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ABSTRACT

Progesterone supplementation is recommended to prevent
preterm birth in women with a short cervix, but the mechanism
is unclear. We hypothesize that progesterone acts by altering the
composition of the cervical extracellular matrix (ECM). We
tested this hypothesis using human cervical fibroblasts in both
two-dimensional (2D) and three-dimensional (3D) cultures. For
2D culture, cells were seeded in 6-well plates and cultured with
media supplemented with estradiol (10�8 M), progesterone (10�7

or 10�6 M), and vehicle. For 3D culture, the cells were cultured
on a porous silk protein scaffold system. Progesterone and
estrogen receptors were documented by immunohistochemistry
and Western blot analysis. In both 2D and 3D cultures,
decreased collagen synthesis was seen with increased proges-
terone concentration. Three-dimensional cultures could be
maintained significantly longer than 2D cultures, and the
morphology of 3D cultures appeared similar to native cervical
tissue. Thus, further studies were performed in 3D culture. To
determine the effect of progesterone concentration, the 3D
scaffolds were cultured with estradiol (10�8 M) and five
conditions: vehicle; 10�9, 10�8, or 10�7 M progesterone; or
10�7 M progesterone plus 10�6 M mifepristone. The highest
progesterone concentration correlated with the least amount of
collagen synthesis. Collagen synthesis progressively increased as
progesterone concentration decreased. This effect was partially
antagonized by mifepristone, suggesting the mechanism is
mediated by the progesterone receptor. This hormonally
responsive 3D culture system supports the hypothesis that
progesterone has a direct effect on remodeling cervical ECM
during pregnancy. The 3D culture system could be useful for
studying the mechanism of progesterone effects on the cervix.

cervix, human, pregnancy, preterm birth, progesterone

INTRODUCTION

Preterm birth affects 15 million babies worldwide, leading
to one million newborn deaths and lifelong disabilities in
survivors [1]. In the United States, preterm birth is responsible
for 21 billion dollars in health care costs per year [2]. Although
preterm birth has multiple causes [3], cervical dysfunction is an
important contributor [4–6]. In current clinical practice, women
at high-risk for preterm birth are offered cervical length
measurement because a short cervix is strongly associated with
subsequent preterm birth [7]. Offering cervical length mea-
surement to all pregnant women is currently being debated [8].
Driving the debate on the cervical length measurement are the
clinical studies that demonstrate supplemental vaginal proges-
terone prevents preterm birth in women with a short cervix [9,
10].

Although multiple pathogenic mechanisms lead to a short
cervix, in some women, cervical shortening is caused by
dysregulated remodeling of the collagen-rich, extracellular
matrix (ECM) of the cervical stroma [11, 12]. The temporal
sequence of cervical remodeling prior to labor is divided
into two stages: softening and ripening [13–15]. During the
softening phase, which occurs slowly throughout pregnancy,
there is progressive reorganization of collagen fibers
resulting in increased collagen turnover, decreased collagen
cross-links, and changes in fiber microstructure [16]. These
biochemical changes are correlated to decreased tissue
strength [17, 18], which is seen as early as midgestation
in the murine pregnancy [19]. During the ripening phase,
which is proximal to parturition, further softening is coupled
with effacement and dilation, which facilitates successful
labor.

Progesterone could regulate softening and ripening by
separate and distinct mechanisms [13, 14]. For cervical
softening, rising serum progesterone levels could progressively
modulate cell function, leading to altered ECM composition
and organization. Studies with human cervical fibroblasts show
a dose-dependent effect of progesterone on glycosaminoglycan
(GAG) synthesis [20], which affects ECM organization. Sex
steroids also affect ECM synthesis in cardiac [21], vascular
[22], and ligament fibroblasts [23].

