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Cervical dysplastic lesions called cervical intraepithelial neoplasias (CINs) need be treated to prevent
cervical cancer. Currently available surgical procedures are effective, but the development of nonin-
vasive treatment is warranted. In human papillomavirus transgenic mice engineered to express human
papillomavirus type 16 E6 and E7, short-term treatment with 17b-estradiol induces CINs that progress
to cervical cancer if the treatment is continued. In the present study, this mouse model was used to
determine whether medroxyprogesterone acetate (MPA), a progestin drug, is chemopreventive. Human
papillomavirus transgenic mice bearing CIN lesions were treated with MPA plus 17b-estradiol. Unlike
control mice treated with 17b-estradiol alone, cervical cancer was absent in the MPA-treated mice. This
observation suggests that MPA prevented CIN from progressing to invasive cancer. MPA was associated
with inhibited cell proliferation and the promotion of apoptosis in CIN lesions. Confirming the role of
the progesterone receptor, the preventive effect of MPA was absent in human papillomavirus transgenic
mice in which the expression of progesterone receptor was genetically ablated. These results suggest
that MPA is efficient in treating progesterone receptorepositive CIN lesions. These findings provide the
basis for a biomarker-driven clinical trial of the secondary prevention of cervical cancer. (Am J Pathol
2019, 189: 2459e2468; https://doi.org/10.1016/j.ajpath.2019.08.013)
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High-risk human papillomavirus (HPV) infects the stratified
squamous epithelium and may induce cervical cancer,1 the
third most common and third most deadly cancer in women
worldwide.2 Although the prevalence of cervical intra-
epithelial neoplasias (CINs), precancerous lesions, is much
higher than that of cervical cancer, its impact on women’s
health has not been fully appreciated. The negative impact of
CINs on the psychological and psychosocial wellness of
women is as great as that of cervical cancer.3e6 This prev-
alent gynecologic cancer can be prevented by HPV vacci-
nation and screening (ie, cervical cytology and HPV testing).
Current prophylactic HPV vaccines are effective in inhibit-
ing HPV infection and thereby preventing CIN.7 The
Papanicolaou smear allows early detection of CINs, which
can be surgically removed by procedures such as the loop
electrosurgical excision procedure or cold knife cone biopsy.
These preventive methods, however, are not readily avail-
able to women in developing countries or to those of low
stigative Pathology. Published by Elsevier Inc
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socioeconomic status in developed countries due to the lack
of infrastructure and/or high cost. In fact, the global burden
of cervical cancer was unchanged from 2012 to 2018.2,8

Persistent HPV infection promotes the development of
high-grade CIN3, with a 3-year risk of 14% to 40%
depending on HPV type.9 Although CIN3 is recommended
to be treated, up to 70% of cases regress without any
treatment.10 These observations suggest that HPV infection
is not by itself sufficient to drive high-grade cervical cancer
and that other cofactors are required for cervical cancer. The
long-term use of oral contraceptives and multiple full-term
pregnancies increase the risk for cervical cancer in HPV-
infected women, implicating the female sex hormones,
.
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Table 1 Antibodies and Conditions for IHC

Antibody Manufacturer Cat no. Clone no. Blocking buffer Antibody dilution

BrdU EMD Biosciences, San Diego, CA NA61 Mobu-1 5% goat serum 1:50
ERa Immunotech, Marseille, France IM1545 1D5 5% goat serum 1:100
Ki-67 Thermo Scientific, Fremont, CA RM-9106 SP6 5% goat serum 1:100
MCM7* Lab Vision, Fremont, CA MS-862 47DC141 0.5% skim milk þ 5% goat serum 1:200
PR Sigma-Aldrich, St. Louis, MO SAB5500165 SP2 5% goat serum 1:1000
p16Ink4a Rockland Immunochemicals, Limerick, PA 600-401-AJ9 Polyclonal 5% goat serum 1:200

