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ABSTRACT

Endometriosis is a highly prevalent, chronic, heterogeneous,
fibro-inflammatory disease that remains recalcitrant to conven-
tional therapy. We previously showed that loss of KLF11, a
transcription factor implicated in uterine disease, results in
progression of endometriosis. Despite extensive homology, co-
expression, and human disease association, loss of the paralog
Klf10 causes a unique inflammatory, cystic endometriosis
phenotype in contrast to fibrotic progression seen with loss of
Klf11. We identify here for the first time a novel role for KLF10 in
endometriosis. In an animal endometriosis model, unlike wild-
type controls, Klf10�/� animals developed cystic lesions with
massive immune infiltrate and minimal peri-lesional fibrosis. The
Klf10�/� disease progression phenotype also contrasted with
prolific fibrosis and minimal immune cell infiltration seen in
Klf11�/� animals. We further found that lesion genotype rather
than that of the host determined each unique disease progression
phenotype. Mechanistically, KLF10 regulated CD40/CD154-
mediated immune pathways. Both inflammatory as well as
fibrotic phenotypes are the commonest clinical manifestations
in chronic fibro-inflammatory diseases such as endometriosis. The
complementary, paralogous Klf10 and Klf11 models therefore
offer novel insights into the mechanisms of inflammation and
fibrosis in a disease-relevant context. Our data suggests that
divergence in underlying gene dysregulation critically determines
disease-phenotype predominance rather than the conventional
paradigm of inflammation being precedent to fibrotic scarring.
Heterogeneity in clinical progression and treatment response are
thus likely from disparate gene regulation profiles. Characteriza-
tion of disease phenotype-associated gene dysregulation offers
novel approaches for developing targeted, individualized therapy
for recurrent and recalcitrant chronic disease.

CD154, CD40, CD40 ligand, endometriosis, epigenetics,
inflammation, KLF10

INTRODUCTION

Endometriosis is a chronic disease characterized by
peritoneal dissemination of uterine endometrial cells that
affects 10% of reproductive aged women [1]. The disease
causes chronic pain, infertility, and sexual dysfunction as well
as affects abdominal and pelvic organ physiology. Endometri-
osis is characterized pathologically by progressive inflamma-
tion and prolific fibrosis, which results in profound anatomic
and physiologic compromise of the urogenital and gastroin-
testinal systems. Current understanding is that chronic
inflammation results in scarring and loss of function.

The ubiquitously expressed, highly homologous transcrip-
tion factors KLF10 and KLF11 are implicated in several
chronic human diseases [2–9]. KLF10 and KLF11 are
members of the Sp/KLF family of 24 transcription factors that
are widely expressed, and amongst themselves can potentially
regulate most expressed genes [10, 11]. Family members
exhibit greater than 80% homology in their zinc finger C-
terminal DNA-binding region with more variable N-termini
[12, 13]. Members are further classified into subgroups that
exhibit greater than familial homology; accordingly KLF10
and KLF11 belong to the TIEG (TGFb induced early genes)
subgroup and can compensate for each other [14, 15].
Although KLF10 and KLF11 are both TGFb- and sex
steroid-regulated tumor suppressors, they have unique immu-
nomodulatory and antifibrotic roles, respectively [3–5, 15–19].
Whereas KLF11 has a distinct antifibrotic role in endometriosis
by repressing Collagen 1 expression; we describe here for the
first time a role of KLF10 in endometriosis [3, 20]. KLF10 has
anti-inflammatory roles through activation of T-regulatory cells
via modulation and expression of FOXP3 [16]. Accordingly,
loss of KLF10 results in unchecked inflammation and
progression of disease in an inflammatory bowel disease
model [21, 22]. Because endometriosis is predominantly
characterized by inflammation and scarring, we evaluated the
role of KLF10, the anti-inflammatory paralog of KLF11, in
endometriotic progression.

Immune system dysregulation in endometriosis is multifac-
eted and heterogeneous. Several studies have characterized
mechanisms underlying the attachment and establishment of
ectopic endometriotic lesions within the peritoneal cavity by
analyzing the immune composition of both peritoneal fluid and
disease lesions [23]. The disease is associated with infiltration
of activated macrophages, immature dendritic cells, and natural
killer cells in the peritoneal cavity as well as in the core of
lesions [24, 25]. The reasons for their specific recruitment and
migration remain incompletely understood. Recent evidence
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has demonstrated that in addition to immune cells, epithelial
cells can also act as immune effectors via cytokine and immune
modulator expression and elaboration [26–28]. Endometriosis
is characterized by varied inflammatory responses to ectopi-
cally implanted epithelial and stromal cells and thus offers a
valuable model to investigate these mechanisms that are
nevertheless fundamental in a diversity of chronic diseases.
This is also the first study that evaluates the role of KLF10, a
key sex-steroid responsive TGFb-regulated disease relevant
transcription factor in the reproductive tract and disease [7].

MATERIALS AND METHODS

Ethics Statement

All animal experiments were performed per the recommendations outlined
in the Guide for Care and Use of Laboratory Animals from the National
Institutes of Health as required by the Mayo Clinic (Rochester, MN). Our study
protocol (A54112) was submitted, reviewed, and approved by the Institutional
Animal Care and Use Committee at the Mayo Clinic. Animals were treated
with ketamine and xylazine anesthesia for surgeries in order to ensure
appropriate analgesia. Archived human endometrial and endometriosis samples
for tissue microarray (TMA) assays were selected per the Mayo Clinic
Institutional Review Board protocol 11-003074.

