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ABSTRACT The reproductive system complications of genital chlamydial infection in-
clude fallopian tube fibrosis and tubal factor infertility. However, the molecular patho-
genesis of these complications remains poorly understood. The induction of pathogenic
epithelial-mesenchymal transition (EMT) through microRNA (miRNA) dysregulation was
recently proposed as the pathogenic basis of chlamydial complications. Focusing on fi-
brogenesis, we investigated the hypothesis that chlamydia-induced fibrosis is caused by
EMT-driven generation of myofibroblasts, the effector cells of fibrosis that produce ex-
cessive extracellular matrix (ECM) proteins. The results revealed that the targets of a ma-
jor category of altered miRNAs during chlamydial infection are key components of the
pathophysiological process of fibrogenesis; these target molecules include collagen
types I, III, and IV, transforming growth factor � (TGF-�), TGF-� receptor 1 (TGF-�R1),
connective tissue growth factor (CTGF), E-cadherin, SRY-box 7 (SOX7), and NFAT (nuclear
factor of activated T cells) kinase dual-specificity tyrosine (Y) phosphorylation-regulated
kinase 1a (Dyrk1a). Chlamydial induction of EMT resulted in the generation of �-smooth
muscle actin (�-SMA)-positive myofibroblasts that produced ECM proteins, including col-
lagen types I and III and fibronectin. Furthermore, the inhibition of EMT prevented the
generation of myofibroblasts and production of ECM proteins during chlamydial infec-
tion. These findings may provide useful avenues for targeting EMT or specific compo-
nents of the EMT pathways as a therapeutic intervention strategy to prevent chlamydia-
related complications.
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Chlamydia trachomatis genital infection is a major public health concern, the most
common bacterial sexually transmitted disease (STD), with complications that include

pelvic inflammatory disease, fibrosis, ectopic pregnancy, and tubal factor infertility. Tubal
damage caused by Chlamydia is due to inflammatory fibrosis (scarring) that may lead to
tubal occlusion and infertility (1, 2). While cytokine-mediated inflammation-induced mech-
anisms have been proposed to generally explain chlamydia-induced fibrosis (1, 3–5), the
molecular pathogenesis is less understood. Pathophysiologically, fibrosis is a dysregulated
tissue repair response to injury (e.g., infection or trauma), involving excessive deposition of
extracellular matrix (ECM) proteins (i.e., collagens I and III, fibronectin, fibrins, and elastin) by
effector cells called myofibroblasts, resulting in a loss of normal organ/tissue function. The
origin of myofibroblasts during fibrosis include activation of neighboring tissue fibroblasts,
bone marrow, and certain organ-specific cells and conversion of epithelial cells into
myofibroblasts by a microRNA (miRNA)-driven differentiation process called epithelial-
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mesenchymal transition (EMT) (6–9). EMT converts normal epithelial cells into fibroblastic
(elongated) mesenchymal cells that exhibit enhanced motility and invasiveness and high
resistance to senescence and apoptosis, and it represents an important phase in epithelial
response to development, differentiation, chronic inflammation, fibrogenesis, and tumor
progression (7, 10). Mechanistically, EMT inducers (e.g., transforming growth factor �

[TGF-�]) initiate both the canonical Smad and non-Smad (Akt and extracellular signal-
regulated kinases 1/2 [ERK1/2]), Wnt, and focal adhesion signaling pathways to downregu-
late miRNAs and transcription factors that protect epithelial integrity but upregulate
fibrogenic and oncogenic miRNAs and transcription factors that initiate EMT (8, 9). The
prototypical hallmark of EMT is E-cadherin loss, representing a cadherin expression switch-
ing from E- to N- or T-cadherin (8). E-cadherin maintains epithelial functional integrity due
to its role in cell-cell adhesive interaction mediated through its cytoskeletal interactions
with cytoplasmic catenins to provide the epithelial cobble-stone-like tissue architecture,
ensure the epithelial barrier, and aggregate forms as functional tissue glands. On the other
hand, the mesenchymal markers induced during EMT include N-/T-cadherin, fibronectin,
and vimentin. In addition, mesenchymal cells further differentiate into myofibroblasts,
producing increased ECM components, consequent fibrogenesis, and alteration of epithe-
lial integrity and functions (7, 8). Specifically, during fibrosis, EMT converts normal epithelial
parenchymal tissue architecture into nonfunctional scar tissue (11) and alters the differen-
tiated physiological functions of epithelial cells (i.e., secretory, barrier, and transport),
leading to organ failure (12–14). Thus, EMT plays a major role in most organ and tissue
fibrotic diseases, such as pulmonary, renal, and hepatic fibrosis, making it a current target
in therapeutic intervention against several fibrotic diseases (6, 9, 15, 16). However, the role
of EMT in the tubal fibrosis associated with genital chlamydial disease (1) has not been
clarified.