*Discontinued.
BrdU, bromodeoxyuridine; ER, estrogen receptor; MCM, minichromosome maintenance complex component; PR, progesterone receptor.
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estrogen and progesterone.11,12 These hormones function
through estrogen receptor (ER)-a and progesterone receptor
(PR), which are ligand-dependent transcription factors of the
nuclear receptor superfamily.13 The risk for high-grade CIN
is 2.3-fold higher in women who have been exposed in
utero to diethylstilbestrol, a synthetic estrogen.14 The use of
an aromatase inhibitor that blocks estrogen biosynthesis has
been associated with a lower risk for cervical cancer.15

These observations suggest that estrogen promotes cervi-
cal cancer. The role of progesterone in cervical cancer,
however, is much less explored. One epidemiologic study
showed that the use of medroxyprogesterone acetate (MPA),
a synthetic progesterone, was associated with a reduced risk
for cervical cancer in HPV-infected women.16 Although it
needs to be verified in independent studies, this observation
suggests that progesterone inhibits cervical carcinogenesis.

Virus-encoded E6 and E7 are the major drivers of HPV-
induced cancers including cervical cancer. K14-HPV16
transgenic mice that express all HPV16 early genes, including
E6 and E7, do not develop cervical cancer unless chronically
Figure 1 Medroxyprogesterone acetate (MPA) prevents the onset of cervic
depicted. All mice were treated with E2 (estrogen) until end points (3, 4, or 6 mo
hypoplasia in the cervix. Shown are high-magnification images of representative
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treated with the most potent estrogen, 17b-estradiol (E2).
17 It

is consistent with the premise that HPV is not sufficient and
that estrogen promotes cervical cancer. E2 also promotes
cervical cancer in K14E6/K14E7 double transgenic mice that
are engineered to express only HPV16 E6 and E7.18,19 Similar
to cervical carcinogenesis in women, murine cervical
neoplastic disease develops in the transformation zone
through multiple stages, starting from CIN and culminating in
invasive cancer.19 Cervical cancer biomarkers such as
p16INK4a and cyclin E are expressed, and the K14E6/K14E7
model has been used to identify minichromosome mainte-
nance complex component 7 as a novel cervical cancer
biomarker.20,21 In cervical cancer clinical samples, ERa is
expressed in the cancer stroma but not in the cancer epithe-
lium.22 In the HPV transgenic mouse model, stromal ERa, but
not epithelial ERa, mainly mediates the oncogenic activity of
E2.

23,24 These observations validate the relevance of the
K14E6/K14E7 mouse model to human cervical cancer. Using
this model system, it has been demonstrated that MPA pro-
motes regression of cervical cancer.25 Here, the same mouse
al cancer. A: Treatment regimens for the chemopreventive approach are
nths). Arrowheads indicate monthly injections with MPA. B: MPA induces
hematoxylin and eosinestained cervical tissues. Scale bar Z 50 mm.
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Table 2 Summary of Worst Diseases of the Cervix in HPVtg Mice

Group Group size, n No disease, n

Dysplasia only, n

Cancer and dysplasia, n Cancer incidence, %CIN1 CIN2 CIN3

Baseline 7 0 4 3 0 0 0
No prevention 7 0 0 0 0 7 100*
Prevention 6 5 1 0 0 0 0
Short-term prevention 9 0 2 4 0 3 33.3
Control 10 8 0 2 0 0 0

For Wilcoxon rank sum test, each lesion was given following arbitrary score: no disease Z 1; CIN1 Z 2; CIN2 Z 3; CIN3 Z 4; and cancer Z 5.
*P < 0.05 versus the other groups (Fisher exact test).
CIN, cervical intraepithelial neoplasia.

Chemoprevention of Cervical Cancer
model was used to determine whether MPA is chemo-
preventive. We show that MPA prevents CIN from pro-
gressing to invasive cancer in a PR-dependent manner. Our
results suggest that MPA is effective in preventing the tran-
sition from PR-positive CIN to cervical cancer.