In addition to cervical softening, multiple studies show a
role for progesterone and cervical ripening. First, cervical
ripening occurs close to parturition, a period during which
the uterus changes from a quiescent to a contractile state
[24, 25]. In the uterus, high serum levels of progesterone
maintain quiescence and a functional progesterone with-
drawal contributes to the initiation of parturition [26, 27]. In
the cervix, there is evidence for a similar functional
withdrawal [28], suggesting that falling local progesterone
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levels contribute to cervical ripening. Second, knockout
mice models show that abnormalities of progesterone
metabolism lead to high local progesterone levels and
impaired cervical ripening [29]. Last, mifepristone reliably
causes preterm birth in most animal species and cervical
ripening in women [30, 31].

Although progesterone has an important role in cervical
softening and ripening, less clear is the biological mecha-
nism. Multiple investigators liken cervical ripening to an
inflammatory process [32–34], and progesterone’s anti-
inflammatory effects could modulate this process [35, 36].
However, elucidating the biological mechanisms has been
challenging [37], and studies in rats show that the
therapeutic effect depends on the specific progestogen, the
route of administration, and properties of the vehicle [38]. In
addition, the role of cervical inflammation as an important
mediator of cervical ripening is being debated [39, 40].
Adding further complexity is that progesterone is one of
several mediators affecting cervical ripening; studies with
both humans and animals demonstrate important roles for
prostaglandins [41, 42], nitric oxide [43, 44], and relaxin
[45]. Although challenging, a better understanding of
progesterone’s role in cervical softening and ripening is
critical to understanding cervical dysfunction and its
influence on spontaneous preterm birth.

Motivated by the fact that 1) a short cervix is important for
selecting patients for progesterone therapy, 2) a short cervix
could be caused by abnormal remodeling of the cervical
ECM, and 3) progesterone could influence remodeling of the
cervical ECM, our purpose was to study the effect of
progesterone on long-term culture of human cervical
fibroblasts. We recently described a three-dimensional (3D)
culture system using cervical fibroblasts and porous silk
protein scaffolds [46, 47]. The culture system produced
cervical-like tissue that responded to changes in the
nutritional environment of the culture system. A key
advantage of the 3D system is the ability to study cell-matrix
interactions in a biologically relevant microenvironment
without the complexity of an animal model. In the present
study, cervical fibroblasts were cultured in two-dimensions
(2D) and 3D and characterized by ECM production,
histology, and gene expression. We hypothesized that the
3D culture system would facilitate long-term culture and that
progesterone would influence the synthesis of cervical-like
tissue.

MATERIALS AND METHODS

Subject Demographics

Nonpregnant, premenopausal women having a hysterectomy for benign
gynecological indications were approached to participate. Informed consent
was obtained from all the subjects, and the study was approved by the
Institutional Review Board at Tufts Medical Center. Biopsies were obtained
from three premenopausal women. The 2D and first 3D experiments were
performed with cells from a 38-yr-old Caucasian, para 5 having a hysterectomy
for endometriosis. The second 3D experiment was performed with cells from
two women (two replicates): a 42-yr-old Asian, para 5 having a hysterectomy
for adenomyosis; a 52-yr-old Caucasian para 0 having a hysterectomy for
fibroids. There was no history of preterm birth in the study subjects. Once the
surgical specimen was removed from the body, a cervical biopsy was
performed under sterile conditions. The biopsy was obtained from the midcanal
region taking care to avoid the endocervical epithelium. The biopsy was rinsed
in normal saline and stored on ice-cold culture media during transport to the
culture hood.

Cell Culture

Cervical fibroblasts were obtained using an explant method as
previously described [47]. Briefly, the cervical biopsy was minced in
sterile 6-well plates. The minced pieces were cultured in expansion media
(see below) in a humidified incubator at 378C, 5% CO

2
/95% air, and 95%

relative humidity. After 10 days, cells were confluent around the explants.
The cells were trypsinized, and the culture expanded and cryopreserved
using standard techniques. Passages four and five were used for all the
experiments.

