1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Carnicer Prev Res (Philg). 2011 June ; 4(6): 890-896. doi:10.1158/1940-6207.CA PR-10-03609.

Results from a dose response study using 3, 3'-
diindolylmethane in the K14-HPV16 transgenic mouse model:
Cervical histology

Daniel W. Sepkovicl, Johann Steinl, Antoine D. Carlislel, H. Barbara Ksieskil, Karen
Auborn?, Laura Rauccil, Themba Nyirendal, and H. Leon Bradlow?

1 The David and Alice Jurist Institute for Research, Hackensack University Medical Center, 30
Prospect Ave, Hackensack, NJ 07601

2 The Feinstein Institute for Medical Research, North Shore-Long Island Jewish Health System,
350 Community Drive, Manhasset, NY 11030

Abstract

The Human Papilloma Virus is the major cause of cervical cancer. Viral infection initiates cervical
intraepithelial neoplasia which progresses through several stages to cervical cancer. The objective
of this study is to identify the minimum effective dose of diindolylmethane that prevents the
progression from cervical dysplasia to carcinoma in situ. We document cervical histology in K14-
HPV16 mice receiving different doses of diindolylmethane. Urinary diindolylmethane
concentrations are reported. Diindolylmethane could enhance the efficacy of human papilloma
virus vaccines, creating a new therapeutic use for these vaccines in women already infected with
the virus. Five doses (0 to 2500ppm) of diindolylmethane were incorporated into each mouse diet.
The reproductive tract was serially sectioned and urine was obtained for analysis of urinary
diindolylmethane. The results indicate that 62% of mice receiving 1,000ppm diindolylmethane,
remained dysplasia free after 20 weeks compared to 16% of mice receiving no diindolylmethane
and 18% receiving 500ppm. 1000ppm of 3,3'-diindolylmethane in the diet completely suppressed
the development of cervical cancer. Urinary diindolylmethane levels increased significantly as
diindolylmethane in food increased. These findings imply usefulness for diindolylmethane in the
search to prevent cervical cancer when used in combination with prophylactic or therapeutic
vaccines.
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Introduction

Although cervical cancer incidence and mortality rates have declined in the United States
over the past three decades, this disease remains a serious national and international health
threat. With new vaccines against the two most oncogenic human papillomavirus (HPV16
and HPV18), the further incidence of cervical cancer is likely to radically decrease. Even so,
it will take decades for vaccination to take effect on cervical cancer rates (1).
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Incidence rates for Hispanic women are higher than those for non-Hispanic women. Even
though the mortality rate for African American women has declined more rapidly than the
rate for White women, the African American mortality rate continues to be more than
double that of Whites (2). Cervical cancer strikes nearly half a million women each year
worldwide, claiming a quarter of a million lives (3).

The U.S. Food and Drug Administration (FDA) has approved two vaccines that are effective
in preventing infection with types 16 and 18, two “high-risk” HPVs that cause most (70
percent) cervical cancers, and types 6 and 11, which cause most (90 percent) genital warts
(4). Gardasil Quadrivalent Vaccine (Merck) and Cevarix (GlaxoSmithKline Biologicals) are
highly effective in women with no prior exposure. Neither vaccine is effective in women
already infected with the virus. There are also issues of patient compliance and duration of
vaccine protection that need to be addressed.

Clinical trials have indicated that these vaccines have high efficacy in preventing persistent
HPV infection, cervical cancer precursor lesions, vaginal and vulvar cancer precursor
lesions, and genital warts caused by HPV types 6, 11, 16, or 18 among females who have
not already been infected with the respective HPV type. No evidence exists for protection
against disease caused in females infected with the HPV types at the time of vaccination.
However, females infected with one or more vaccine HPV types before vaccination would
be protected against disease caused by the other vaccine HPV types (5).

Gardasil and Cevarix are prophylactic or preventive vaccines. Neither provides protection
against diseases from vaccine and non-vaccine HPV types to which a woman has previously
been exposed. The vaccines do not block cervical epithelial changes and have no effect on
cervical intraepithelial neoplasia (CIN) in those individuals already infected with HPV. For
this reason therapeutic HPV vaccines are currently in development (6).

