). The apoptotic rate (%) =
number of cells in five random fields) x100%. **P < 0.01 compared with the control group; **P < 0.01 compared with the STS induction group. (B) Expression levels
of Bax and Bcl-2 in Hela cells following treatment with different concentrations of CPSIT_0846 for 24 h. (C) Expression levels of Bax, Bcl-2 and p53 following
treatment with 8 ug/ml CPSIT_0846 for different times. GAPDH was used as a control. (D) Hela cell apoptosis detected by flow cytometry. The apoptotic rate was
analyzed by combined annexin V-FITC/PI staining, which showed that 8 pg/ml CPSIT_0846 protein had an obvious inhibitory effect on apoptosis following treatment

(number of cells undergoing apoptosis in five random fields/total

CPSIT_0846 Inhibits Apoptosis via the
ERK1/2 and SAPK/JNK Signaling
Pathways

After treating with CPSIT_0846 for 18 h, the levels of
phosphorylated ERK1/2 and SAPK/JNK, but not p38, were
significantly increased and could be significantly inhibited with 30
UM U0126 (ERK1/2 inhibitor) or SP600125 (SAPK/JNK inhibitor)
(Figures 5A-C). Simultaneously, annexin V-FITC/PI staining
results showed that after ERK1/2 or SAPK/JNK was inhibited, the
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FIGURE 4 | The effect of CPSIT_0846 protein on mitochondrial apoptosis. Hela cells were treated with CCCP (10 uM) inducer after CPSIT_0846 (8 ug/ml)
treatment for 18 h. (A) Changes in mitochondrial membrane potential in HelLa cells detected by JC-1 staining under a TS 2R fluorescence microscope
(x400 magnification). There were significant differences in mitochondrial membrane potential following CCCP induction among CPSIT_0846-treated, CCCP-
treated, and heat-inactivated CPSIT_0846 groups. (B) Changes in Cyt.c in HelLa cells detected by indirect immunofluorescence (x400 magnification). Cyt.c
was visualized by Cy2 (green) and DNA was stained by Hoechst (blue). Experiments were performed in triplicate independently, and data were represented as
means + SD (*P < 0.01).

apoptosis rates of CPSIT_0846-treated cells were significantly
increased with or without STS treatment (Figures 5D, E). These
results indicate that ERK1/2 and SAPK/JNK signaling pathways
are involved in regulation of host cell apoptosis by CPSIT_0846.
Next, the expression levels of Bax, Bcl-2, p53, caspase-3,
caspase-9, and PARP were analyzed by western blotting.
Compared with cells exposed to heated CPSIT_0846, cells
treated with intact CPSIT_0846 displayed a lower Bax/Bcl-2
ratio, and the expression levels of p53, cleaved caspase-3,
cleaved caspase-9 and cleaved PARP were lower. However,

after the ERK1/2 or SAPK/JNK signaling pathways were
inhibited in CPSIT_0846-treated HeLa cells, both with and
without STS induction, the ratio of Bax/Bcl-2 and expression
levels of p53, cleaved caspase-3, cleaved caspase-9 and cleaved
PARP were significantly up-regulated (Figures 6A, B), while
MMP was decreased (Figures 6C, D), and Cyt.c was discharged
into the cytoplasm (Figures 6E, F). These results indicate that
the CPSIT_0846 protein may regulate host cell apoptosis
through the mitochondrial pathway, and this process is related
to ERK1/2 and SAPK/JNK signaling pathways.
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FIGURE 5 | ERK1/2 and SAPK/JNK signaling pathways regulate CPSIT_0846-mediated resistance to host cell apoptosis. (A) CPSIT_0846 activated ERK1/2 and
SAPK/INK, but not p38. (B, C) Phosphorylation of ERK1/2 or SAPK/JNK was inhibited by 30 uM U0126 or SP600125. GAPDH was used as a control. (D, E) Inhibition
of apoptosis by CPSIT_0846 protein is weakened following treatment with U0126 or SP600125. Experiments were performed in triplicate independently (P <0.01).

DISCUSSION

Chlamydia are obligate intracellular parasitic microorganisms
with an unique development cycle. C. psittaci is capable of cross-
host transmission between a range of mammalian hosts
including humans (Branley et al., 2016). Chlamydia can secrete
effector proteins via the type 3 secretion system (T3SS) and inject
them into host cells to assist survival (Parrett et al., 2016; Jelocnik
et al., 2017). However, the mechanism used by C. psittaci to
evade the host immune system and the mechanism of
pathogenicity remains unclear.