Materials and Methods

Mice

All mouse types used in this study have been
previously described. K14E6/K14E7 double-transgenic
mice were generated by crossing K14E7
[FVB�Tg(KRT14�HPV16E7)2304Plam] hemizygotes
and K14E6 [FVB�Tg(KRT14�HPV16E6)5737Plam] ho-
mozygotes.26,27 They are referred to as HPVtg hereafter.
Mice harboring the Pgr-null allele were generated by
mating Pgrf/f (B6; 129S4; 129S7�Pgrtm4.1Lyd) conditional
knockout with sex-determining region Y-box 2 Cre
recombinase [B6; CBA�Tg(Sox2-cre)1Amc] transgenic
mice, which allows germline deletion of floxed alleles.28,29

HPVtg/Pgrþ/� and HPVtg/Pgr�/� mice were generated by
crossing K14E7/Pgr�/� males and K14E6/Pgrþ/� females.
All mice were genotyped by PCR using genomic DNA
isolated from tail biopsies. All procedures were approved
by the University of Houston Institutional Animal Care
and Use Committee.

Drug Treatments

For long-term E2 treatment, drug pellets that slowly release
E2 (0.05 mg/60 days; catalog number SE-121; Innovative
Research of America, Sarasota, FL) were used. Slow-release
drug tablets were inserted subcutaneously under the dorsal
skin every 60 days starting at 4 to 6 weeks of age.
Medroxyprogesterone acetate injectable suspension (prod-
uct UPC 00359762453716; Greenstone LLC, Peapack, NJ)
was mixed with 4 mL of phosphate-buffered saline to make
30 mg/mL stock suspension. Mice were injected i.p. with
0.15 mL of the diluted suspension, which delivers 4.5 mg of
MPA over a month. These E2 and MPA doses were cali-
brated in previous studies.19,25 Some mice were injected i.p.
with 0.3 mL of 12.5 mg/mL bromodeoxyuridine (BrdU) 1
hour before euthanasia.
The American Journal of Pathology - ajp.amjpathol.org
Tissue Processing and Histopathologic Analysis

Mouse female reproductive tracts were harvested, fixed in
4% paraformaldehyde, and embedded in paraffin as previ-
ously described.19 The tissues were serially sectioned at 5-
mm thickness throughout the cervix. Hematoxylin (catalog
number 6765015; Thermo Fisher Scientific, Fremont, CA)
and eosin (catalog number E4382; Sigma-Aldrich, St. Louis,
MO) solutions were made according to the manufacturers’
recommendations. For histopathologic analyses, every tenth
slide was stained with hematoxylin and eosin. The worst
neoplastic disease was determined as previously
described.19 Criteria for diagnosis were the thickness of
basal-like epithelial cell layer, nuclear atypia with enlarged
nucleus, and stroma invasion. A mouse typically had mul-
tiple neoplastic disease states, and the worst disease state
was assigned to each mouse. For Alcian blue staining,
paraffin sections were deparaffinized by incubating them in
xylene, rehydrated through graded alcohols, washed in
phosphate-buffered saline, and stained in 1% Alcian blue
solution (catalog number 26026-13; Electron Microscopy
Sciences, Hatfield, PA) for 30 minutes. Nuclei were coun-
terstained with 0.1% nuclear fast red (catalog number
26078-05; Electron Microscopy Sciences) for 5 minutes.
Cytoseal XYL (catalog number 8312-4; Richard-Allan
Scientific, Kalamazoo, MI) was used for coverslip
mounting.
IHC Analysis