The epithelial cell is the target of chlamydial infection at both the lower and upper
reproductive tract, and recent reports have revealed that chlamydia induces EMT
through dysregulation of miRNAs in the reproductive (17) or ocular (18) epithelium.
These findings suggested that EMT plays a key role in the pathogenesis of chlamydia-
induced fibrosis. In previous reports, we demonstrated that Chlamydia induced EMT via
the fibrogenic and tumor promoters ZEB1, Snail1/2, and Tsp1, involving caspase-
mediated dicer inactivation and miRNA dysregulation (17). Also, caspase inhibitors,
specifically the caspase 3 or the pan-caspase inhibitor Z-VAD-FMK, prevented EMT (17)
and chlamydia-induced infertility in vivo (19). Thus, caspase cleavage inactivation of
dicer (20, 21) is a key upstream initiating event for miRNA-mediated, chlamydia-
induced EMT that drives reproductive tissue fibrosis (2, 22), infertility (17), and possibly
the cofactor role of chlamydia in human papillomavirus (HPV)-related invasive cervical
carcinoma. Better knowledge of the key components of EMT and EMT inhibitors may
provide targets for therapy against chlamydia complications. In the present study, we
used bioinformatics to identify the targets of anti- and profibrotic miRNAs that are
altered during genital chlamydial infection and investigated the role of these targets in
the pathophysiological pathways of fibrogenesis. Also, using chlamydia-infected pri-
mary reproductive tract epithelial cells that undergo EMT (17), we investigated the
hypothesis that Chlamydia-induced EMT generates myofibroblasts that produce the
ECM proteins causing fibrosis.

RESULTS
Identification and role of targets of fibrogenic and antifibrosis miRNAs during

genital chlamydial infection. We recently reported that chlamydial genital infection
caused dysregulation of miRNAs that control epithelial functional integrity and induced
EMT in the reproductive epithelial tissues (17). In the present study, we continued the
study but focused on the detailed bioinformatics analysis of the miRNAs that regulate
fibrosis and the role of their targets in the pathophysiolocal pathway of fibrogenesis. As
shown in Table 1, genital chlamydial infection that resulted in infertility (17) was
associated with the downregulation of key miRNAs (i.e., mir-24, miR-29 family, miR-
101-1, miR-185, and miR-221) that prevent epithelial fibrosis through biological pro-
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cesses mediated by their targets; however, there was upregulation of the major
fibrogenic miRNAs, miR-9 and miR-199b, that promote fibrogenesis through biological
processes mediated by their targets (6). Specifically, target function validation analyses
using TargetScanMouse (http://www.targetscan.org/mmu_71/) and other miRNA soft-
ware (6, 23) revealed that members of the miR-29 family target and actively suppress
the expression of ECM proteins, especially collagen types I, III, and IV, to control fibrosis.
The targets for miR-15a are TGF-� receptor 1 (TGF-�R1) and connective tissue growth
factor (CTGF) (6, 24), while miRNA-27 targets Sp1, TGF-�R1, SMAD2, and Gremlin1 (25,
26) to control fibrogenesis. miR-101-1 targets fos on the tumor necrosis factor alpha
(TNF-�)–TGF-� signaling pathway to prevent the production ECM and prevent fibrosis
(23, 27–29). The TGF-� maturation processing protease, furin, is the direct target of
miR-24 (30–32). miR-203 controls fibrosis and maintains epithelial integrity by
specifically targeting SMAD3, a key intracellular mediator of TGF-� signaling, lead-
ing to EMT and production of ECM proteins during fibrosis (6, 33). In addition,
miR-203 targets the EMT- and cell invasion-promoting transcription factor Snail2
(Slug) (34) and SMAD3 (33, 34) to prevent fibrosis. Furthermore, among the key
downregulated miRNAs, miR-185 targets TGF-� and collagen type I to control tissue
fibrosis (6, 35) and miR-221 targets fibrosis-promoting osteopontin, which is also
the target of the polyphenol epigallocatechin-3-gallate (EGCG), which is found in
green tea and upregulates miR-221 (36). On the other hand, miR-9 is a key fibrogenic
and oncogenic miRNA that targets E-cadherin and the tumor suppressor and transcrip-
tion SRY-box 7 (SOX7) of the SOX transcription factor family (8, 37). Also, miR-199b
targets the NFAT (nuclear factor of activated T cells) kinase dual-specificity tyrosine (Y)
phosphorylation-regulated kinase 1a (Dyrk1a) to suppress calcineurin-NFAT signaling
and fibrosis (38, 39). Thus, as previously surmised (17), chlamydia downregulated
miRNAs that control EMT and fibrosis to protect epithelial functional integrity but
upregulated fibrogenic miRNAs that induce pathogenic EMT and profibrotic ECM
proteins (6–9). These results suggested that key effector cells and molecules that drive
fibrosis, such as myofibroblasts and ECM proteins, are produced during chlamydial
infection in association with EMT induction. While the production of ECM proteins in
the oviducts of chlamydia-infected mice has been demonstrated in mice (1, 2), the
generation of myofibroblasts is yet to be shown.