A complete chlamydial development cycle is usually 36 to
72 h (Harkinezhad et al., 2009). When Chlamydia invades the
host cells, it replicates within the inclusion, a membrane-bound
vacuole, and alternates between elementary bodies (EBs) and
reticulate bodies (RBs). RBs re-differentiate into offspring EBs.
Newly formed EBs are released by host cell lysis, and then infect
neighboring cells, initiating a new replication cycle (Dautry-
Varsat et al,, 2005). In the development cycle, Chlamydia
produces a large number of effector proteins, some of which
can inhibit host cell apoptosis to maintain a suitable living
environment and help them obtain nutrients. When the new
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generation of EBs is formed, some Chlamydial effector proteins
can promote host cell apoptosis, such as CPSIT_0959 in C.
psittaci, which helps the release of offspring EBs, and ultimately
promotes EBs to infect neighboring host cells (Sixt and Kroemer,
2017; Sun et al., 2017; Weber et al., 2017; Wen et al., 2019;
Marschall et al., 2020). Whether they are to promote or inhibit
host cell apoptosis, all of these are the way that Chlamydia has
evolved in order to survive in the host cell.

Inc proteins are located in the Chlamydia inclusion membrane
(IM), where they promote its fusion and assist the absorption of
nutrients, help resist host cell autophagy, and interfere with
intracellular signaling (Mital et al., 2015; Weber et al, 2017;
Almeida et al., 2018). Chlamydia can encode different Inc proteins
during different phases of the infection cycle, which help Chlamydia
to escape host immune system (Kostriukova et al., 2008). For

example, the major Inc proteins encoding genes of C. trachomatis
are early genes, and IncD, IncE, IncF, IncG, CT228, and CT229 were
expressed in the first few hours after chlamydial infection (Shaw
etal,, 2000; Scidmore and Hackstadt, 2001); Cpn0712 and Cpn0703
were secreted into the inclusion membrane at 20 h after C.
pneumoniae infected host cells for 20 h (Vandahl et al., 2002).
Previous studies have shown that some Inc proteins can
inhibit host cell apoptosis, which is essential for Chlamydia
infection (Li et al.,, 2018). C. trachomatis IncG interacts with
the mammalian 14-3-3f protein in HeLa cells, and 14-3-3f in
turn recruits Bad (a pro-apoptotic protein) to the chlamydial
inclusion complex, resulting in inhibition of host cell apoptosis
(Scidmore and Hackstadt, 2001). In our study, combined
Hoechst 33258 and annexin V-FITC/PI staining analysis
showed that the CPSIT_0846 protein could significantly reduce
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the apoptotic rate in HeLa cells, and decrease the Bax/Bcl-2 ratio,
which indicates that it inhibits host cell apoptosis.

The tumor suppressor p53 is an important transcription factor
with multiple regulatory functions, including regulating DNA repair,
controlling cell metabolism and cell cycle arrest, and governing cell
apoptosis (Sun et al., 2018; Li et al,, 2019). Expression level of p53 is
regulated by Bcl-2 family genes. For example, up-regulation of Bax
and other apoptotic proteins can stimulate the expression of p53,
triggering the collapse of MMP, which causes the release of Cyt.c and
other mitochondrial components into the cytoplasm, followed by
caspase-9 and caspase-3 activation, eventually leading to cell
apoptosis (Lebedeva et al, 2003; Yeh et al, 2009). Our result
showed that p53 expression was significantly down-regulated in
Hela cells treated with CPSIT 0846, consistent with CPSIT 0846
inhibiting host cells apoptosis.

A decrease in MMP is a characteristic of the early stages of
mitochondrial- dependent apoptosis, in which the up-regulation of
the Bax/Bcl-2 ratio causes Cyt.c release into the cytoplasm, and then
Caspase-9 and Caspase-3 are activated, accompanied by the lysis of
PARP, which eventually leads to cell apoptosis (Bi et al., 2018; Ye
et al, 2019). Chlamydia can maintain MMP stability, which might
be inseparable from the mechanisms of persistent infection and
resistance to host cell apoptosis (Li et al., 2018). CPSIT_0846 can
prevent CCCP-induced mitochondrial membrane potential
reduction and inhibit the release of Cyt.c into the cytoplasm,
which indicates that CPSIT_0846 may inhibit host cell apoptosis
by acting on mitochondrial-mediated signaling pathways.