Sections were deparaffinized in xylene, rehydrated through
graded alcohols, and washed in phosphate buffered saline. For
p16Ink4a, antigen retrievalwas achievedby incubating inpepsin
solution (catalog number AP9007005; Thermo Fisher Scien-
tific) for 5 minutes. The other protein antigens were retrieved
by microwaving sections in 10 mmol/L sodium citrate buffer
(pH 6.0) for 20 minutes. For BrdU immunohistochemistry,
sections were treated with 2N hydrogen chloride for 20 mi-
nutes. Sectionswere treatedwith blockingbuffer for 1 hour and
then with a primary antibody overnight. Detailed antibody
information and immunohistochemistry conditions are
described in Table 1. After extensive washing in phosphate
buffered saline, sections were incubated with Alexa Fluor
2461
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Chemoprevention of Cervical Cancer
488econjugated anti-rabbit IgG (catalog number A11008;
Life Technologies, Carlsbad, CA) or anti-mouse IgG (catalog
number A11001; Life Technologies). Sections were then
incubated in Hoechst 33258 solution (10 mg/mL; catalog
number B2883; Sigma-Aldrich) for 30 seconds to stain nuclei.
Terminal deoxynucleotidyl transferase dUTPnick end labeling
(TUNEL) assay was performed by using an ApopTaq Fluo-
rescein in situ apoptosis detection kit according to the manu-
facturer’s instructions (catalog number S7110; EMD
Millipore, Burlington, MA). Slides were mounted using
gelvatol mounting medium.

Microscopy and Digital Image Analyses

After staining, sections were visualized with an Eclipse Ti2
microscope (Nikon Instruments Inc., Melville, NY). Repre-
sentative images were obtained with a Nikon DS-Qi2 mono-
chromeCMOScamera or aDS-Ri2 color CMOScamera using
Nikon NIS-Elements imaging software version 5.2. Cells
positive for BrdU, Ki-67, and TUNEL were quantified with
digital images from3 to 5 randommicroscopicfields per tissue.

Statistical Analysis

MSTAT software version 6.4.2 (McArdle Laboratory for
Cancer Research, Madison, WI; https://mcardle.wisc.edu/
mstat, last accessed April 23, 2019) was used to perform
the one-sided Wilcoxon rank sum test (cervical neoplastic
disease severity) and the Fisher exact test (disease
incidence). For the comparisons of proliferation and
apoptosis in two groups, a t-test was used. Web-based
one-way analysis of variance testing was performed using
VassarStats (http://vassarstats.net/anova1u.html, last
accessed April 23, 2019) to evaluate proliferative and
apoptotic indices in more than two groups. A P � 0.05
was considered to be statistically significant.