Tissue and Cell Lines

The Ishikawa cell line was utilized to characterize the immune processes
involved in our in vivo model of endometriosis. Ishikawa is an established
endometrial adenocarcinoma cell line that is well characterized and was
obtained from Dr. P. Goodfellow (Washington University, St. Louis, MO).
Ishikawa cells were maintained in Dulbecco-modified Eagle media (DMEM)
supplemented with 10% fetal bovine serum (FBS). Primary immortalized
endometrial stromal cells are an established cell line and are commercially
available from American Type Culture Collection (CRL-4003) [29]. Primary
immortalized endometrial stromal cells were grown in DMEM/F-12 and
supplemented with 10% FBS. The 12Z endometriotic epithelial cell line was a
gift from Dr. Romana Nowak (University of Illinois, Champaign-Urbana, IL).
The cell line was created and established by Dr. Anna Starzinski-Powitz, who
generously permitted us the use of these cells [30]. The cells were maintained in
DMEM/F12 and supplemented with 10% FBS.

Expression Plasmid Constructs and Transfection Assays

Human wild-type (wt) KLF10 complementary DNA was amplified by PCR
and cloned into the pcDNA4/His empty expression vector (EV) (Qiagen) to
generate pcDNA4/His-KLF10. All constructs were sequenced to verify the
correct sequence. Ishikawa cells (;80% confluent in 10 cm plate) were
transfected with 10 lg of pcDNA4/His-KLF10 or EV for 48 h. For KLF10
small interfering RNA (siRNA) knockdown assay, Ishikawa cells in 6-well
plates were transfected with KLF10 siRNA (Dharmacon) or a scrambled
control (Scr) using Trans-IT-TKO reagent (Invitrogen) per the manufacturer’s
protocol. Each well received 50 nM of KLF10 or Scr siRNA and 10 ll Trans-
IT-TKO for 48 h.

TMA Design

Patients aged 15–45 yr old with a prior histologic diagnosis of
endometriosis who had not been on hormonal therapy for at least 3 mo prior
to hysterectomy were selected from Mayo Clinic’s Department of Laboratory
Medicine and Pathology institutional archives for the creation of TMAs. TMA
development was approved per the Mayo Clinic Institutional Review Board
protocol 11-003074. Following diagnostic confirmation and adequacy of tissue,
formalin-fixed paraffin-embedded tissue blocks were selected for construction
of the TMA. A matched pair of eutopic (endometrial) and ectopic
(endometriosis) tissue was obtained from 28 patients. Normal endometrium
from patients without endometriosis was also obtained to evaluate the
menstrual cycle. A total of 142 human proliferative and 164 secretory
endometrial samples were obtained and evaluated.

RNA Isolation and Quantitative PCR

Total RNA from one 10-cm dish of 80% confluent Ishikawa cells was
extracted utilizing the RNeasy kit (Qiagen) per the manufacturer’s protocol.

Two micrograms of total RNA were used for complementary DNA synthesis
using Oligo-dT primer in a SuperScriptTMIII first-strand synthesis system
(Invitrogen) per the manufacturer’s protocol. For real-time PCR, commercially
available gene-specific primers (Qiagen) were used. The reactions were
performed using the IQ-SYBR Green Supermix (Bio-Rad) per the manufac-
turer’s protocol in a StepOne Plus Real-Time PCR System (Applied
Biosystems). All quantitative PCR measurements were carried out within the
linear amplification range. Each experiment was done in triplicate.

Human Innate and Adaptive RT2 Profile PCR Array

The human innate and adaptive RT2 profile PCR array (PAHS-052ZC-12;
Qiagen) contains 84 innate and adaptive genes and five endogenous control
genes. The protocol for real-time PCR was described above. Supplemental
Table S1 (Supplemental data are available online at www.biolreprod.org) lists
the genes measured in this assay. Five endogenous genes (B2M, HPRT1,
RPL13A, GAPDH, and beta-actin) were used for normalization. Each cycle
threshold (Ct) was normalized to the average Ct of the five controls on a per
plate basis. The comparative Ct method was used to calculate relative
quantification of gene expression. The data was analyzed using the PCR Array
Data Analysis Software available from SABiosciences (http://www.
sabiosciences.com/pcr/arrayanalysis.php).

Immunohistochemistry

Tissue sections were deparaffinized and rehydrated in xylene and a series of
ethanol solutions. Antigen retrieval was performed by heating slides in a
steamer for 20 min in 10 mM citrate buffer (pH 6.0). Endogenous peroxide was
quenched using a solution of hydrogen peroxide/methanol solution, followed
by avidin/biotin blocking (Vector Labs), and then by a blocking solution (CAS
Block; Invitrogen). This was followed by incubation with anti-KLF10 992
(1:100 dilution; gift from Dr. John R. Hawse, Mayo Clinic) or CD154 (1:100
dilution; Abcam) overnight at 48C. For the peptide-binding control, an epitope-
corresponding peptide was synthesized at the Mayo Clinic Proteomic Core. The
peptide (20 lg peptide and 2 lg antibody in 200 ll) was incubated overnight
with anti-KLF10 in 13 PBS at 48C prior to overnight incubation of tissue
sections with the neutralized antibody as above. The sections were then
incubated with secondary biotinylated horse anti-rabbit antibody (1:500
dilution; Vector Labs) for 30 min at room temperature followed by incubation
with streptavidin (Invitrogen), NovaRED (Vector Labs), and Mayer hematox-
ylin counterstaining.