Mitogen-activated protein kinases (MAPKs) form the
upstream signaling pathway of mitochondria, including three
important subfamilies (ERK1/2, SAPK/JNK, and p38), which
can be activated in response to various extracellular stimuli
(Krill et al.,, 2004; Papa et al,, 2019). ERK1/2 are activated by
MAP/ERK1/2 kinases 1 and 2 (MEK1/2) by dual phosphorylation
at their threonine 202 and tyrosine 204 residues (Cagnol and
Chambard, 2010). Activated ERK1/2 and SAPK/JNK can directly
phosphorylate a variety of cytoplasmic and nuclear substrates
involved in various cellular processes such as proliferation,
differentiation, apoptosis and survival (He et al, 2015; Meng
et al,, 2019; Sharma et al., 2019). p38 protein kinase is a tyrosine
phosphoprotein kinase associated with inflammation and growth
factor responses (Mo et al., 2020). When exploring the role of
MAPK signaling pathways in CPSIT_0846-mediated regulation
of host cell apoptosis, we found that CPSIT_0846 activated ERK1/
2 and SAPK/JNK but not p38 in HeLa cells. After inhibiting
ERK1/2 or SAPK/JNK with U0126 or SP600125, the ability of
CPSIT_0846 to inhibit apoptosis in HeLa cells was limited, and
the Bax/Bcl-2 ratio and expression level of p53 were significantly
elevated. BCL-2 family members maintain mitochondrial
integrity, and are the main regulators for activation ofcaspase
proteins. When mitochondria receive multiple apoptotic signals,
the MMP drops and Cyt.c is released from the intermembrane
space, causing a series of reactions that eventually lead to caspase
activation (Cheng et al., 2020). After the ERK1/2 or SAPK/JNK
signaling pathway was inhibited, CPSIT_0846 decreased the
MMP, but increased Cyt.c release, and the abundance of

cleaved caspase-3, cleaved caspase-9, and cleaved PARP was
significantly increaseed regardless of STS induction. Therefore,
the inhibitory effect of CPSIT_0846 on apoptosis may be partly
due to its ability to activate ERK1/2- and SAPK/JNK-mediated
mitochondrial pathways.

Chlamydia can deliver inclusion membrane proteins from their
intracellular niche to the host cytoplasm mainly through type 3
secretion system. Some domains of these secreted inclusion
membrane proteins may expose into the cytoplasm and combine
with molecular chaperone proteins to promote folding or delivery,
ultimately achieve the purpose of manipulating host cells (Weber
and Faris, 2018). The hypothetical inc protein CPSIT_0846 used in
this study is a supernatant protein expressed by a prokaryotic
expression system, which usually does not interfere with the
native conformation of the protein (Kesidis et al., 2020). But the
mechanism of how CPSIT_0846 enter host cells and which domains
are exposed into the cytoplasm and which molecular chaperones are
bound with them are still unclear. And these complicated
mechanisms are exactly what we prepare to study further.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

LilC, HW, and TT conceptualized the experiments and methods. XC
and LiC contributed to cell experiments. TT and LL carried out the
Western blotting and fluorescent staining experimentations. LilC, QB,
and YC contracted the data collation and statistical analysis. TT and
HW wrote the manuscript. LilC, ZL, and YC joined for language
editing and reviewing of the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (grant no. 31600150, 81572011), the
Natural Science Foundation of Hunan Province (2020]J4527,
2019]J50494), the Scientific Research Fund of Hunan Provincial
Education Department (20A438), and the Fund of Hunan Key
Laboratory (2019TP1027).

ACKNOWLEDGMENTS

We greatly appreciate the Institute of Microbiology and Sanitary
Inspection, College of Public Health and the Institute of
Pathogenic Biology, Medical College, University of South China.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

February 2021 | Volume 11 | Article 607422


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Tang et al.

CPSIT_0846 and Cell Apoptosis in C. psittaci

REFERENCES

Almeida, F., Luis, M. P., Pereira, I. S., Pais, S. V., and Mota, L. J. (2018). The human
centrosomal protein CCDC146 binds Chlamydia trachomatis inclusion
membrane protein CT288 and is recruited to the periphery of the
Chlamydia-containing vacuole. Front. Cell Infect. Microbiol. 8, 254.
doi: 10.3389/fcimb.2018.00254

Al-Zeer, M. A., Xavier, A., Abu Lubad, M., Sigulla, J., Kessler, M., Hurwitz, R., et al.
(2017). Chlamydia trachomatis prevents apoptosis via activation of PDPK1-
MYC and enhanced mitochondrial binding of Hexokinase II. EBioMedicine 23,
100-110. doi: 10.1016/j.ebiom.2017.08.005

Behdad, A., Zhou, X. Y., Gao, J., Raparia, K., Dittman, D., Green, S. J., et al. (2019).
High frequency of MYD88 L265P mutation in primary ocular adnexal
marginal zone lymphoma and its Clinicopathologic correlation: A study
from a single institution. Arch. Pathol. Lab. Med. 143, 483-493.
doi: 10.5858/arpa.2018-0092-OA