Chlamydial induction of EMT results in the generation of myofibroblasts, the
effector cells of fibrosis. It is unknown whether myofibroblasts are generated during
chlamydia-induced EMT (17). In several organ and tissue fibrosis systems, EMT contrib-
utes to fibrogenesis through the generation of myofibroblasts, the effector cells of
fibrosis that produce the excess ECM components whose accumulation results in scars,
a loss of normal tissue function, and chronic organ/tissue disease manifestation (7, 8,
16). Alpha smooth muscle actin (�-SMA) is a reliable marker of myofibroblasts (8), and
so we investigated whether �-SMA-positive cells could be generated from chlamydia-
infected primary epithelial cells. The results shown in Fig. 1 indicated that chlamydia-
induced EMT (i.e., suppression of normal epithelial markers, such as �-catenin) is

TABLE 1 Summary of miRNAs used in this study

No. miRNA
Expression in reproductive tract during
Chlamydia infection (fold change) Target(s)/role in fibrogenesis Reference(s)

1 miR-15a Downregulation (�5) TGF-�R1, CTGF/prevention 6, 24
2 miR-24 Downregulation (�3) Furin/prevention 30–32
2 miR-27a Downregulation (�4) Sp1, TGF-�R1, SMAD2, Gremlin1/prevention 25, 26
3 miR-29a Downregulation (�6) TGF-�, collagen types I, III, and IV/prevention 6, 23
4 miR-29b Downregulation (�6) Collagen type I, �-SMA, TGF-�R1, SMAD2, Gremlin1/prevention 6, 49, 50
5 miR-101-1 Downregulation (�2) TGF-�R1, fos, KLF6/prevention 23, 27, 28
6 miR-185 Downregulation (�2) TGF-�1, collagen I/prevention 6, 35
7 miR-203 Downregulation (�2) Snail2 (Slug), SMAD3/prevention 33, 34
8 miR-221 Downregulation (�3) Osteopontin/prevention 36
9 miR-9 Upregulation (�6) E-cadherin/SOX7/promotion 8
10 miR-199b Upregulation (�3) Dyrk1a, E-cadherin, claudin/promotion 38, 39

EMT Mediates Chlamydia Pathogenesis Infection and Immunity

January 2018 Volume 86 Issue 1 e00585-17 iai.asm.org 3

http://www.targetscan.org/mmu_71/
http://iai.asm.org


accompanied by the generation of �-SMA-positive cells (myofibroblasts). The results
also indicated that EMT induction and generation of myofibroblasts required live
chlamydiae, suggesting that it is an active, chlamydia-driven process. We next investi-
gated the ability of these �-SMA-positive cells (myofibroblasts) to secrete ECM proteins
during chlamydial infection.