Chromatin Immunoprecipitation Assays

Chromatin immunoprecipitation (ChIP) assays were performed as previ-
ously described (3, 41). Briefly, Ishikawa cells were grown to confluence and
103106 cells were lysed for analysis. DNA shearing was performed to produce
fragments of 200–600 base pairs in size by sonication. Anti-CD154 (1:250
dilution; Abcam), anti-acetyl histone H3 antibody (1:250 dilution; Abcam), or a
species-specific control IgG was used for ChIP at 48C for 16 h with rotation.
The immunoprecipitate was analyzed per EZ-ChIP protocol (Millipore). PCR
products representing CD154 promoter regions (�600 to �400) containing
putative KLF10-binding GC elements were examined on a 2% agarose gel.
Primer sequences for ChIP were as follows: forward/reverse, CTTGCAT
TATCTTTCCAGC/GAAACACATGTCAACAAAAG; quantitative PCR was
performed as described above.

Western Blot

Total cell lysate was obtained from one 10-cm cell culture of Ishikawa cells
and stromal cells for Western blot analysis. Standard Western blot techniques
were used to determine protein expression; 10 lg protein was separated by 12%
SDS-PAGE, transferred to a polyvinylidene fluoride membrane, and probed
with anti-KLF10 (1:250 dilution; Abcam) or anti-b-tubulin (1:500 dilution;
Sigma) at 48C overnight followed by incubation with secondary antibody
(1:5000 dilution; Santa Cruz Biotechnology, Inc.) for 1 h. The enhanced ECL
system (GE/Amersham) was used for detection of signals.

Mouse Colony and Animal Endometriosis Model

Whole body C57BL/6 (B6) Klf10 knockout (Klf10�/�) mice were gifts
from John Hawse and Malayannan Subramaniam, Department of Biochemistry,
Mayo Clinic [18]. Mouse genotypes were confirmed by PCR; 8- to 12-wk-old
mice were used for all experiments. Endometriosis was surgically induced in
these animals by autologous transplantation of two 5-mm everted segments of
uterine horn sutured to the parietal peritoneum (n ¼ 7 animals in each group)
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[3]. This was performed using a well-characterized surgical approach by
excision of two uterine horns followed by autologous transplantation of two 5-
mm segments sutured onto the parietal peritoneum. In all experiments, both
Klf10�/� and Klf11�/� animals were compared to wt C57BL6 controls.

In Vitro Mutagenesis

Plasmid KLF10EAPP mutant was generated by mutation of E40P and
A41P using the QuikChange mutagenesis kit (Stratagene) as previously
described for KLF11 and KLF16, which contain homologous N-terminal
SIN3A/HDAC-binding domains [31, 32]. The mutant construct was verified by
sequencing. Primers for in vitro mutagenesis were generated in the designated
software program (Stratagene). Corresponding primer sequences are: forward,
cagagaaaagtgattttccgcccgtagaagcacttatgtc, and reverse, gacataagtgcttctacaaaat
cacttttctctg, wherein the mutagenized element is italicized.

Luciferase Reporter Assay

The pGL4-basic EV was purchased from Promega. The pGL4 basic
promoter-reporter construct containing 609-base pair GC-rich elements in the
CD154 promoter were genera ted by PCR: forward pr imer ,
CCCGGTACCTTGCATTATCTTTCCAGC, and reverse primer, CAA
GAGCTCGGCAGCATGAGAAGACTGTC. Ishikawa and 12Z cells at 80%
confluence were cotransfected with either 2.5 lg of pcDNA3/HIS EV
(Invitrogen), pcDNA3/HIS-KLF10, or pcDNA3/HIS-KLF10EAPP construct
and 3 lg of a pGL4-CD154-promoter-reporter construct (�600 to þ9),
corresponding to the region evaluated by ChIP. Forty-eight hours after
transfection, cells were lysed and reporter activity was read using the Luciferase
assay system (Promega) and a 20/20 luminometer (Turner Designs) per the
manufacturer’s protocol. Data in relative light units was normalized to lysate
protein concentrations as characterized previously. Experiments were per-
formed in triplicate, three independent times.

Statistical Analysis

All the results are expressed as means with a standard error of means
(SEM). Each experiment was repeated in triplicate at least three times. The
Bonferroni method of multiple comparisons (t-tests) or chi square tests were
used as indicated by the data type. All statistical tests were two-sided. For
consistency, all P values are reported as less than 0.05 throughout, where
significant.

RESULTS

KLF10 Was Expressed in Human Endometrial Cells and Was
Selectively Diminished in Ectopic Endometriosis Lesions
Compared to Eutopic Uterine Endometrium

Uterine endometrial mucosa consists of sex steroid-
responsive stromal and epithelial cells supported by vascula-
ture. We initially determined KLF10 mRNA expression in the
Ishikawa endometrial epithelial adenocarcinoma cell line and
stromal cells and found it to be expressed in both cell types
(Fig. 1A).