Bi, Y. L., Min, M., Shen, W., and Liu, Y. (2018). Genistein induced anticancer
effects on pancreatic cancer cell lines involves mitochondrial apoptosis, GO/
Glcell cycle arrest and regulation of STATS3 signalling pathway. Phytomedicine
39, 10-16. doi: 10.1016/j.phymed.2017.12.001

Bocker, S., Heurich, A., Franke, C., Monajembashi, S., Sachse, K., Saluz, H. P., et al.
(2014). Chlamydia psittaci inclusion membrane protein IncB associates with
host protein Snapin. Int. J. Med. Microbiol. 304, 542-553. doi: 10.1016/
j.ijmm.2014.03.005

Branley, J., Bachmann, N. L., Jelocnik, M., Myers, G. S., and Polkinghorne, A.
(2016). Australian human and parrot Chlamydia psittaci strains cluster within
the highly virulent 6BC clade of this important zoonotic pathogen. Sci. Rep. 6,
30019. doi: 10.1038/srep30019

Brokatzky, D., Kretz, O., and Hacker, G. (2020). Apoptosis functions in defence
against infection of mammalian cells with 5 environmental chlamydiae. Infect.
Immun. 88, e00851-e00819. doi: 10.1128/IAL.00851-19

Cagnol, S., and Chambard, J. C. (2010). ERK and cell death: mechanisms of ERK-
induced cell death—apoptosis, autophagy and senescence. FEBS J. 277, 2-21.
doi: 10.1111/.1742-4658.2009.07366.x

Cheng, E. H., Wei, M. C., Weiler, S., Flavell, R. A., Mak, T. W, Lindsten, T, et al.
(2001). BCL-2, BCL-X L Sequester BH3 domain-only molecules preventing
BAX- and BAK-mediated mitochondrial apoptosis. Mol. Cell. 8, 705-711.
doi: 10.1016/s1097-2765(01)00320-3

Cheng, X, Geng, F., Pan, M., Wu, X,, Xhong, Y., Wang, C,, et al. (2020). Targeting
DGAT1 Ameliorates Glioblastoma by Increasing Fat Catabolism and
Oxidative Stress. Cell Metab. 32, 229-242.e8. doi: 10.1016/j.cmet.2020.06.002

Collina, F., Chiara, A. D., Renzo, A. D., Rosa, G. D., Botti, G., and Franco, R.
(2012). Chlamydia psittaci in ocular adnexa MALT lymphoma: a possible role
in lymphomagenesis and a different geographical distribution. Infect. Agent
Cancer 7, 8. doi: 10.1186/1750-9378-7-8

Cortes, C., Rzomp, K. A, Tvinnereim, A., Scidmore, M. A., and Wizel, B. (2007).
Chlamydia pneumoniae inclusion membrane protein Cpn0585 interacts
with multiple Rab GTPases. Infect Immun. 75, 5586-5596. doi: 10.1128/
IA1.01020-07

Dautry-Varsat, A., Subtil, A., and Hackstadt, T. (2005). Recent insights into the
mechanisms of Chlamydia entry. Cell Microbiol. 7, 1714-1722. doi: 10.1111/
j.1462-5822.2005.00627.x

Dickinson, M. S., Anderson, L. N., Webb-Robertson, B. M., Hansen, J. R., Smith,
R. D., Wright, A. T, et al. (2019). Proximity-dependent proteomics of the
Chlamydia trachomatis inclusion membrane reveals functional interactions
with endoplasmic reticulum exit sites. PloS Pathog. 15, €1007698. doi: 10.1371/
journal.ppat.1007698

Flores, R., Luo, J., Chen, D., Sturgeon, G., Shivshankar, P., Zhong, Y., and
Zhong, G. (2007). Characterization of the hypothetical protein Cpn1027, a
newly identified inclusion membrane protein unique to Chlamydia
pneumoniae. Microbiology (Reading) 153, 777-786. doi: 10.1099/mic.0.
2006/002956-0

Gough, S. L., Carrick, J., Raidal, S. L., Keane, S., Collins, N., Cudmore, L., et al.
(2020). Chlamydia psittaci infection as a cause of respiratory disease in
neonatal foals. Equine Vet. J. 52, 244-249. doi: 10.1111/evj.13170

Harkinezhad, T., Geens, T., and Vanrompay, D. (2009). Chlamydophila psittaci
infections in birds: A review with emphasis on zoonotic consequences. Vet.
Microbiol. 135, 68-77. doi: 10.1016/j.vetmic.2008.09.046

He, Q. Z., Zeng, H. C,, Huang, Y., Hu, Y. Q,, and Wu, Y. M. (2015). The type III
secretion system (T3SS) of Chlamydophila psittaci is involved in the host
inflammatory response by activating the JNK/ERK signaling pathway. BioMed.
Res. Int. 2015, 652416. doi: 10.1155/2015/652416