Culture Media

Two culture media were used: expansion media and phenol red-free media.
Expansion media consisted of Dulbecco modified Eagle medium (11995-065;
Life Technologies) with 10% fetal bovine serum (160000-044; Life
Technologies), 100 units/ml penicillin, 100 lg/ml streptomycin, and 0.25 lg/
ml amphotericin B (15240-062; Life Technologies). Phenol red-free media
consisted of phenol red-free Dulbecco modified Eagle medium (31053-036;
Life Technologies) supplemented with 5% charcoal-stripped fetal bovine serum
(12676-029; Life Technologies), 1 mM sodium pyruvate (11360-070; Life
Technologies), 2 mM L-glutamine (25030-081; Life Technologies), 100 units/
ml penicillin, 100 lg/ml streptomycin, 0.25 lg/ml amphotericin B (15240-062;
Life Technologies), and freshly prepared 50 lg/ml ascorbic acid 2-phosphate
(A8960; Sigma-Aldrich). Phenol red-free media was additionally supplemented
with estradiol (E2758; Sigma), progesterone (8783; Sigma); or mifepristone
(M8046; Sigma) according to the experimental protocol. Steroids were
prepared as 10 mM stock solutions using 200-proof ethanol and serially
diluted to the appropriate concentration. The final concentration of ethanol did
not exceed 0.01%.

Two-Dimensional Culture

For 2D culture (Fig. 1), cervical fibroblasts were expanded in culture for 2
wk in expansion media. The media was switched to phenol red-free media and
supplemented with progesterone (10�7 or 10�6 M) or vehicle. Cells were
seeded in 6-well plates at 10 000 cells/cm2 and allowed to grow undisturbed for
4 wk (Fig. 1). Media supplemented with progesterone or vehicle was changed
twice a week. After 4 wk, the cell sheet was scraped and assayed for wet
weight, cell metabolic activity, and collagen concentration (assays below). Of
note, in several wells, the cell sheet spontaneously contracted into a small tissue
sample (Fig 1). These wells were discarded.

Three-Dimensional Culture

For 3D culture, the protocol was adapted from a previously described
technique with minor modifications [47]. Briefly, silk fibroin protein was
purified from cocoons of Bombyx mori silkworms (Tajima Shoji Co., LTD)
[48]. The cocoons were cut into dime-sized pieces and boiled in an aqueous
solution of 0.02 M Na

2
CO

3
for 30 min. Fibrous silk protein was rinsed and

solubilized in 9.3 M LiBr solution at 608C for 4 h. The solubilized silk solution
was dialyzed in a Slide-A-Lyzer dialysis cassette (66110; Pierce Protein)
against six changes of distilled water over 48 h to a final purified silk
concentration of 6% (w/w). Silk fibroin solution (2 ml) was poured into the
well of a 24-well plate followed by 4 g granular NaCl (particle size 500–600
lm). Gelation of the silk occurred after 24 h at room temperature and 4 h at
608C. The 24-well plate was immersed in water for 2 days to remove the NaCl.
The scaffold was removed from the well and washed for an additional 24 h. A 6
mm cylindrical punch biopsy (no. 33–36 Miltex) was used to create a
cylindrical scaffold and a blade was used to cut the scaffold to a 4 mm height.
The scaffolds were autoclaved for sterilization and coated with collagen as
previously described [46]. The scaffolds were placed in 12-well plates and
seeded by applying 100 ll of a concentrated cell solution (20 3 106 cells/ml;
2.0 3 106 cells/scaffold) in a drop-wise fashion to the scaffold surface. The
scaffolds were placed in the incubator for 1 h to allow cell attachment. After 1
h, the scaffolds were cultured in 3.0 ml of expansion media for 24 h. After 24 h,
the scaffolds were moved to a new 12-well plate and cultured in static
conditions until the start of the experiment.