Most active genes within the endometrium display cyclic
differences in expression suggestive of distinct physiological
roles. To determine if in addition to its epithelial and stromal
expression, KLF10 also displayed a dynamic endometrial
expression pattern suggestive of a role in endometrial
physiology, we evaluated its expression in a TMA consisting
of 142 human proliferative and 164 secretory endometrial
samples (Fig. 1, B–D). KLF10 expression was significantly up-
regulated in both endometrial epithelial and stromal cells in the
secretory phase compared to levels in the proliferative phase. H
scores were 59 6 3 and 195 6 8 in epithelial cells (P ,0.05)
and 37 6 14 and 222 6 4 in stromal cells (P , 0.05) during
the proliferative and secretory phase, respectively (Fig. 1D).
Endometrial KLF10 expression was evaluated using anti-
KLF10; antibody-binding specificity was evaluated by pre-
incubation with an epitope-specific peptide prior to tissue
application. In addition, representative secretory phase peptide
pretreated control is shown (Supplemental Fig. S1). KLF10

therefore likely has a role in endometrial differentiation
associated with the secretory phase.

To examine KLF10 expression in human endometriosis, we
evaluated 28 paired samples of uterine endometrium (eutopic)
and endometriosis lesions (ectopic) from the same patients.
Like KLF11, KLF10 was also specifically diminished in
endometriosis lesions compared to eutopic endometrium (Fig.
1, E and F) [3]. Corresponding H scores were 161 6 15 and 42
6 6 in epithelial cells (P , 0.05) and 179 6 24 and 37 6 3 in
stromal cells (P , 0.05) in eutopic endometrium and
endometriosis respectively (Fig. 1G).

KLF10 Modulated the Immune Response to Implantation of
Endometriosis Lesions

Although the presence of endometrial tissue in the
peritoneal cavity elicits immune responses, the responses still
remain to be coherently categorized [23, 33]. Failure of
immune elimination likely results in miliary implantation and
growth of ectopic endometrium that cause clinical endometri-
osis. To determine the role of KLF10 in the pathogenesis of
endometriosis, we evaluated lesion progression in a Klf10�/�

mouse disease model. Endometriosis was surgically induced in
whole body Klf10�/� knockout mice. These Klf10�/� mice
appeared phenotypically normal with no obvious reproductive
tract defects although average litter size was significantly
different in Klf10�/� animals compared to wt (5.1 6 0.48
compared to 7.6 6 0.4, respectively; P , 0.05, n¼ 30 litters/
genotype). In contrast to wt animals, loss of Klf10 was
associated with lesion enlargement with a .2-fold increase in
size (P , 0.05; Fig. 2, A–C). Further, these lesions were
associated with a massive, predominantly polymorphonuclear
cell infiltrate unlike wt lesions in wt animals (Fig. 2, D and E).

As previously shown, wt animals exhibited lesional
regression and no fibrosis (Fig. 3, A and D). Despite the
observed prolific inflammatory response, Klf10�/� animals
unexpectedly did not display any significant fibrosis in contrast
to that observed in Klf11�/� mice (Fig. 3, B–D) [3]. Lack of
fibrosis in wt and Klf10�/�mice was evident by the presence of
only discrete peritoneal lesions that were not adherent to any
surrounding abdominal viscera (Fig. 3, A and B). In contrast,
lesions in Klf11�/� animals were densely adherent to
abdominal viscera with progression of scarring into connective
tissues beyond the lesion (Fig. 3C) [3, 20]. Genotype-specific
discrepancy in fibrotic extent was correspondingly reflected in
their significantly divergent fibrosis scores (Fig. 3D). Specif-
ically, Klf11�/� animals have a fibrosis score 2.3-fold greater
than the Klf10�/� animals and 8-fold greater than wt controls
(P , 0.05). Despite significant inflammation, in contrast with
clinical findings in humans under comparable inflammatory
conditions, Klf10�/� mice, like their wt and Klf11�/�

counterparts, displayed continued well-being and no weight
loss (Fig. 3E).

Lesion Rather Than Host Genotype Predominantly Drove
Disease Progression in Klf10�/� Mice

To distinguish lesion from host effects on the role of
inflammation in disease pathogenesis, we transplanted Klf10�/�

uterine lesions into wt control animals and vice versa. Lesions in
Klf10�/� animals allografted with wt uterine implants regressed
over the experimental duration (Fig. 4A). Moreover, these wt
allografts in Klf10�/� mice displayed neither any significant
inflammatory infiltrate nor increased fibrosis as reflected by their
low fibrosis scores (Fig. 4, A, B, and E). In contrast, in wt
animals allografted with Klf10�/� implants, the lesions were
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FIG. 1. KLF10 expression in epithelial, stromal cells, uterine eutopic endometrium, and endometriosis. A) Expression of KLF10 mRNA was assessed in
two cell lines: Ishikawa, a well-differentiated endometrial adenocarcinoma cell line, and human endometrial stromal cells (Stromal). KLF10 was
expressed in both cell lines utilizing B2M and HPRT1 as reference controls. To demonstrate KLF10 expression in each of these endometrial cell lines,
lysate for RNA or protein extraction was obtained from one 10 cm cell culture dish of confluent cells. B, C) Using a tissue microarray (TMA) consisting of
306 samples of benign uterine endometrium during both the proliferative and secretory phases of the menstrual cycle, immunohistochemistry was
performed for KLF10. KLF10 expression was significantly increased in the secretory phase of the menstrual cycle as compared to the proliferative phase
(magnification 3200; inset 3400). Inset picture with arrow indicates increased staining. D) H scores were 59 6 3 and 195 6 8 in epithelial cells (Epi) and
37 6 14 and 222 6 4 in stromal cells (Str) during the proliferative and secretory phases (*P , 0.05 as shown). E, F) KLF10 expression was also evaluated in
28 paired samples of eutopic endometrium and ectopic endometrial implants by immunohistochemistry. Representative samples are shown. KLF10 was
expressed in nuclei and cytoplasm of epithelial and stromal cells in both eutopic endometrium as well as in endometriotic implants. KLF10 expression
was decreased in endometriotic implants compared to eutopic endometrium (magnification 3200; inset 3400). Inset picture with arrow indicates
increased staining. G) Corresponding H scores were: 161 6 15 and 42 6 6 in epithelial cells and 179 6 24 and 37 6 3 in stromal cells in eutopic
endometrium and endometriosis, respectively (*P , 0.05 as shown).
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large, cystic, and phenotypically resembled cystic human
endometriosis lesions. Klf10�/� implants in wt animals were
1.8-fold greater in size than wt lesions in Klf10�/� animals (P ,
0.05; Fig. 4, C and D). These lesions remained cystic and large,
demonstrating no regression over the study duration. Unlike
Klf10�/� allografts in Klf10�/� animals, Klf10�/� allografts in
wt animals were not heavily infiltrated with polymorphonuclear
leukocytes (Fig. 4F). Despite the lack of a significant
inflammatory infiltrate, Klf10�/� lesions retained their cystic
phenotype in contrast to regression of wt lesions. Animals in
both experimental groups displayed continued well-being with
no significant weight loss (Fig. 4G).

KLF10 Bound and Regulated CD154/CD40 in Endometrial
Cells

The phenotype we obtained in the Klf10�/� animal
endometriosis model suggested an underlying dysregulated

immune response. Inflammation in endometriosis is deter-
mined by the qualitative interaction of displaced endometrial
epithelial and stromal cells with host tissues. Recent evidence
indicates that epithelial cells can impact immune function [34].
Because the lesion genotype was sufficient to drive disease
progression, we evaluated the effect of diminished KLF10
expression on an array of immune-related genes in the model
endometrial epithelial adenocarcinoma cell line (Ishikawa).

To investigate the role of diminished KLF10 expression (as
in human endometriosis lesions and in the animal model), we
transfected Ishikawa cells with KLF10 siRNA and evaluated
the effect of diminished KLF10 expression on a profile of
immune response genes (Fig. 5A and Table S1). Whereas
diminished KLF10 activated genes that mediate diverse
immune mechanisms, up-regulation of the ligand CD154 was
most consistent and significant. Expression of CD154 was 5.3-
fold greater in cells transfected with KLF10 siRNA compared
to cells transfected with Scr control (P , 0.05) (Fig. 5, A and

FIG. 2. Role of KLF10 on disease phenotype and lesion size. A, B, C) Endometriosis was surgically induced in 8-wk-old wt and Klf10�/� female mice (n¼
7/group). At induction, 0.5 cm endometrial implants were sutured onto the parietal peritoneum of both groups. Lesion size, morphometry, and disease
phenotype were evaluated 3 wk later at necropsy. Peritoneal lesions (circles and arrows) in Klf10�/� animals were larger, cystic, and associated with an
inflammatory exudate (B). In contrast, wt mice showed lesion regression and minimal to no fibrosis or inflammatory exudate (A). Average lesion size of
Klf10�/� animals was significantly greater (.2 fold) than wt (C). Error bars represent standard deviation (*P , 0.05). D, E) Histochemical analysis using
hematoxylin and eosin revealed Klf10�/� lesions to be associated with a large neutrophilic infiltrate and complete obliteration of normal glands and
stroma. In contrast, wt lesions had normal appearing glands and stroma. Magnification 3100 (A, B, D, E).
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E, and Table S1). KLF10 siRNA also activated the CD154
receptor (CD40) significantly but to a lesser extent (1.36 fold,
P , 0.05; Fig. 5A and Table S1).

We focused on CD154 regulation and performed luciferase
reporter assays using deletional constructs spanning the region
�600 to þ6. KLF10 repressed CD154 promoter/luciferase
expression from the region �600 to �401 in the Ishikawa
endometrial adenocarcinoma cell line and in 12Z primary
endometriotic cells (Fig. 5, B and C). CD154 promoter activity
was repressed .50% in both cell types transfected with KLF10
compared to controls transfected with the corresponding EV,
(P , 0.05; Fig. 5, B and C). When the N-terminal SIN3A/
HDAC-binding region of KLF10 was mutagenized in vitro to
abrogate corepressor binding (KLF10EAPP), CD154 promoter
activity was comparably derepressed in both cell types (P ,
0.05; Fig. 5, B and C).