Chlamydial induction of EMT also results in the generation of ECM proteins.
The ability of chlamydia to induce obstructive and dysfunctional epithelial fibrosis that
partly replicated the human fallopian tube fibrotic occlusion disease caused by chla-
mydia has been demonstrated (1, 2). We tested the hypothesis that the induction of
EMT and generation of myofibroblasts result in the production of excessive major
components of the ECM proteins, such as collagen types I and III and fibronectin. As
shown in Fig. 2, chlamydial infection of reproductive tract epithelial cells results in the
production of excessive collagen types I and III and fibronectin, which are key compo-
nents of the ECM proteins and the hallmark of fibrosis.

Inhibition of EMT prevents chlamydia-induced fibrosis (myofibroblasts and
ECM proteins). In confirmation of the general hypothesis that EMT drives chlamydial
complications, we previously showed that inhibition of EMT, using the pan-caspase
inhibitor Z-VAD-fmk, protected chlamydia-infected mice from infertility (17, 19). We
therefore tested the hypothesis that the inhibition of EMT would also prevent myofi-
broblast generation and ECM protein production during chlamydial infection. As shown
in Fig. 3, chlamydial infection caused significant upregulation of �-SMA expression (P �

0.000018), collagen type I (P � 0.00081), and collagen type III (P � 0.000001), indicating
the generation of myofibroblasts and concurrent production of ECM components;
however, treatment of chlamydia-infected epithelial cells with the EMT/caspase inhib-
itor substantially reduced the generation of myofibroblasts (P � 0.0000065) and the
production of ECM proteins, specifically collagen types I (P � 0.000818) and III (P �

0.0000001). The results indicated that fibrosis can be controlled by inhibiting EMT.

FIG 1 Chlamydia infection of epithelial cells that induces EMT results in the generation of myofibroblasts (effector cells of fibrosis). Monolayers of murine oviduct
epithelial cells were infected with C. trachomatis serovar D, and after 48 h, immunofluorescence staining of the cells for epithelial and markers as well as the
specific myofibroblast marker alpha smooth muscle actin (�-SMA) was performed on infected and noninfected monolayers by standard procedures.
Fluoresceinated antibodies against the following markers were used: �-catenin and �-SMA. Antibodies stained both intracellular and surface antigens. Images
were acquired with a 20� objective on a Nikon fluorescence microscope with the same microscope settings and exposure time. The representative slides are
from at least 4 repeated experiments showing similar results.
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DISCUSSION

We recently demonstrated that Chlamydia induced EMT in vitro and in vivo, marked
by the suppression of normal epithelial cell markers but upregulation of mesenchymal
cell markers of pathological EMT (17). Chlamydial induction of EMT involved caspase-
mediated dicer inactivation and miRNA dysregulation (17). Also, caspase inhibitors,
specifically the caspase 3 or the pan-caspase inhibitor Z-VAD-FMK, prevented EMT (17)
and chlamydia-induced infertility in vivo (19). In the present study, we focused on the
role of EMT in the etiology of chlamydia-induced fibrosis. The detailed bioinformatics
analyses revealed that a major category of miRNAs dysregulated by chlamydia during
genital chlamydial infection is involved in the regulation of fibrogenesis and EMT. The
targets of fibrosis-related miRNAs are directly involved in the pathophysiological
pathways of fibrogenesis (6, 8, 16). Thus, these target molecules include the ECM
proteins (i.e., fibronectin and collagen types I, III, and IV), TGF-�, TGF-�R1, connective
tissue growth factor, E-cadherin, SRY-box 7 (SOX7), and NFAT kinase dual-specificity
tyrosine (Y) phosphorylation-regulated kinase 1a (Dyrk1a). The key role of the miR-29
family in organ fibrosis is also underscored in this study, which revealed the targets to
include the ECM proteins, TGF-�, and TGF-�R1. Since TGF-� and the receptors and the
ECM proteins are major inducers or promoters of EMT and fibrosis, they are targets of
most antifibrotic miRNAs. We further demonstrated that chlamydial induction of EMT
resulted in the generation of myofibroblasts, the effector cells of fibrosis that produce
ECM proteins, including fibronectin and collagen types I and III. This finding is corrob-
orated by previous reports showing that chlamydia induced obstructive reproductive
tract fibrosis that partly replicated human fallopian tube fibrotic occlusion disease (1, 2).
The finding that EMT induction and generation of myofibroblasts required live chla-
mydiae suggested that chlamydia-induced EMT is an active, chlamydia-driven host-
parasite pathobiological interaction. Furthermore, the inhibition of chlamydia-induced
EMT prevented the generation of myofibroblasts and production of ECM proteins,
which could at least partly explain the mechanism by which the EMT inhibitor pre-
vented chlamydia-induced infertility in vivo (19). These findings would suggest that in
addition to modulating miRNA expression (40), targeting EMT or specific components