Jelocnik, M., Branley, J., Heller, J., Raidal, S., Alderson, S., Galea, F,, et al. (2017).
Multilocus sequence typing identifies an avian-like Chlamydia psittaci strain
involved in equine placentitis and associated with subsequent human
psittacosis. Emerg. Microbes Infect. 6, e7. doi: 10.1038/emi.2016.135

Kesidis, A., Depping, P., Lode, A., Vaitsopoulou, A,, Bill, R. M., Goddard, A. D.,
et al. (2020). Expression of eukaryotic membrane proteins in eukaryotic and
prokaryotic Hosts. Methods 180, 3-18. doi: 10.1016/j.ymeth.2020.06.006

Kostrjukova, E. S., Lazarev, V. N,, Titova, G. A., Akopian, T. A., Levitskii, S. A., and
Govorun, VM. (2006). Expression of Chlamydia trachomatis inclusion
membrane protein genes IncB and IncC in Escherichia coli. Biochemistry
(Mosc). 71, 262-269. doi: 10.1134/s0006297906030059

Kostriukova, E. S., Lazarev, V. N., and Govorun, V. M. (2008). Inclusion
membrane proteins of Chlamydiaceae. Biomed Khim. 54, 24-41. doi:
10.1134/51990750808020042

Kriill, M., Kramp, J., Petrov, T., Klucken, A. C., Hocke, A. C., Walter, C,, et al.
(2004). Differences in cell activation by Chlamydophila pneumoniae and
Chlamydia trachomatis infection in human endothelial cells. Infect. Immun.
72, 6615-6621. doi: 10.1128/IA1.72.11.6615-6621.2004

Lebedeva, I. V., Sarkar, D., Su, Z. Z., Kitada, S., Dent, P., Stein, C. A., et al. (2003).
Bcl-2 and Bcl-x(L) differentially protect human prostate cancer cells from
induction of apoptosis by melanoma differentiation associated gene-7, mda-7/
IL-24. Oncogene 22, 8758-8773. doi: 10.1038/sj.0nc.1206891

Li, L., Wang, C., Wen, Y., Hu, Y., Xie, Y., Xu, M., et al. (2018). ERK1/2 and the Bcl-
2 family proteins Mcl-1, tBid, and Bim are involved in inhibition of apoptosis
during persistent Chlamydia psittaci infection. Inflammation 41, 1372-1383.
doi: 10.1007/s10753-018-0785-8

Li, S., Hong, X., Wei, Z., Xie, M., Li, W., Liu, G,, et al. (2019). Ubiquitination of the
HPV oncoprotein E6 is critical for E6/E6AP-mediated p53 degradation. Front.
Microbiol. 10, 2483. doi: 10.3389/fmicb.2019.02483

Lin, W, Chen, T., Liao, L., Wang, Z., Xiao, J., Lu, J., et al. (2019). A parrot-type
Chlamydia psittaci strain is in association with egg production drop in laying
ducks. Transbound Emerg. Dis. 66, 2002-2010. doi: 10.1111/tbed.13248

Liu, S. Y., Li, K. P., Hsieh, M. K., Chang, P. C, Shien, J. H., and Ou, S. C. (2019).
Prevalence and genotyping of Chlamydia psittaci from domestic waterfowl,
companion birds, and wild birds in Taiwan. Vector Borne Zoonotic Dis. 19,
666-673. doi: 10.1089/vbz.2018.2403

Marschall, M. T., Simnacher, U., Walther, P., Essig, A., and Hagemann, J. B.
(2020). The putative type III secreted Chlamydia abortus virulence-associated
protein CABO063 targets lamin and induces apoptosis. Front. Microbiol. 11,
1059. doi: 10.3389/fmicb.2020.01059

Meng, J., Wang, D. M., and Luo, L. L. (2019). CTRP3 acts as a novel regulator in
depressive-like behavior associated inflammation and apoptosis by meditating
p38 and JNK MAPK signaling. BioMed. Pharmacother. 120:109489.
doi: 10.1016/j.biopha.2019.109489

Mital, J., Lutter, E. I, Barger, A. C., Dooley, C. A., and Hackstadt, T. (2015).
Chlamydia trachomatis inclusion membrane protein CT850 interacts with the
dynein light chain DYNLT1 (Tctex1). Biochem. Biophys. Res. Commun. 462,
165-170. doi: 10.1016/j.bbrc.2015.04.116

Mo, L., Hong, S., Li, Y., Hu, Z., Han, B., Wei, Z,, et al. (2020). Sevoflurane inhibited
inflammatory response induced by TNF-ot in human trophoblastic cells
through p38MAPK signaling pathway. J. Recept. Signal Transduct. Res. 40,
218-223. doi: 10.1080/10799893.2020.1726951