Two 3D experiments were performed. In the first experiment (Fig. 2),
seeded scaffolds were cultured in expansion media for 2 wk in static conditions.
The experiment commenced when the scaffolds were transferred to spinner
flasks as previously described [47]. The media was switched to phenol red-free
media supplemented with estradiol (10�8 M), progesterone (10�7 or 10�6 M), or
vehicle. Scaffolds were removed from the spinner flask and flash frozen at Day
0 (baseline assay), Wk 2, and Wk 4.
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In the second 3D experiment (Fig. 3), scaffolds were seeded and cultured in
phenol red-free media supplemented with estradiol (10�8 M) for 3 wk. Next,
the scaffolds were transferred to spinner flasks with phenol red-free media plus
estradiol (10�8 M) supplemented with progesterone (10�9, 10�8, or 10�7 M),
progesterone (10�7 M) plus mifepristone (103 excess or 10�6 M), or vehicle.
Scaffolds were removed from the spinner flask and flash frozen at Day 0
(baseline) and Wk 3. The experiment was duplicated with cells from two
different women (see Subject Demographics above).

Choices of steroid hormone concentrations were guided by serum levels
during pregnancy. In the first 3D experiment, progesterone levels were chosen
to approximate serum levels in the first trimester (10�7 M) and third trimester
(10�6 M) [49]. Estradiol levels were chosen to correspond to the third trimester
(10�8 M). In the second 3D experiment, we desired to study the effect of a
wider range of progesterone concentrations (10�9, 10�8, or 10�7 M) as well as
10�7 M progesterone plus 10�6 M mifepristone on synthesis of cervical-like
tissue.

Steroid Receptors

To confirm steroid receptors were present in the 3D culture system,
immunohistochemical and Western blot analyses were performed. For
immunohistochemical analysis, the following antibodies were used: anti-
human estrogen receptor (790-4324; Ventana Medical Systems) and anti-
progesterone receptor (790-2223; Ventana Medical Systems) using a

Benchmark XT (Ventana Medical Systems) and following the manufacturer’s
protocol (antibody concentrations were approximately 1 lg/ml). Breast tissue
was used as a positive control.

For Western blot analysis, scaffolds were flash frozen at the baseline time
point (Fig. 2, total time in culture was 4 wk) and stored at�808C. The scaffolds
were broken into pieces on a dry-ice chilled, metallic hard surface. Then 100 ll
of chilled lysis buffer (Fermentas) supplemented with 0.2 lg/ml PMSF, 0.1%
SDS, and a protease inhibitor cocktail (Roche Applied Science) was added and
homogenized. The lysates were centrifuged to separate the scaffold material
from the lysate. Subsequently, equal amounts of protein (40 lg) were then
loaded on precast 4%–15% sodium dodecyl sulfate-polyacrylamide gels (SDS-
PAGE) under reducing conditions and transferred to a nitrocellulose
membrane. The rabbit anti-human estrogen-receptor alpha (ER-a) (Santa Cruz
Biotechnology, Inc.) and rabbit anti-human progesterone receptor (PR-A/B)
(Cell Signaling Technologies) were used as primary antibody. Membranes were
incubated overnight with primary antibody in 5% milk in phosphate-buffered
saline with Tween-20 at 48C. Detection was performed using biotinylated goat
anti-rabbit secondary antibody (1:2000; Jackson Immunoresearch) followed by
streptavidin-linked horseradish peroxidase (1:8000; Amersham Biosystems),
chemiluminescence (ECL-Plus; Pierce), and a timed 5-min exposure to film
(Kodak Biomax). Mouse anti-human alpha-tubulin (1:4000; Abcam) and rabbit
anti-human cyclophilin (1:4000; Abcam) served as internal controls.