Results

Effects of MPA on CIN Progression to Cervical Cancer

To determine whether MPA is chemopreventive, HPVtg
double transgenic mice were treated with E2 for 3 months
Figure 2 Medroxyprogesterone acetate (MPA) promotes cell phenotypes assoc
prevention group. Cervical sections were stained for bromodeoxyuridine (BrdU) (g
red. B: Results shown in A were quantified. On average, 360 basal and 1062 suprab
performed followed by Tukey honestly significant difference (HSD) test. C: The ap
subjected to terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
Hoechst 33258 and pseudocolored red. D: Results shown in C were quantified. On a
test was performed followed by Tukey HSD test. E: Terminal differentiation is incr
blueestained cervical sections are shown. F: The proliferation index has not chan
proliferation marker Ki-67 (green). Nuclei were counterstained with Hoechst 33258
271 basal and 807 suprabasal cells per sample were counted. H: The apoptosis
subjected to TUNEL assay. TUNELþ cells are shown in green. Nuclei are stained wit
1475 cells per sample were counted. Dashed lines demarcate the border between
n Z 3. *P < 0.05, **P < 0.01 versus the other groups; yyyyP < 0.0001 versus v
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and then divided into five treatment groups (Figure 1A). One
group of mice was sacrificed immediately to determine the
baseline disease state (baseline group; n Z 7). Another
group of mice was treated with E2 for 3 additional months to
determine the severity of cervical neoplastic disease without
any chemopreventive treatment (no-prevention group; n Z
7). All mice in the baseline group had CIN lesions, but not
cervical cancer (Table 2). All mice in the no-prevention
group had cervical cancer and CIN lesions (Table 2).
These results indicate that all mice had CIN before additional
treatment and that continued E2 treatment promoted its
progression to invasive cancer. These results were consistent
with previously published results.30 The third group was
treated with E2 plus MPA for 3 months (prevention group; n
Z 6). No mice in this group had cervical cancer, which was
significantly different from the prevalence in the no-
prevention group (P Z 0.001). In addition, five mice
(83.3%) did not have any cervical neoplastic disease. The
epithelium in this group was also hypoplastic (Figure 1B).
These results indicate that MPA not only prevented CIN
from progressing to invasive cancer but also promoted
regression of CIN lesions. It was determined whether MPA
treatment for a shorter period had similar preventive effects.
Two additional groups of mice were treated with E2 for 3
months and then E2 plus MPA for 1 month (Figure 1A). One
group of mice was sacrificed immediately (control group; n
Z 10). Eight mice (80%) did not have cervical neoplasia
(Table 2); this rate was significantly lower than the preva-
lence of CIN in the baseline group (PZ 0.002). The cervical
epithelia were hypoplastic, similar to those in the prevention
group (Figure 1B). These results indicate that 1-month
treatment with MPA was sufficient to regress CIN lesions.
The other group was treated with E2 for 2 additional months
(short-term prevention group; n Z 9). Six mice had CIN
lesions, and the remainder had cervical cancer (Table 2). The
cervical epithelia were similar between the short-term pre-
vention and no-prevention groups (Figure 1B). These results
suggest that CIN lesions remaining after MPA treatment
progressed to cervical cancer and that new CIN lesions
developed. Nonetheless, the cancer prevalence was signifi-
cantly lower in the short-term prevention group than in the
no-prevention group (P Z 0.01), indicating that MPA
treatment for 1 month was partially preventive.
iated with anticancer activity. A: The proliferation index is reduced in the
reen). Nuclei were counterstained with Hoechst 33258 and pseudocolored
asal cells per sample were counted. A one-way analysis of variance test was
optosis index is increased in the prevention group. Cervical sections were
assay. Arrowheads point to TUNELþ cells (green). Nuclei were stained with
verage, 1563 cells per sample were counted. A one-way analysis of variance
eased in the prevention group. Representative photomicrographs of Alcian-
ged after 16 hours of MPA treatment. Cervical sections were stained for the
and pseudocolored red. G: Results shown in F were quantified. On average,
index increases after 16 hours of MPA treatment. Cervical sections were
h Hoechst 33258 (blue). I: Results shown in H were quantified. On average,
the epithelium (ep) and stroma (st). Data are expressed as means � SEM.
ehicle (2-tailed t-test). Scale bars Z 50 mm. Veh, vehicle.
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Figure 3 Biomarker expression is similar in all groups. A: Cervical sections were stained for p16Ink4a (green). Nuclei were stained with Hoechst 33258 and
pseudocolored red. Nontransgenic mouse cervix was used as a negative control. B: Cervical sections were stained for estrogen receptor (ER)-a (green). Nuclei
were stained with Hoechst 33258 and pseudocolored red. Cervical sections from Esr1 knockout mice (ERaKO) were used as a negative control. C: Cervical
sections were stained for progesterone receptor (PR) (green). Nuclei were stained with Hoechst 33258 and pseudocolored red. Cervical sections from Pgr
knockout mice (PRKO) were used as a negative control. Dashed lines demarcate the border between the epithelium (ep) and stroma (st). Scale bars Z 50 mm.