Moore, E. R, and Ouellette, S. P. (2014). Reconceptualizing the Chlamydial
inclusion as a pathogen-specified parasitic organelle: an expanded role for
Inc proteins. Front. Cell Infect. Microbiol. 4, 157. doi: 10.3389/fcimb.2014.
00157

Naoi, M., Wu, Y., Shamoto-Nagai, M., and Maruyama, W. (2019). Mitochondria
in neuroprotection by phytochemicals: bioactive polyphenols modulate
mitochondrial apoptosis system, function and structure. Int. J. Mol. Sci. 20,
2451. doi: 10.3390/ijms20102451

Nguyen, P. H., Lutter, E. I, and Hackstadt, T. (2018). Chlamydia trachomatis
inclusion membrane protein MrcA interacts with the inositol 1,4,5-
trisphosphate receptor type 3 (ITPR3) to regulate extrusion formation. PLoS
Pathog. 14 (3), €1006911. doi: 10.1371/journal.ppat.1006911

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

February 2021 | Volume 11 | Article 607422


https://doi.org/10.3389/fcimb.2018.00254
https://doi.org/10.1016/j.ebiom.2017.08.005
https://doi.org/10.5858/arpa.2018-0092-OA
https://doi.org/10.1016/j.phymed.2017.12.001
https://doi.org/10.1016/j.ijmm.2014.03.005
https://doi.org/10.1016/j.ijmm.2014.03.005
https://doi.org/10.1038/srep30019
https://doi.org/10.1128/IAI.00851-19
https://doi.org/10.1111/j.1742-4658.2009.07366.x
https://doi.org/10.1016/s1097-2765(01)00320-3
https://doi.org/10.1016/j.cmet.2020.06.002
https://doi.org/10.1186/1750-9378-7-8
https://doi.org/10.1128/IAI.01020-07
https://doi.org/10.1128/IAI.01020-07
https://doi.org/10.1111/j.1462-5822.2005.00627.x
https://doi.org/10.1111/j.1462-5822.2005.00627.x
https://doi.org/10.1371/journal.ppat.1007698
https://doi.org/10.1371/journal.ppat.1007698
https://doi.org/10.1099/mic.0.2006/002956-0
https://doi.org/10.1099/mic.0.2006/002956-0
https://doi.org/10.1111/evj.13170
https://doi.org/10.1016/j.vetmic.2008.09.046
https://doi.org/10.1155/2015/652416
https://doi.org/10.1038/emi.2016.135
https://doi.org/10.1016/j.ymeth.2020.06.006
https://doi.org/10.1134/s0006297906030059
https://doi.org/10.1134/S1990750808020042
https://doi.org/10.1128/IAI.72.11.6615-6621.2004
https://doi.org/10.1038/sj.onc.1206891
https://doi.org/10.1007/s10753-018-0785-8
https://doi.org/10.3389/fmicb.2019.02483
https://doi.org/10.1111/tbed.13248
https://doi.org/10.1089/vbz.2018.2403
https://doi.org/10.3389/fmicb.2020.01059
https://doi.org/10.1016/j.biopha.2019.109489
https://doi.org/10.1016/j.bbrc.2015.04.116
https://doi.org/10.1080/10799893.2020.1726951
https://doi.org/10.3389/fcimb.2014.00157
https://doi.org/10.3389/fcimb.2014.00157
https://doi.org/10.3390/ijms20102451
https://doi.org/10.1371/journal.ppat.1006911
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Tang et al.

CPSIT_0846 and Cell Apoptosis in C. psittaci

Papa, S., Choy, P. M., and Bubici, C. (2019). The ERK and JNK pathways in the
regulation of metabolic reprogramming. Oncogene 38, 2223-2240.
doi: 10.1038/541388-018-0582-8

Parrett, C. J., Lenoci, R. V., Nguyen, B., Russell, L., and Jewett, T. J. (2016).
Targeted disruption of Chlamydia trachomatis invasion by in trans expression
of dominant negative Tarp effectors. Front. Cell Infect. Microbiol. 6, 84.
doi: 10.3389/fcimb.2016.00084

Ran, O,, Liang, M., Yu, J.,, Yu, M,, Song, Y., and Wu, Y. (2017). Recombinant
protein CPSIT_0846 induces protective immunity against Chlamydia psittaci
infection in BALB/c mice. Pathog. Dis. 75 (3). doi: 10.1093/femspd/ftx018

Rockey, D. D., Heinzen, R. A., and Hackstadt, T. (1995). Cloning and
characterization of a Chlamydia psittaci gene coding for a protein localized
in the inclusion membrane of infected cells. Mol. Microbio. 15, 617-626.