FIG. 1. Two-dimensional culture of cervical fibroblasts. After 4 wk of culture, the cell sheet was scraped and assayed for metabolic activity, wet weight,
and collagen production. In several wells, the cell sheet spontaneously retracted (top, right), and these wells were discarded. Compared to vehicle, high
concentrations of progesterone (10�6 M) correlated with significantly decreased cell metabolic activity (*P , 0.05), tissue wet weight (*P , 0.01), and
collagen production (*P , 0.01). Data presented as mean 6 SD of four replicates.
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Real-Time Quantitative Reverse Transcription-Polymerase
Chain Reaction

Gene expression was determined after 2 and 4 wk of 3D culture (Fig. 2).
Total RNA was extracted using the RNeasy Fibrous Tissue Kit (Qiagen) as
previously described [47]. The A

260
/A

280
ratio was above 2.0 for all the

samples tested (Nanodrop 2000; Thermo Scientific). The RNA concentration
was 30–100 ng/lg (Nanodrop 2000). High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) was used for reverse transcription reactions
using 50 ll RNA and 50 ll reverse transcription master mix. The cDNA was
stored at �208C. Quantitative gene expression was determined with the
Stratagene Mx 3000P QPCR System (Stratagene) as previously described [47].
A 50 ll reaction consisted of 25 ll TaqMan Gene Expression Master Mix, 5 ll
cDNA template, 17.5 ll RNase-free water, and 2.5 ll TaqMan Gene
Expression Assay. Expression of collagen type I, alpha 1 (COL1A1, assay
ID Hs00164004_m1) and collagen type III, alpha 1 (COL3A1, assay ID
Hs00164103_m1) were studied. Gene expression was normalized by the
geometric mean of two housekeeping genes: glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, assay ID Hs99999905_m1) and actin beta (ACTB,
assay ID Hs99999903_m1). Cycle threshold was calculated from baseline-
corrected, normalized fluorescence data using instrument software. The data
was expressed as fold-change relative to the gene expression of vehicle controls
using the 2^(delta delta Ct) method.

Biochemical Characterization

Collagen concentration. Collagen was measured using the QuickZyme
collagen assay (QuickZyme Biosciences) following the manufacturer’s
protocol. Briefly, sections of frozen scaffold with cervical-like tissue

(approximately 50 mg) were homogenized using a Bessman tissue pulverizer
precooled with liquid nitrogen. The frozen, crushed powder was transferred to
screw-capped tubes and weighed. Then 6 M HCl was added at a concentration
of 1.0 ml/50 mg scaffold. The tubes were incubated at 958C for 20 h to
hydrolyze the sample. Hydrolyzed samples were centrifuged, and the
supernatant was diluted twofold with 4 M HCl and assayed. Collagen
concentrations were normalized by sample wet weight. Collagen concentrations
were not normalized by sample dry weight because previous reports with this
model system showed hydration of cervical-like tissue was 90% and was not
affected by experimental conditions [46].

Cell metabolic activity. The alamarBlue reagent (Life Technologies) was
used to measure cell metabolic activity in 2D culture. The 103 reagent was
diluted with expansion media, and 2.5 ml was added to each well of a 6-well
plate. The wells were incubated for 1 h at 378C, and 100 ll of media was
transferred to an opaque 96-well plate. The fluorescence was read at 560 nm
excitation and 590 nm emission.

Sulfated glycosaminoglycan. Sections of scaffold (approximately 50 mg)
were homogenized under liquid nitrogen and incubated in 1.0 ml of papain
extraction reagent at 658C for 3 h. The extraction reagent was 0.2 M sodium
phosphate buffer (pH 6.4) with 0.1 M sodium acetate, 0.01 M disodium
ethylenediaminetetraacetic acid, 0.005 M cysteine HCl, and 15–20 mg papain/
100 ml extraction buffer (P3125; Sigma). The digestion was centrifuged at
10 000 3 g for 10 min, and the supernatant was used to determine sulfated
GAGs with a 1,9-dimethylmethylene blue dye label (Blyscan assay kit;
Biocolor). Sulfated GAG concentrations were normalized by sample wet
weight.