FIG 2 Chlamydia infection results in the production of ECM proteins. Monolayers of murine oviduct epithelial cells were infected with C. trachomatis serovar
D, and after 48 h, immunofluorescence staining of the cells for collagen types I and III was performed on infected and noninfected monolayers by standard
procedures. Images were acquired with a 20� objective on a Nikon fluorescence microscope with the same microscope settings and exposure time. The
representative slides are from at least 3 repeated experiments showing similar results.
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of the EMT pathways as a therapeutic intervention strategy may prevent chlamydia-
related complications. Among other strategies, the use of small-molecule inhibitors,
such as antagomirs, small interfering RNA (siRNA) or antisense oligonucleotide, miRNA
sponges, or antibodies and chemical inhibitors, represents a potentially viable thera-
peutic strategy for the clinical management of fibrosis (8, 9).

MATERIALS AND METHODS
Chlamydia trachomatis stock, animal infection, and assessment of infertility. Stocks of C.

trachomatis serovars D and L were propagated in HeLa cells, and the titers of purified elementary bodies
(EBs) were determined as inclusion-forming units (IFU) per milliliter by standard procedure (41). Mice
were infected intravaginally with 1 � 105 IFU of C. trachomatis serovar L2 or serovar D per mouse while
under the long-acting anesthetic sodium pentobarbital (30 �g/kg [of body weight]; Sigma-Aldrich, St.
Louis, MO) approximately 5 days after intramuscular administration of 2.5 �g of medroxyprogesterone
acetate (Depo Provera; Pfizer Inc., New York, NY). These conditions are a key factor to a successful mouse

FIG 3 EMT inhibitor suppressed myofibroblast generation and ECM protein production. Monolayers of murine oviduct
epithelial cells were infected with C. trachomatis serovar D in the presence or absence of 50 mM Z-VAD-fmk. Z-FA-fmk was used
in control cultures. After 48 h, immunofluorescence staining of the cells for collagen types I and III and �-SMA was performed
on infected and noninfected monolayers by standard procedures. Quantification of fluorescence was performed by scanning
fluorescent-stained cells with a 20� objective on a Nikon fluorescence microscope using NIS-Elements imaging software
version 3.20 (Nikon Instruments Inc., Melville, NY). Images were acquired for experimental and control cultures with the same
microscope settings, exposure time, and background. The mean fluorescence intensity per cell and standard deviations were
calculated from 6 scanned fields per slide. Plotted data were derived from 4 independent experiments. Chlamydial infection
caused significant upregulation of �-SMA expression (P � 0.000018), collagen type I (P � 0.00081), and collagen type III (P �
0.000001); however, treatment of chlamydia-infected epithelial cells with the EMT/caspase inhibitor substantially reduced the
generation of myofibroblasts (P � 0.002) and the production of collagen types I (P � 0.000818) and III (P � 0.0000001).
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model of chlamydial genital infection using the human chlamydial strains (42). Control mice were sham
infected with phosphate-buffered saline (PBS). The course of the infection was monitored by tissue
culture isolation of chlamydiae from cervicovaginal swabs and enumeration of chlamydial inclusions by
the immunofluorescence method (41); infertility was assessed by mating of mice with proven fertile
males, as previously described (43). In addition to fertility assessment, animals were visually and
microscopically inspected and scored for uni- and bilateral hydrosalpinx or cysts, inflammation, and the
presence of other abnormalities in the reproductive system (43, 44). All animal protocols were approved
by the CDC Institutional Animal Care and Use Committee (IACUC).