Rockey, D. D., Scidmore, M. A., Bannantine, J. P., and Brown, W. J. (2002).
Proteins in the chlamydial inclusion membrane. Microbes Infect. 4, 333-340.
doi: 10.1016/s1286-4579(02)01546-0

Ronzone, E., and Paumet, F. (2013). Two coiled-coil domains of Chlamydia
trachomatis IncA affect membrane fusion events during infection. PloS One 8,
€69769. doi: 10.1371/journal.pone.0069769

Scidmore, M. A., and Hackstadt, T. (2001). Mammalian 14-3-3[3 associates with
the Chlamydia trachomatis inclusion membrane via its interaction with IncG.
Mol. Microbiol. 9, 1638-1650. doi: 10.1046/j.1365-2958.2001.02355.x

Sharma, A., Tirpude, N. V., Kulurkar, P. M., Sharma, R., and Padwad, Y. (2019).
Berberis lycium fruit extract attenuates oxi-inflammatory stress and promotes
mucosal healing by mitigating NF-kappaB/c-Jun/MAPKs signalling and
augmenting splenic Treg proliferation in a murine model of dextran
sulphate sodium-induced ulcerative colitis. Eur. J. Nutr. 59, 2663-2681.
doi: 10.1007/500394-019-02114-1

Shaw, E. I, Dooley, C. A., Fischer, E. R,, Scidmore, M. A, Fields, K. A., and
Hackstadt, T. (2000). Three temporal classes of gene expression during the
Chlamydia trachomatis developmental cycle. Mol. Microbiol. 37, 913-925.
doi: 10.1046/j.1365-2958.2000.02057.x

Shaw, J. H., Key, C. E., Snider, T. A,, Sah, P., Shaw, E. L, Fisher, D. J., et al. (2018).
Genetic inactivation of Chlamydia trachomatis inclusion membrane protein
CT228 alters MYPT1 recruitment, extrusion production, and longevity of
infection. Front. Cell Infect. Microbiol. 8, 415. doi: 10.3389/fcimb.2018.00415

Sixt, B. S., and Kroemer, G. (2017). Lamydia anti-apoptosis-A by-product of
metabolic reprogramming? EBioMedicine 23, 2-3. doi: 10.1016/
j.ebiom.2017.08.018

Sixt, B. S., Bastidas, R. J., Finethy, R., Baxter, R. M., Carpenter, V. K., Kroemer, G.,
et al. (2017). The Chlamydia trachomatis Inclusion Membrane Protein CpoS
Counteracts STING-Mediated Cellular Surveillance and Suicide Programs. Cell
Host Microbe 21, 113-121. doi: 10.1016/j.chom.2016.12.002

Sun, Y., Zhou, P., Chen, S., Hu, C., Bai, Q., Wu, H., et al. (2017). The JAK/STAT3
signaling pathway mediates inhibition of host cell apoptosis by Chlamydia
psittaci infection. Pathog. Dis. 75, ftx088. doi: 10.1093/femspd/ftx088

Sun, C. Y., Zhu, Y., Li, X. F., Wang, X. Q., Tang, L. P., Su, Z. Q,, et al. (2018).
Scutellarin increases cisplatin-induced apoptosis and autophagy to overcome

cisplatin resistance in non-small cell lung cancer via ERK/p53 and c-met/AKT
signaling pathways. Front. Pharmacol. 9:92. doi: 10.3389/fphar.2018.00092

Vandahl, B. B., Birkelund, S., and Christiansen, G. (2002). Proteome analysis of
Chlamydia pneumoniae. Methods Enzymol. 358, 277-288. doi: 10.1016/s0076-
6879(02)58095-2

Vandendriessche, S., Rybarczyk, J., Schauwvlieghe, P. P., Accou, G., Van den
Abeele, A. M., and Vanrompay, D. (2019). A bird’s-eye view of chronic
unilateral conjunctivitis: Remember about Chlamydia psittaci.
Microorganisms 7, 118. doi: 10.3390/microorganisms7050118

Wang, Y., Arthur, E. W,, Liu, N,, Li, X,, Xiang, W., Maxwell, A., et al. (2019).
iTRAQ-based quantitative proteomics analysis of HeLa cells infected with
Chlamydia muridarum TC0668 mutant and wild-type strains. Front.
Microbiol. 10, 2553. doi: 10.3389/fmicb.2019.02553

Weber, M. M., and Faris, R. (2018). Subversion of the endocytic and secretory
pathways by bacterial effector proteins. Front. Cell Dev. Biol. 2018, 1.
doi: 10.3389/fcell.2018.00001