DNA concentration. Sections of scaffold (approximately 35 mg) were
homogenized under liquid nitrogen and digested in 400 ll of 1.0 mg/ml
proteinase K (19131; Qiagen) in digestion buffer (50 mM Tris HCl, 1 mM

FIG. 2. Three-dimensional culture of cervical fibroblasts. In the presence of estradiol, the scaffold was covered in cervical-like tissue. However, the
addition of progesterone resulted in nonuniform distribution of cervical-like tissue (top, right). Collagen protein and COL1A1 and COL3A1 gene
expression correlated with the histology results. Estradiol significantly increased collagen protein and gene expression while progesterone opposed these
effects. Control scaffolds with no cervical-like tissue showed no collagen signal. Each data point represented the mean 6 SD of four replicates.
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ethylenediaminetetraacetic acid, pH 8.0) at 508C overnight. The digestions

were clarified with centrifugation at 10 000 3 g for 10 min. The supernatants

were assayed for DNA using a fluorescent nucleic acid stain (Quant-iT

PicoGreen ds DNA kit; Life Technologies). DNA concentrations were

normalized by sample wet weight.

Collagen extractability. The electrophoretic mobility of collagen extracted

from cervical-like tissue was compared to collagen extracted from native

cervical tissue. Cervical-like tissue was grown for 3 wk (Fig. 4). The scaffold

(50 mg) was pulverized under liquid nitrogen and placed in extraction reagent

(1.0 ml of 0.5 M acetic acid and 1 mg/ml pepsin [P7012; Sigma]) on ice.

Collagen was extracted for 48 h with gentle agitation at 48C. The extract was

clarified at 10 000 3 g for 30 min at 48C. Native cervical tissue (20 mg) was

studied using the same protocol. The extracts were run on SDS-PAGE under

reducing conditions and stained with Coomassie Blue. Purified human

collagen (VitroCol; Advanced BioMatrix) was used as a positive control.

Statistical Analysis

Data was expressed as mean 6 standard deviation. Means were calculated

from four to five replicates as indicated. Statistical tests were one-way or two-

way ANOVA with Bonferroni posttests as appropriate (GraphPad Prism

version 5.04 for Windows; GraphPad Software). A P , 0.05 was considered

significant.

RESULTS

Two-Dimensional Culture

Compared with vehicle control, increasing concentration of
progesterone (10�7 or 10�6 M) was associated with decreased
metabolic activity, decreased tissue wet weight, and decreased
collagen production after 6 wk of culture. However, in some
wells, the cell sheet spontaneously contracted prior toward the
end of the experiment, which is a well-known feature of 2D

culture [46, 50]. This observation motivated us to pursue 3D
cultures in subsequent experiments.

Three-Dimensional Culture

In the first 3D experiment (Fig. 2), collagen production was
significantly increased in the presence of estradiol (10�8 M),
and this effect was opposed by progesterone (10�7 or 10�6 M).
The effect of progesterone could be seen by gross inspection of
the scaffolds. Scaffolds cultured in the presence of estradiol
were covered in a smooth surface of cervical-like tissue.
However, in the presence of progesterone, cervical-like tissue
did not cover the scaffold uniformly. On histology, the gross
impressions were confirmed: increased cervical-like tissue was
seen in the presence of estradiol but progesterone opposed this
effect. Measurement of collagen production showed estradiol
significantly increased collagen production at 2 wk of culture,
and the effect was more pronounced at 4 wk of culture. The
presence of progesterone reduced collagen production to levels
seen in vehicle controls. The effect of estradiol was also seen at
the transcript level with increased gene expression of COL1A1
and COL3A1 at 2 and 4 wk of culture. In addition, the presence
of the estrogen receptor and progesterone receptor was
confirmed on histology and Western blot analysis after 4 wk
of scaffold culture (Fig. 3).