To determine the effect of promoter regulation on target
gene expression, we measured CD154 mRNA and protein

expression in Ishikawa cells under differential KLF10
expression levels. Overexpression of KLF10 cognately de-
creased CD154 expression at both RNA and protein levels
corresponding to its effect on the promoter (P , 0.05; Fig. 5,
D–F). In contrast, KLF10 siRNA transfection increased CD154
expression at both RNA and protein levels (P , 0.05; Fig. 5,
D–F). KLF10 also specifically bound the region spanning
�600 to �401 of the CD154 promoter (Fig. 5G) wherein it
drove promoter activity, indicating direct transcriptional
regulation (Fig. 5, B and C). KLF10 binding was detected
using anti-KLF10 compared to species-specific IgG control.
Transfection of cells with KLF10 further augmented transcrip-
tion factor-promoter binding nearly 8 fold compared to that
observed in EV-transfected controls (Fig. 5G). KLF10 was thus
associated with repression of CD40/154 in Ishikawa cells
although CD154 appeared to be more robustly regulated by
KLF10 than its receptor CD40.

FIG. 3. Loss of KLF10�/� demonstrates a predominately inflammatory response with minimal fibrosis. Endometriotic lesions in Klf10�/� mice were
associated with prolific inflammation with associated infiltrate and minimal associated fibrosis. A) Wild-type animal demonstrating endometrial implant
regression (arrow). Lesions were discrete and not physically adherent to surrounding peritoneum or abdominal viscera at time of necropsy. B) Klf10�/�

animal demonstrating significant inflammatory infiltrate and minimal fibrosis (arrow: lesion). These lesions were associated with no or minimal easily
ruptured adhesions to surrounding structures. There was also no associated mesenteric shortening. C) Klf11�/� animal demonstrating dense fibrosis of
bowel to peritoneal lesion (arrow). In contrast to wt and Klf10�/� animals, lesions in Klf11�/� were nondiscrete and encased in adhesions to surrounding
peritoneum and abdominal viscera. D) A murine fibrosis adhesion score was utilized to evaluate overall fibrosis in the endometriosis model. Klf11�/�

animals demonstrate significantly higher fibrosis scores (.8 fold when compared to wt and .4 fold when compared to Klf10�/�). Error bars represent
standard deviation (*P , 0.05). E) Induction of endometriosis, despite varying phenotypes, did not alter animal weights. Error bars represent standard
deviation.
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Endometrial Epithelial KLF10/CD154 Is a Novel Pathway
Mediating Inflammatory Dysregulation and Disease
Progression

To determine the disease relevance of KLF10-mediated
CD154 repression in endometriosis, we evaluated CD154
expression in the murine endometrial implants as well as in
human endometriotic lesions. Accordingly, CD154 mRNA
expression in Klf10�/� murine implants was significantly
elevated .4 fold compared to levels in wt implants (P , 0.05;
Fig. 6A). Compared to wt, Klf10�/� lesions also demonstrated
significantly greater CD154 protein expression (Fig. 6, B and
C)

In human endometriosis lesions, diminished KLF10 was
also associated with correspondingly increased CD154 protein
expression. These differences were reflected in their corre-
sponding H scores: 81 6 6 and 163 6 5.5 for epithelial
CD154 expression in eutopic and ectopic endometrium,
respectively (P , 0.05), and 54 6 6 and 155 6 13 for
stromal CD154 expression in eutopic and ectopic endometri-
um, respectively (P , 0.05; Fig. 6, D–F).

DISCUSSION

Inflammation and fibrosis are critical pathogenic mecha-
nisms in systemic- and organ-specific diseases. Clinically, both
mechanisms are progressive and highly recalcitrant to conven-
tional therapy; translational research that addresses inflamma-
tion and fibrosis is thus likely to have a significant positive
therapeutic impact. We investigated the role of KLF10 in
uterine endometrium and in endometriosis, a highly prevalent
disease characterized by inflammation and fibrosis. KLF10 was
expressed in endometrial epithelial and stromal cells with
physiological variation throughout the menstrual cycle. As with
its paralog KLF11, levels of KLF10 were selectively decreased
in extra-uterine, peritoneal endometriosis disease lesions
compared to corresponding levels in intrauterine endometrium.
Endometriosis in humans was therefore associated with lesion-
specific diminished KLF10 expression.

Selective and specific loss of Klf10�/� in our animal
disease model was associated with disease progression
characterized by large, cystic lesions and prominent inflam-
mation compared to either Klf11�/� or wt animals. Unlike
Klf11�/� mice, Klf10�/� animals demonstrated minimally

FIG. 4. Progression to endometriosis is lesion rather than host driven. Endometriosis was surgically induced in 8-wk-old wt and Klf10�/� mice (n¼ 5/
group) and transplants were performed by suturing the Klf10�/�implants into wt control animals and vice versa. Lesion size, morphometry, and disease
phenotype were evaluated 3 wk later. A) A Klf10�/� animal with wt implants demonstrating lesional regression. B) Klf10�/� animals with wt lesions had
a trend toward lower fibrosis scores than wt animals with Klf10�/� lesions. Error bars represent standard deviation. C) Comparatively wt animals with
Klf10�/� implants developed larger, cystic lesions. There was, however, no lesional inflammatory exudate as found in the Klf10�/� animals transplanted
with Klf10�/�lesions. D) Graph depicts average lesion size for each group. Error bars represent standard deviation (*P , 0.05). E, F) Histochemical
analysis of lesions using hematoxylin and eosin stain was performed on both lesion types. Klf10�/� animals with wt-transplanted lesion demonstrated
either normal appearing glands and stroma or complete lesional regression (magnification 3200) (E). Wild-type animals with Klf10�/� implants
demonstrated large cystic lesions (magnification 3200; inset 3400) (F). G) Animal weights did not differ across experimental groups. Average weight for
each group is depicted with error bars representing standard deviation.
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increased fibrosis compared to wt. Because inflammation is
believed to result in scarring, the evident phenotype was thus
significantly discrepant from the expected. The relationship
between inflammation and fibrosis is therefore likely to be
nonlinear and/or nonimplicit, which explains disease hetero-
geneity as well as divergent responses to conventional
therapy.