Data from the National Health and Nutrition Examination Survey (NHANES) published in
the February 28, 2007 have indicated that a total of 26.8 percent of women aged 14 to 59
tested positive for one or more strains of HPV (7). The most troubling consequence of HPV
infection is the potential to cause cervical cancer.

3,3'-diindolylmethane (DI1M) effectively inhibits CIN lesions in women with cervical
dysplasia (8-10). This has also been demonstrated in the K14-HPV16 mouse model used in
this study (11-13). DIM is an acid condensation product of indole-3-carbinol (13C). 13C is
formed enzymatically from the indole glucobrassinin which is found in cruciferous
vegetables and spices, When 13C contacts the acid environment of the stomach several acid
condensation products are formed. DIM comprises at least 70% of these compounds. The
conversion is also common in tissue culture studies. In studies that use 13C, the active
biological agent is DIM. This has been reviewed previously (12).

DIM alters the Phase | metabolism of estradiol and does not increase C-16 hydroxylation.
C-16 hydroxylation produces 16a-hydroxyestrone, an endogenous carcinogen and a
promoter of HPV 16 and 18 proliferation or lytic phase (14-17). DIM, by altering the
directional pathway of estrogen metabolism, and through other non-estrogenic effects,
suppresses viral oncogene expression. DIM also suppresses pathology in recurrent
respiratory papillomatosis, an HPV caused disease state (14,15). The change in estrogen
metabolism is important since both primary cervical cells and foreskin cells transformed by
HPV16 alter estrogen metabolism toward 16-hydroxylation (18).

Tiwari and co-workers (19) have demonstrated that the chemopreventive and antitumor
effects of 13C (DIM) depend on the species and tissue type. They studied the mechanism of
action of 13C in estrogen-responsive (MCF-7) and estrogen-nonresponsive (MDAMB-231)
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human breast cancer cell lines. 13C inhibited the growth of estrogen-responsive cell line
MCEF-7 but had little effect on estrogen-nonresponsive cell line MDA-MB-231. Specific C-2
hydroxylation of estrogen and induction of cytochrome P-4501A1 was enhanced in the
MCF-7 but not in the MDA-MB-231 cells. Their conclusion was that the inhibitory effects
of 13C may involve selective induction of estradiol metabolism and the related cytochrome
P-450 system that may be limited to estrogen-sensitive cells.

DIM directly disrupts various stages in HPV proliferation in both the initiation and
progression from cervical dysplasia to cervical cancer. It has been demonstrated that DIM
specifically inhibits proliferation of viral transcripts E6 and E7 in CaSki cells (9,17). DIM
can induce a G cell cycle arrest in MCF-7 cells that is accompanied by inhibition of cyclin-
dependent kinase expression (20). DIM inhibits cell adhesion, spreading and invasion
associated with the upregulation of PTEN (a tumor suppressor gene) and E-cadherin (a
regulator of cell cell adhesion) in T-47-D human breast cancer cells (21). Additionally, DIM
prevents PTEN loss in vivo in the K14HPV16 transgenic mouse (22). This mouse model is
used in our research. DIM also elevates several key cytokines in vivo: Interferon-Gamma
(IFN-v), granulocyte colony stimulating factor (G-CSF), Interleukin-12 (IL-12), and
Interleukin-6 (IL-6). IFN-y is responsible for overall immune response system (23,24).

We have shown a reduction in the severity of CIN and in some cases the complete reversal
of cervical dysplasia in women taking DIM for 4 weeks. This may indicate that HPV16 viral
oncogene expression is suppressed after continued DIM administration (8,10). By utilizing
the K14 HPV16 mouse model, we can determine how long DIM administration is necessary
for viral oncogene inhibition.

The long range goal of this research is to test the theory that that 3,3'-diindolylmethane
(DIM) acts to augment the efficacy of preventive and therapeutic HPV vaccines. An
additional benefit may be that vaccine administration after DIM suppression of viral
oncogenes will allow virus like particles (VLP) antibodies to form and thus prevent re-
infection from new HPV exposure. Before the research using DIM with vaccines can begin,
the most effective minimum dose of DIM needs to be determined. Here we present some of
the results of a DIM dose response study. Histology of the cervical epithelium from each
dose group is presented. Urinary DIM concentrations are assessed for the first time in this
model.