The objective of the second 3D experiment was to 1) study a
wider range of progesterone concentrations and 2) study the
effect of mifepristone. We did not include the highest level of
progesterone (10�6 M) in the second 3D experiment because
the first 3D experiment showed no difference between 10�7 M
and 10�6 M. In the second 3D experiment, after 3 wk of

FIG. 3. Immunohistochemistry and Western blot analysis showing the presence of the estrogen receptor alpha and progesterone receptor in cervical-like
tissue. HeLa cells were used as a positive control. Arrows (top, left figure) indicated cells positive for estrogen receptor alpha.
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culture, progesterone inhibited synthesis of cervical-like tissue
(Figs. 4 and 5) and the highest level of progesterone (10�7 M)
corresponded to the least amount of collagen production. The
presence of mifepristone (10�6 M) partially abrogated the
effect of progesterone. There was no significant effect of
progesterone on DNA synthesis or GAG production. On
histology, the most amount of collagen synthesis was seen with
no progesterone present (Fig. 5).

The electrophoretic mobility of collagen chains extracted
from 3D culture was similar to both purified collagen and
collagen extracted from human cervical tissue. Both a-chains
and b-chains (cross-linked dimers) were seen, suggesting that
collagen processing is preserved in 3D culture (Fig. 6). As
expected, there was quantitatively less collagen extracted from
cervical-like tissue because collagen content in native tissue is
over 10 times greater than engineered tissue [46].

DISCUSSION

Progesterone inhibited collagen synthesis in 3D cultures
from human cervical fibroblasts. The progesterone effect was
strongest at the higher progesterone concentrations. This effect

was abrogated by mifepristone, suggesting that the mechanism
is mediated in part by the progesterone receptor. Progesterone
did not affect tissue DNA content or GAG synthesis.
Compared with 2D culture, longer culture times were possible
with 3D culture while maintaining hormone responsiveness.

An improved understanding of collagen remodeling is
critical to understanding the contribution of cervical dysfunc-
tion to preterm birth. In clinical obstetrics, there is intense
interest in cervical assessment because a short cervix predicts
subsequent preterm birth [7, 51]. The likelihood of cervical
shortening depends in part on mechanical properties of the
stroma, which arise from its collagen-rich connective tissue
[11]. In human pregnancy, collagen concentration decreases
during pregnancy [11], a period during which serum
progesterone levels rise by over two orders of magnitude
[49]. Here, we also show an inverse correlation with
progesterone and collagen concentration in cervical-like tissue.
We speculate that collagen remodeling seen in the present
study corresponds to ECM changes seen with cervical
softening.

It is important to emphasize that cervical softening also
depends on factors not measured in this study, that is, collagen

FIG. 4. Increasing progesterone concentration results in a decrease in collagen concentration in cervical-like tissue after 3 wk of culture. The negative
effect of progesterone was partially abrogated by mifepristone. Progesterone had no effect on DNA synthesis and GAGs production in this culture system.
This experiment was performed with cervical fibroblasts from two different women with similar results. Data presented as mean 6 SD of four replicates;
*P , 0.05.
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solubility [11], collagen cross-links [16], collagen morphology
[52], and tissue permeability [53] also influence cervical
properties. In addition, the mechanical properties of cervical-
like tissue were not measured directly, and future studies are
needed to determine how collagen concentration in cervical-
like tissue affects mechanical properties. Nevertheless, this
study is important for correlating collagen remodeling in 3D
tissue with the hormonal environment of pregnancy.

It is not clear how to reconcile the results of this study with
the therapeutic effects of progesterone supplementation given
for a short cervix. This study does not support the concept that
supplemental progesterone strengthens the cervix, a concept
that is proposed in the clinical literature [54]. Rather, the study
suggests that rising serum progesterone levels during pregnan-
cy act to soften the cervix by a direct effect on cervical
fibroblast function. Whether progesterone-mediated cervical
softening is important for cervical shortening and preterm birth
is not known. The study highlights the need for a more
complete understanding of the cellular and biochemical aspects
of progesterone effects on cervical remodeling for an improved
understanding of progesterone’s therapeutic efficacy. In
addition, progesterone’s therapeutic efficacy may be related
to effects on tissues independent of the cervix such as the
myometrium, decidua, or fetal membranes.