Baik et al
Effects of MPA on Cell Proliferation and Survival in the
Cervical Epithelium

To understand the mechanism of chemoprevention by
MPA, cell proliferation and apoptotic indices in the cer-
vical epithelium were measured by BrdU incorporation
and TUNEL assay, respectively. In the prevention group
that was treated with E2 plus MPA until the study end
point, the percentages of BrdUþ cells in the basal and
suprabasal layers were significantly lower than those in the
other groups (Figure 2, A and B). On the other hand, the
percentage of TUNELþ cells was significantly higher
compared to those in the other groups (Figure 2, C and D).
In the short-term prevention group treated with E2 plus
MPA for 1 month and then with E2 alone for 2 months, the
percentages of BrdUþ and TUNELþ cells were similar to
those in the no-prevention group that never received MPA
(Figure 2, B and D). In addition, patches of epithelium in
the prevention group stained positive with Alcian blue dye
2464
(Figure 2E), indicating that the cells were terminally
differentiated. Mice were also treated with MPA for 16
hours instead of 3 months; the cervical epithelia were
similar in the MPA-treated and vehicle-treated mice
(Supplemental Figure S1A). Consistently, the percentages
of Ki-67þ proliferative cells were similar between the two
groups (Figure 2, F and G). The percentage of TUNELþ

apoptotic cells, however, was significantly higher in MPA-
treated mice than in the vehicle-treated control mice
(Figure 2, H and I). These results suggest that MPA pro-
motes cell death before inhibiting cell proliferation.

Effects of MPA on Expression of Cervical Neoplastic
Disease Biomarkers

In HPV-negative cervical epithelia, minichromosome
maintenance complex component 7 is expressed only in
the basal layer, and p16Ink4a is rarely expressed (Figure 3A
and Supplemental Figure S1B). Their expression is
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Progesterone receptor is required for cervical cancer pre-
vention by medroxyprogesterone acetate (MPA). A: Treatment regimens
are depicted. All mice were treated with estrogen (E2) until end points (6
or 8 months). Arrowheads indicate monthly injections with MPA. B: MPA
induces hypoplasia only in Pgr-positive mice. Shown are high-
magnification images of representative hematoxylin and eosin (H&E)-
stained cervical epithelia from each genotype. C: Cervical sections were
stained with Alcian blue. Nuclei were counterstained with nuclear fast
red. Scale bars Z 50 mm.

Chemoprevention of Cervical Cancer
up-regulated in HPV-induced CIN and cervical cancer,
mainly due to HPV E6 and E7.31,32 Expression levels of
minichromosome maintenance complex component 7 and
p16Ink4a were increased in mice treated with MPA for 16
hours or 3 months (ie, prevention group), similar to the
The American Journal of Pathology - ajp.amjpathol.org
finding in mice not treated with MPA (ie, no-prevention
group) (Figure 3A and Supplemental Figure S1B). These
results demonstrated that MPA did not inhibit the
expression of E7 in the transgenic mice as shown previ-
ously.25 ERa is required for the development of cervical
cancer.33 The expression levels of ERa in the cervical
epithelium and stroma in the prevention group were
similar to those in the other groups (Figure 3B). In
immunohistochemistry analysis of PR, the expression of
which depends on ERa,34 the PR-staining pattern was
similar in all groups (Figure 3C). These results indicate
that the preventive effect of MPA was not due to the in-
hibition of ERa expression or function.
Effects of PR upon the Chemopreventive Effect of MPA

Although MPA is synthetic progesterone, it activates not
only PR but also other nuclear receptors such as gluco-
corticoid receptor, androgen receptor, and mineralocorti-
coid receptor.35 To determine whether PR is required for
chemoprevention by MPA, HPVtg/Pgrþ/� and HPVtg/
Pgr�/� mice were treated with E2 for 6 months and each
genotype was divided into 2 groups (Figure 4A). One
group of mice was sacrificed immediately (baseline
group). All mice of each genotype had CIN lesions, but
not cervical cancer (Table 3), indicating that all mice had
CIN before MPA treatment. This finding is consistent with
previously published results from mice of a similar mixed
genetic background.23 The cervical epithelia of E2-treated
HPVtg/Pgrþ/� and HPVtg/Pgr�/� mice were also similarly
hyperplastic (Figure 4B). These results agree with the
previous observation that Pgr genotype had no impact on
the severity of cervical neoplasia when treated with E2