Weber, M. M., Noriea, N. F., Bauler, L. D., Lam, J. L., Sager, J., Wesolowski, J., et al.
(2016). A functional core of IncA is required for Chlamydia trachomatis
inclusion fusion. J. Bacteriol. 198, 1347-1355. doi: 10.1128/]JB.00933-15

Weber, M. M., Lam, J. L., Dooley, C. A., Noriea, N. F., Hansen, B. T., Hoyt, F. H,,
et al. (2017). Absence of specific Chlamydia trachomatis inclusion membrane
proteins triggers premature inclusion membrane lysis and host cell death. Cell
Rep. 9, 1406-1417. doi: 10.1016/j.celrep.2017.04.058

Wen, Y., Chen, Y., Li, L., Xu, M., Tan, Y., Li, Y., et al. (2019). Localization and
characterization of a putative cysteine desulfurase in Chlamydia psittaci. J. Cell
Biochem. 120, 4409-4422. doi: 10.1002/jcb.27727

Wu, H,, Wang, C,, Jiang, C., Xie, Y., Liu, L., Song, Y., et al. (2016). Localization and
characterization of two putative TMH family proteins in Chlamydia psittaci.
Microbiol. Res. 183, 19-25. doi: 10.1016/j.micres.2015.11.005

Ye, J., Xue, M, Liu, Y., Zhu, S, Li, Y, Liu, X, et al. (2019). Diosbulbin B-Induced
mitochondria-dependent apoptosis in L-02 hepatocytes is regulated by reactive oxygen
species-mediated autophagy. Front. Pharmacol. 10, 676. doi: 10.3389/fphar.2019.00676

Yeh, Y. C, Liu, T. J.,, Wang, L. C., Lee, H. W,, Ting, C. T., Lee, W. L., et al. (2009). A
standardized extract of Ginkgo biloba suppresses doxorubicin-induced
oxidative stress and p53-mediated mitochondrial apoptosis in rat testes. Br.
J. Pharmacol. 156, 48-61. doi: 10.1111/j.1476-5381.2008.00042.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Tang, Wu, Chen, Chen, Liu, Li, Bai, Chen and Chen. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

February 2021 | Volume 11 | Article 607422


https://doi.org/10.1038/s41388-018-0582-8
https://doi.org/10.3389/fcimb.2016.00084
https://doi.org/10.1093/femspd/ftx018
https://doi.org/10.1016/s1286-4579(02)01546-0
https://doi.org/10.1371/journal.pone.0069769
https://doi.org/10.1046/j.1365-2958.2001.02355.x
https://doi.org/10.1007/s00394-019-02114-1
https://doi.org/10.1046/j.1365-2958.2000.02057.x
https://doi.org/10.3389/fcimb.2018.00415
https://doi.org/10.1016/j.ebiom.2017.08.018
https://doi.org/10.1016/j.ebiom.2017.08.018
https://doi.org/10.1016/j.chom.2016.12.002
https://doi.org/10.1093/femspd/ftx088
https://doi.org/10.3389/fphar.2018.00092
https://doi.org/10.1016/s0076-6879(02)58095-2
https://doi.org/10.1016/s0076-6879(02)58095-2
https://doi.org/10.3390/microorganisms7050118
https://doi.org/10.3389/fmicb.2019.02553
https://doi.org/10.3389/fcell.2018.00001
https://doi.org/10.1128/JB.00933-15
https://doi.org/10.1016/j.celrep.2017.04.058
https://doi.org/10.1002/jcb.27727
https://doi.org/10.1016/j.micres.2015.11.005
https://doi.org/10.3389/fphar.2019.00676
https://doi.org/10.1111/j.1476-5381.2008.00042.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	The Hypothetical Inclusion Membrane Protein CPSIT_0846 Regulates Mitochondrial-Mediated Host Cell Apoptosis via the ERK/JNK Signaling Pathway
	Introduction
	Materials and Methods
	Preparation of CPSIT_0846 Recombinant Protein
	Cell Treatment
	CCK-8 Cell Viability Analysis
	Hoechst 33258 Staining
	Flow Cytometry Assay
	JC-1 Staining
	Indirect Immunofluorescence Assay
	Western Blotting Assay
	Statistics

	Results
	Preparation of Recombinant CPSIT_0846
	CPSIT_0846 Protein Has No Significant Effect on HeLa Cell Viability
	CPSIT_0846 Inhibits HeLa Cell Apoptosis
	CPSIT_0846 Facilitates Resistance to Apoptosis Involving the Mitochondrial Apoptotic Pathway
	CPSIT_0846 Inhibits Apoptosis via the ERK1/2 and SAPK/JNK Signaling Pathways

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