Immunohistochemistry. The murine oviduct epithelial cell line (C57epi.1) that supports the growth
of chlamydiae (45) was kindly provided by Raymond Johnson, Yale University, New Haven, CT. EMT
markers (E- and T-cadherin, �-catenin, fibronectin, and Snail1/2), myofibroblasts (alpha smooth muscle
actin [�-SMA]), and ECM proteins (collagen types I and III) were analyzed by immunofluorescence
staining of C57epi.1 cells after C. trachomatis D infection (multiplicity of infection [MOI] � 1) or mock
infection of monolayers at 48 h. In preliminary studies (unpublished data), we established that there was
no difference in the abilities of C. trachomatis (serovars D and L) and Chlamydia muridarum to induce EMT
or cause dysregulation of miRNAs. So we chose to use C. trachomatis serovar D in these experiments
because it is a more common human agent than serovar L. The pan-caspase inhibitor, Z-VAD-FMK, and
the control Z-FA-FMK were used in culture at 50 �M. Quantification of fluorescence was performed by
scanning fluorescence-stained cells with a 20� objective on a Nikon fluorescence microscope using the
NIS-Elements imaging software version 3.20 (Nikon Instruments Inc., Melville, NY). Where quantitation
was performed, the mean fluorescence intensity per cell and standard deviations were calculated from
6 scanned fields per slide.

MicroRNA analysis by microarray and real-time PCR. Quantitative miRNA microarray analysis was
performed with the Signosis miRNA Array IV service, according to the company’s standard procedure
(Signosis, Inc., Sunnyvale, CA), as previously described (17, 19). Briefly, total RNA isolated from homog-
enized oviduct tissues was annealed to a biotin-UTP-labeled oligonucleotide probe mixture correspond-
ing to 540 randomly selected miRNAs which have been reported to play a role in fibrosis according to
aliterature search (46). After hybridization, the miRNA expression arrays were detected by streptavidin-
horseradish peroxidase (HRP) chemiluminescence. The chemiluminescent signals were acquired using
the Alpha Innotech FluorChem FC2 imaging system. With the array assay, the expression of 540 miRNAs
was profiled in the samples. Quantitative real-time PCR was used to validate the microarray data for
selected miRNAs based on a minimum of a 2-fold increase or decrease among the experimental groups
observed in the microarrays. There was a focus on miRNAs showing a decrease or increase in the oviducts
from infected infertile mice compared to noninfected mice. For real-time miRNA PCR, the miRNA-specific
oligonucleotide mix was used instead of the random oligomix. The ligated products were eluted and
mixed with miRNA-specific qPCR primers and SYBR miRNA PCR buffer mix. The real-time PCR was
conducted on the ABI 7700 system using TaqMan small-RNA assays (Applied Biosystems) and included
35 PCR cycles of 95°C for 15 s and 50 s. Using the small RNA U6 as an internal (endogenous) control, the
relative expression of miRNAs was normalized to U6 miRNA expression. Real-time PCR data were
analyzed using the threshold cycle (ΔΔCT) method by the standard procedure (46). Information on
miRNA target mRNAs and genes was obtained from several Web-accessible miRNA database search
programs, including those found at http://www.microrna.org, http://www.miRBase.org, and http://www
.targetscan.org and in published reports (6, 47). Experiments were repeated 4 times, with at least 6
oviducts in each group. Results presented are for differentially expressed miRNAs with at least 2-fold
down- or upregulation from oviducts harvested between 1 and 12 weeks (80 days) postinfection, relative
to those in noninfected mice. Mock-infected mice were 100% fertile, with at least 10 embryos per mouse,
whereas chlamydia-infected mice were infertile, with fewer than one embryo per mouse, as previously
reported (17, 19).

Statistical analysis. The data derived from different experiments were analyzed and compared by
performing a one- or two-tailed t test, and the relationship between different experimental groupings
was assessed by analysis of variance (ANOVA). Statistical significance was judged at a P value of �0.05.

Ethics statement. All animal protocols were approved by the CDC IACUC under protocol
2605IGIMOUC-A1. The CDC IACUC is guided by title 9, chapter I, subchapter A—animal welfare (USDA
regulations [48]).
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