only.25 Another group of mice was treated with E2 and
MPA for 2 additional months (MPA group). As expected,
cervical cancer did not develop in HPVtg/Pgrþ/� mice
(Table 3). Strikingly, 47.1% of HPVtg/Pgr�/� mice in the
MPA group (n Z 17) had cervical cancer, indicating that
CIN lesions had progressed. The cancer incidence was
significantly higher than in the other groups (P Z 0.003).
HPVtg/Pgrþ/� mice that were treated with E2 plus MPA
displayed hypoplastic epithelia (Figure 4B). On the other
hand, HPVtg/Pgr�/� mice that were treated identically had
dysplastic and hyperplastic epithelia as well as cancer
(Figure 4B). The cervical epithelia of MPA-treated HPVtg/
Pgrþ/� mice, but not of HPVtg/Pgr�/� mice, stained
positive for Alcian blue (Figure 4C). These results
demonstrate that PR is necessary for MPA to prevent
cervical cancer. Interestingly, one HPVtg/Pgr�/� mouse
that was treated with MPA did not have cervical neoplasia
and had a hypoplastic epithelium similar to that in iden-
tically treated HPVtg/Pgrþ/� mice (Table 3 and
Supplemental Figure S2A). We confirmed that PR was not
expressed in the cervix of that mouse, consistent with its
genotype (Supplemental Figure S2B).
2465
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Table 3 Summary of Worst Diseases of the Cervix in Pgr-Deficient Mice

Genotype Treatment group Group size, n No disease, n

Dysplasia only, n

Cancer and dysplasia, n Cancer incidence, %CIN1 CIN2 CIN3

HPVtg/Pgrþ/� Control 6 0 1 4 1 0 0
MPA 15 6 6 3 0 0 0

HPVtg/Pgr�/� Control 4 0 2 2 0 0 0
MPA 17 1 4 3 1 8 47.1*

For Wilcoxon rank sum test, each lesion was given following arbitrary score: no disease Z 1; CIN1 Z 2; CIN2 Z 3; CIN3 Z 4; and cancer Z 5.
*P < 0.01 versus the other groups (two-sided Fisher exact test).
CIN, cervical intraepithelial neoplasia; MPA, medroxyprogesterone acetate.

Baik et al
Discussion

Cervical cancer can be prevented by HPV vaccinations
(primary prevention) and Pap tests (secondary prevention).
The latter detects precancerous lesions (ie, CINs), and they
are treated to prevent cervical cancer. There has been little
effort toward developing new treatments for CINs because
available surgical procedures are effective in removing CIN
lesions. Current invasive therapy, however, increases the
risk for complications such as preterm birth and infant
mortality in future pregnancies.36 It is an important issue
because the incidence of CINs is highest among women
between 20 and 40 years of age.37,38 The development of a
noninvasive and effective treatment for CINs is warranted.
Here, evidence was provided showing that MPA is effective
in treating CIN lesionsdthat is, chemopreventive for cer-
vical cancer. Cervical cancer was absent in the prevention
group that was treated with MPA for the last 3 months of 6-
month E2 treatment (Table 2). This preventive effect was
mediated by inducing apoptosis and terminal differentiation
and by inhibiting cell proliferation (Figure 2). CIN was
regressed with MPA treatment for 1 month, but cervical
neoplastic diseases developed again (Table 2).

It can be argued that MPA treatment should be continued.
However, unlike women with HPV, in whom only a small
fraction of cervical epithelium is infected with HPV, the
transgenic mice express E6 and E7 viral oncoproteins in all
cervical epithelial cells. Therefore, in women, CIN would
not recur unless a woman were reinfected with the virus. If
these findings are translatable, we propose that MPA treat-
ment should be continued until the host immune system
clears the HPV infection.