The endometriosis lesion consists of ectopically implanted
uterine endometrial epithelial and stromal cells. Although it is
likely that the host tissue mounts an inflammatory response to
refluxed, spontaneously invading human, or surgically im-
planted murine endometrial fragments, the discrepant pheno-
types evident in wt, Klf10�/�, and Klf11�/� animals does not

support this paradigm. To further delineate discrepancies
between host- and implant-driven tissue responses, we
transplanted Klf10�/� uterine implants into wt hosts and vice
versa. Cystic lesional development was only seen in wt animals
with Klf10�/� endometrial implants. The genotype of the lesion
therefore played a key role in determining disease progression.

Interaction with the host immune system is also critical in
determining disease progression. This is evident from the
divergence in tissue response ranging from highly inflamma-
tory (Klf10�/� lesions in Klf10�/� hosts) or intermediate
(Klf10�/� lesions in wt hosts) to none (wt lesions in Klf10�/�

hosts). Of further interest is also the divergence in fibrotic
extent amongst genotypically distinct animals. Accordingly,

FIG. 5. KLF10 binds to and regulates CD154. A) Heat map showing expression of 84 innate and acquired immune-related genes determined using PCR
arrays in Ishikawa cells transfected with Scr and KLF10 siKLF10. The results were normalized to the expression of five housekeeping genes and represent
the average fold change from three independent biological replicates. Decrease in KLF10 resulted in a statistically significant elevation in expression of
CD40 (A12) and CD154 (B1) at 1.36 and 5.3 fold, respectively (P , 0.05 based on three biological replicates). Complete list of altered genes is provided in
Supplemental Table S1. B, C) Ishikawa cells (B) and 12Z cells (C) were cotransfected with pcDNA3/HIS (EV), pcDNA3/HIS-KLF10, or pcDNA3/HIS-
KLF10EAPP and a pGL4/CD154-promoter-reporter construct. KLF10 repressed CD154-promoter luciferase activity compared to EV (*P , 0.05 compared
to EV). In contrast, KLF10EAPP derepressed and thus activated CD154 promoter luciferase expression (*P , 0.05, compared to KLF10 and EV as
indicated). Luciferase levels were normalized to total lysate protein concentration. Assays were repeated in triplicate three times. D) Overexpression of
KLF10 in Ishikawa cells decreased normalized CD154 mRNA expression 9 fold compared to EV. In contrast, CD154 mRNA expression levels were
significantly increased in Ishikawa cells transfected with KLF10 siRNA compared to Scr control. CD154 mRNA expression was normalized to five
housekeeping genes (mean expression levels 6 SEM shown, *P , 0.05). E) KLF10 overexpression in Ishikawa cells transfected with pcDNA3/HIS-KLF10
cognately suppressed CD154 protein expression compared to corresponding EV. Beta-TUBULIN was used as a loading control. F) Conversely, suppressed
transcription factor expression in cells transfected with KLF10siRNA was associated with increased CD154 protein expression compared to that in cells
transfected with scrambled control (Scr). Beta-TUBULIN was used as a loading control. G) Chromatin immunoprecipitation (ChIP) assay was used to
determine direct KLF10 binding to the region�600 to�401 of the CD154 promoter in Ishikawa cells. Promoter binding was detected by anti-KLF10 but
not a control species- and isotype-specific IgG. Promoter-transcription factor binding was increased nearly 8 fold in cells transfected with pcDNA3/His
KLF10 compared to EV. Levels were normalized to input (diluted 1:100). *P , 0.05 for comparisons of normalized binding levels in EV or KLF10-
transfected cells analyzed by ChIP using anti-KLF10 or IgG as well as for comparison of normalized binding levels in EV and KLF10-transfected cells
analyzed by ChIP using anti-KLF10 as indicated.
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the closely related paralogs Klf10 and Klf11 display wide
divergence in their respective pro-inflammatory and profibrotic
disease phenotypes. Evidence from wound-healing mecha-
nisms suggests that inflammation precedes fibrotic healing and
that these are often proportionally related. When applied to
chronic diseases such as endometriosis, postsurgical healing or
chronic systemic diseases such as scleroderma or fibromyalgia,
this translates into the use of anti-inflammatory agents and/or
surgical lysis of scar tissue. Such conventional treatment
options have an empiric rather than etiological basis and hence
are commonly ineffective. In this study, in Klf10�/� animals
with known immune dysfunction, lesion implantation resulted
in massive inflammatory cell infiltration and necrosis with only
modest fibrosis. In contrast, Klf11�/� animals had minimal
lesional inflammatory infiltration although they developed
prolific fibrosis that extended well beyond the peri-lesional
region. Both the Klf10�/� and Klf11�/� phenotypes are
commonly associated with chronic fibro-inflammatory system-
ic diseases such as endometriosis. Moreover, although the
respective patterns of disease progression with loss of Klf10 or
Klf11 are divergent, they still are phenotypically conformant
with the heterogeneous presentations of human disease. Our
findings suggest that divergence in activation of underlying
signaling pathways induces differential disease phenotypes,
progression patterns, and clinical presentation, which remains
an ongoing area of investigation. Although phenotypically
similar to infectious pathology, Klf10�/� animals did not
display any clinical evidence associated with overwhelming
sepsis. The immune response in endometriosis is therefore
likely to be qualitatively different, resulting in chronic disease
progression rather than in an acute inflammatory crisis.