The 3D culture system presented here addresses some of
the limitations of current model systems for studying cervical
remodeling. Current model systems can be divided into two
general categories: human models and animal models. In prior
work, we used human cervical tissue from pregnant and
nonpregnant hysterectomy specimens to measure mechanical
properties and biochemical constituents. We showed preg-
nancy was associated with marked changes in tissue
mechanical properties, and these changes correlated with
changes in ECM composition [17, 18]. However, experiments
with human cervical tissue are challenging because it is
difficult to obtain sufficient cervical tissue during pregnancy
[55]. Animal models, including the mouse, rat, primate, and
guinea pig [29, 56–60] have been important for our current
understanding of cervical remodeling. However, key differ-
ences exist between animal and human pregnancy. In
addition, the complex environment of an animal model makes
it difficult to distinguish cause and effect from multiple
factors present in vivo. The present 3D model allows long-
term culture of human cells in a microenvironment similar to
native tissue, which makes it a valuable alternative to current
model systems. Future 3D models could incorporate cocul-
tures of fibroblasts and epithelial cells, which would permit
studies of the interaction between the stroma and endocervical
epithelium.

FIG. 5. Histology from the experiment in Figure 4. All the scaffolds were cultured in the presence of estradiol (10�8 M). The figure at the top shows how
cervical-like tissue can bridge a small gap between adjacent scaffolds. At Wk 3, the highest production of cervical-like tissue was seen in the absence of
progesterone.
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Although many studies highlight the importance of cervical
ripening as an inflammatory response [32, 33], here we show
inflammatory cells are not required for cervical remodeling.
Progesterone, acting directly on cervical fibroblasts, affected
ECM formation. This is not to discount the potential role for an
inflammatory response and cervical remodeling. Indeed, cross-
talk between cervical fibroblasts and the immune system has
been demonstrated [36, 61–65]. Rather, this study supports the
hypothesis that multiple pathways are important for preparing
the cervix for parturition [66]. In addition, the cervical effects
of progesterone are likely part of a larger mechanism of
premature delivery because progesterone is known to act on the
myometrium, decidua, and fetal membranes [26].

Although we demonstrated an important role for progester-
one in remodeling cervical-like tissue, the specific biological
mechanism requires further study. Both PR-B and PR-A were
coexpressed in cervical-like tissue. Thus, it is likely that the
functional response to progesterone depends on the genomic
activity of both progesterone receptors [26]. For example,
uterine quiescence is thought to be a PR-B effect. We
hypothesize that cervical softening is also mediated by PR-B
because softening (but not ripening) occurs slowly over the
course of gestation. In future experiments, it will be interesting
to correlate changes in the PR-A:PR-B ratio with changes in
collagen synthesis in cervical-like tissue. Also, it is known that
mifepristone has both antiprogesterone and antiglucocorticoid
activity. To what extent glucocorticoid signaling is important in
this model system is unknown. Estradiol increased synthesis of
cervical-like tissue and progesterone opposed this effect, which
may relate to progesterone inhibition of the ERa expression
[67]. Last, we previously demonstrated that synthesis of
cervical-like tissue was strongly dependent on cell nutritional
environment, a mechanism that could relate to steroid
hormonal environment [46, 47].

In summary, we have shown that progesterone has an
inhibitory effect on cervical tissue formation in 3D culture.
This novel model system allows long-term culture of human
cervical fibroblasts in a 3D microenvironment similar to native

tissue. We expect future studies targeting the mechanism of
steroid effects on cervical-like tissue will have an important
impact on cervical biology in pregnancy.
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