This study employs a well known transgenic mouse model commonly used in studies
involving cervical dysplasia and cervical cancer (11-13,25,26). Cervical neoplasia and
cancer are linked to persistent infection of “high-risk” HPV viral types, where E6 and E7
oncogenes have enhanced affinity for cellular proteins controlling a collection of functions
necessary for neoplastic progression or growth and spread of malignancies. The K14-
HPV16 mouse model is transgenic for the entire HPV16 early region under control of the
human keratin-14 promoter, and expresses HPV16 E6 and E7 oncogenes in basal squamous
epithelial cells. Tumorigenesis in this model is hormone-dependent. Chronic estradiol
treatment at 0.1-0.25 mg/60-day induces invasive squamous cancers in the vulva, vagina
and outer cervix of K14-HPV16 mice. None of the tumors are metastatic. At low estradiol
dose (0.05 mg/60-day) squamous cancers are almost exclusively localized to the
transformation zone situated between the upper cervix and lower uterus. Epithelial dysplasia
and metaplasia are observed after 4 months of estradiol treatment, leading to high-grade
dysplasia and multifocal carcinomas by 6 months (26). We have found that high-grade
dysplasia and multifocal carcinomas occur as early as 3 months. The mouse model and
preliminary data that we have obtained are more fully described elsewhere (12,13).
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The mice arrived at Hackensack University Medical Center’s Department of Biological
Resources and were quarantined for as long as deemed necessary by the veterinarian based
on serological testing and results. Once received from the NCI Mouse Repository
(MMHCC, Frederick, MD), the mice were housed as breeder pairs. The cages have sterile
Micro-isolator tops. Mice were fed irradiated AIN-93M diet (Purina TestDiets, Richmond,
IN) and given sterile water via sterile water bottles. The animals were given daily health
checks, which included a pain scale form.

During quarantine breeding of the animals began. The hemizygote K14-HPV16 was bred
with the FVB wild type to produce the first litter of pups. At weaning the pups were
genotyped (13). Those mice exhibiting the E6-E7 exon, (K14-HPV16 positive) were further
bred with FVB wild type in order to generate progeny for the experimental protocols. All
females (K14-HPV16 and FVB wild type) were trochar implanted with E; pellets (0.250mg/
90 day release, Innovative Research of America, Sarasota, Florida) under anesthesia. E,
pellets were replaced at 3 month intervals.

The animals were fed AIN-93M mouse diet until they were divided into respective groups.
One group received AIN-93M mouse diet without DIM added and other groups received
AIN-93M mouse diet enriched either 500,1000,1500, 2000 or 2500 ppm of DIM (LKT
Laboratories, St. Paul, MN).

Mice were anesthetized and euthanized. Fresh tissue from the reproductive tract and
surrounding soft tissue was acquired from each animal. The uterus and cervix were
immediately dissected and frozen at —80C. Each specimen was serially sectioned at a 12 ym
thickness using a Cryostat Leica CM 1850, and 10-15 sections were collected at 20 um
intervals for H&E staining. Examination of serial sections was done with a Leica CME
binocular light microscope. The microscope has 4X, 10X and 40X objectives. Images were
obtained using a Zeiss Axioplan microscope with a Sony color digital camera DXC-S500
attached. The calibration bar represents 0.1mm and was measured using a Reichert-Jung
micrometer of 2mm divided into units of 0.01mm.

A histopathological grading system for this transgenic mouse model regarding cervical
squamous carcinogenesis developed by Riley et al (16) was used to classify histological
samples. The grading system is further described by Sepkovic et al (12,13) and is based on
the established criteria for classification of human cervical neoplasia or malignancy
accounting for differences between the mouse model and patients.