KLF10 is a regulator of genes mediating diverse immune
pathways [16, 21]. KLF10 was diminished in human
endometriosis lesions, and lesional loss of Klf10 drove disease
progression in mice. We therefore determined the effect of
diminished KLF10 levels on an array of immune pathway-
related genes in the Ishikawa endometrial epithelial adenocar-
cinoma cell line. Diminished KLF10 levels significantly
activated the expression of CD40 and more significantly its
ligand CD154. KLF10 also directly bound the CD154
promoter and repressed promoter activity and gene expression
in these cells. In human endometriosis lesions, diminished
KLF10 levels were also associated with increased CD154
expression, suggestive of a role for the KLF10/CD154 pathway
in human endometriosis.

The CD40/CD154 co-stimulatory system belongs to the
TNFa receptor family and was discovered as a critical link
between T and B cell-mediated immune responses [35, 36].
CD40 is expressed on a variety of epithelial cells in the lung,
thymus, and kidney [37–40]. Recently, increased CD40 and
soluble CD154 have been associated with chronic inflamma-
tory diseases such as asthma, chronic renal insufficiency,
cardiovascular risk, and inflammatory bowel disease [34, 40–
42]. Here, we show for the first time that KLF10 regulates
CD154 expression in vitro in the Ishikawa uterine epithelial
adenocarcinoma cell line, in 12Z primary endometriotic
epithelial cells, in vivo in human endometriosis lesions, as
well as in the mouse model in ectopic endometrial lesions.

KLF10 recruits nuclear cofactors to epigenetically regulate
target genes [21]. Depending on the cofactor complex
recruited, Klf10 functions either as a transcriptional activator
or repressor of cognate target. KLF10-recruited cofactor
complexes enzymatically induce specific posttranslational

FIG. 6. Role of CD154 in murine endometriotic implants and human endometriosis. A) CD154 mRNA expression levels were determined from one of
two endometriotic implants in each animal (Klf10�/� and wt, n¼ 7). CD154 expression levels were increased .4 fold in implants from Klf10�/� animals
compared to wt (*P , 0.05; error bars represent SEM). B, C) CD154 expression in wt (B) and Klf10�/� (C) implants demonstrate increased expression in
Klf10�/� lesions particularly in vascular areas surrounding the neutrophilic infiltrate. Dashed lines indicate lesion extent and region of neutrophilic
infiltrate. Magnification 3100. D, E) CD154 expression was also evaluated by immunohistochemistry in a tissue microarray (TMA) of 28 patients
comparing eutopic (D) and ectopic endometria (E). CD154 expression was higher in ectopic compared to corresponding eutopic endometrium (arrows).
Magnification 3400. F) Differences in CD154 expression were reflected in their H scores of 81 6 6 and 163 6 5.5 for epithelial CD154 expression in
eutopic and ectopic endometrium, respectively, and 54 6 6 and 155 6 13 for stromal CD154 expression in eutopic and ectopic endometrium,
respectively (*P , 0.05).
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histone modifications on its target gene promoters [21, 43, 44].
Such histone modifications result in alterations of local
chromatin configuration that critically determines gene activa-
tion or repression. KLF10 has been previously shown to
interact with the JARID1B/KDM5B histone demethylase
corepressor [45]. KLF10 shares an N-terminal repressor
domain with KLF11 that binds to SIN3A/HDAC corepressor
to affect target gene regulation [31, 46–48]. We show here for
the first time that as with KLF11, this region in KLF10 is
critical for epigenetic repression of CD154. The clinical
significance of recruitment of epigenetic-signaling pathways
by KLF transcription factors is evidenced by human diseases
such as neonatal diabetes in individuals with SIN3-binding
domain mutations [2]. We have shown that epigenetic
dysregulation as a consequence of diminished KLF11
expression can be pharmacologically overcome with targeted
use of epigenetic inhibitors and reverse disease progression in
the endometriosis disease model; we are investigating
pharmacological modulation of inflammation therein [48].
Uterine gene therapy is technically, but not medically or
ethically, feasible [49–52]. Epigenetic inhibitors bypass this
limitation to offer novel, individualized therapeutic options that
effectively target underlying molecular dysregulation while
obviating the need for gene therapy.

Our study is the first to show that KLF10, like its paralog
KLF11, has a role in human endometriosis, a highly prevalent
heterogeneous disease. Most significantly, despite high homol-
ogy and concordant expression, KLF10 and KLF11 regulate
distinct gene repertoires. Both are associated with diverse
human diseases; their dysregulation therefore affects funda-
mental mechanisms of disease pathogenesis such as inflam-
mation and fibrosis. The endometriosis model is significant
given the clinical relevance of the disease and its association
with other chronic systemic diseases [53, 54]. In addition, it
offers a cogent scientific tool for mechanistic research on the
biological relationship of inflammation and fibrosis with
translational capability.
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