MPA is commonly used as an injectable contraceptive.
Although the dosing used in this study was higher than the
contraceptive dose, it falls within the range of dosing used
in a clinical trial in endometrial cancer.39 The ERa degrader
fulvestrant has been reported to be chemopreventive of
cervical cancer in the same mouse model.30 MPA would be
a better choice because fulvestrant causes menopausal
symptoms and is much less tolerable in premenopausal
women.40 In addition, MPA is much less expensive and can
be stored at room temperature. One potential concern is that
MPA induces cervical epithelium atrophy (Figure 1B).
Fortunately, cervical/vaginal atrophy has not been reported
2466
in endometrial cancer patients who have received MPA
therapy. In addition, it has been shown that treatment with
estrogen plus MPA relieves vaginal atrophy in post-
menopausal women.41,42 Nonetheless, it remains to be
determined whether MPA induces cervical/vaginal atrophy
in premenopausal women, the group at greatest risk for
cervical cancer.
A total of 47.1% of MPA-treated HPVtg/Pgr�/� mice

developed cervical cancer (Table 3). This observation sug-
gests that PR is the major mediator of MPA-mediated
chemoprevention of cervical cancer. Because MPA is a
PR agonist, we postulate that MPA prevents cervical
cancer by up-regulating PR target genes. Although PR
target genes have not been extensively characterized in
cervical tissues, up-regulation of Hand2 by PR is required
for progesterone-mediated suppression of epithelial cell
proliferation in the mouse uterus.43 It is conceivable that
endogenous progesterone has a preventive effect on cervical
cancer through PR. This idea may seem contradictory to
observations showing that the severity levels of cervical
neoplastic disease are similar between PR-positive and PR-
deficient HPV transgenic mice (Table 3).25 However, long-
term treatment with E2 keeps mice in a continuous estrus-
like state, in which endogenous progesterone levels are
lowest.19,44 Endogenous progesterone would prevent cer-
vical cancer when it surges during the luteal phase.45 Under
this condition, the loss of PR would promote cervical
carcinogenesis. In this regard, PR is expressed in only 20%
to 40% of human cervical cancers.46e49 More importantly,
although it remains to be confirmed in independent studies,
it is less likely that PR-positive CIN3 progresses to invasive
cancer.50 These data should be interpreted with caution
because the menstrual cycle stage of study subjects was not
determined and because it remains to be determined whether
PR expression changes during the hormonal cycle. In the
mouse cervix, E2 up-regulates PR through ERa.34

It is possible that some PR-positive CIN lesions are
resistant to MPA because CIN lesions remained in some
Pgr-positive mice after MPA treatment (Tables 2 and 3).
Supporting this, PR-positive recurrent cervical cancer does
not respond to MPA in the HPV transgenic mouse model.51

Some PR-positive endometrial cancers do not respond to
MPA therapy.39,52 These observations suggest that, in
addition to PR, other factors are required for the maximum
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anticancer activity of MPA. It is intriguing that one HPVtg/
Pgr�/� mouse treated with MPA had a hypoplastic epithe-
lium without any cervical neoplastic disease (Figure 4B and
Supplemental Figure S2A). Some PR-negative endometrial
cancers respond to MPA therapy.39,52 These observations
suggest that MPA may be useful in preventing cervical
cancer through a PR-independent mechanism under condi-
tions yet to be determined. In this regard, MPA binds and
activates other nuclear receptors including glucocorticoid
receptor and androgen receptor.35 High glucocorticoid re-
ceptor expression has been associated with a better prog-
nosis in cervical cancer.53 Androgen receptor expression
decreases as cervical neoplastic disease progresses, and
knockdown of androgen receptor increases the invasion of
cervical cancer cells in vivo.54,55

In summary, these results indicate that MPA is efficient in
preventing the development of cervical cancer from PR-
positive CIN lesions. MPA is affordable and does not
require special skills or instruments for administration.
These findings provide a biomarker (ie, PR) for patient se-
lection in a clinical trial. Gynecologic health (eg, cervical/
vaginal atrophy) should be evaluated during a trial. If the
treatment is proven effective, it will improve not only the
physical health of women but also their psychological and
psychosocial wellness on a global scale.
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