Determination of DIM in Urine

The following protocol was used to extract DIM from urine. 500 pl of urine was combined
with 1 ml of sodium acetate buffer (pH 4.8) and 20 pl of glucuronidase (110,200 units/ml;
Sigma). The solution was incubated at 40°C for 24 h. The internal standard used previously
was 4,4-dichlorodiindolylomethane (dichloro-DIM generously provided by Dr. Stephen
Safe). This internal standard is no longer available to us so we modified the procedure by
using [2,4,16a,16B-2H4] estradiol as an internal standard. Recovery data using the new
internal standard in urine are presented in Table 1.

The internal standard was added and the sample was extracted with chloroform. Twenty
microliters of dry pyridine and 80 pl of N,O-bis(trimethylsilyl) trifluoroacetamide catalyzed
with 1% trimethyl-chlorosilane (Pierce Chemical, Rockford, IL) were added, and the sample
was heated to 100°C for 1h. The sample was injected without further treatment. Gas
Chromatography-Mass Spectrometry conditions were the same as those described by
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Sepkovic et al (10). Creatinine determinations were performed colorimetrically using an
ELISA kit provided by Assay Designs (Ann Arbor, MlI).

Statistical Methods

Results

Treatment of cervical histology data—The outcome of interest is the incidence rate of
mice that were CIN free at each dose level at 20 weeks. Since normal histology (CIN free
rate) at the end of the study period is desirable, we collapsed the ordinal response into CIN
free (normal) and CIN to yield a binary response.

To examine evidence of a dose response relationship, a Cochran-Armitage test (27,28) was
conducted. Further, the minimum effective dose was determined using pair wise Fisher
exact tests for comparisons of treated mice and 0 DIM dose groups. The realized raw pair
wise test p-values, were adjusted for family wise error rate (FWER) by the step-down
Hochberg procedure (28-31) before identifying the smallest DIM dose with an effect on
CIN freedom (29).

Treatment of urinary DIM data—DIM concentrations per mg creatinine were examined
for evidence of DIM—dose dependent trend. A test of normality (Shapiro- Wilk) was
conducted on each characteristic to ascertain the underlying distribution of the
concentrations. If the data were found to be normally distributed, the mean (SD) was used to
summarize the realized measurements, otherwise median (IQR: 25t — 75t percentiles) was
utilized. Urinary DIM concentrations reported significant a Shapiro-Wilk test p-value of
<0.05. Thus, nonparametric methods for summarizing the observed values and testing for
trend in response along with comparisons with the control group (Oppm DIM), were sought.
Trend was examined by performing a Jonckheere-Terpstra test, and using Dunn’s tests for
pair wise comparisons to the concentration at the control group (Oppm DIM dose) to adjust
for multiple testing using Dunn’s method as described in (30). To examine if each
successive incremental DIM dose yielded a statistically different DIM concentration per mg
creatinine, a modified Mann-Whitney described in (31) was utilized. This test compared the
concentration at each level to the cumulative DIM concentrations observed in all DIM
groups with less DIM Dose including the control group. This approach maintained the
family wise error rate at 5% for all successive 5 DIM dose level tests. To provide a graphical
presentation of the results obtained in the examination of urine DIM concentrations, we used
boxplots. The box represents the middle 50% of the data set. The upper boundary (Q3)
locates the 75th percentile of the data set while the lower boundary (Q1) indicates the 25th
percentile. The line in the box that indicates the median. The vertical lines extending from
the box, indicate the minimum and maximum values in the dataset. The diamond indicates
the mean. The small circles indicate outliers.

All statistical testing was performed such that P-value<0.05% indicated statistical
significance. All data analysis in this study was performed using SAS version 9.2 (SAS
Institute Inc, Cary, NC) (30,31).

Food consumption and body weights were measured weekly throughout the experimental
period. Over the twenty week study, no significant differences in body weight were
observed between wild type controls and transgenic mice in any DIM dose group. There
were also no significant differences when the transgenic dose groups were compared. All
groups had dietary food consumption levels that were consistent with animal feeding
recommendations for mice on custom purified diet (3—6g/animal/day) (32). There were no
significant differences in food consumption within or between groups.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2012 June 1.
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Each figure compares wild type and transgenic mouse cervical epithelia from the same dose
group shown side by side. Figure 1 illustrates carcinoma in situ (NCIS) frequently found in
transgenic mice that receive estradiol pellets without DIM administration (Oppm DIM
transgenic). Commonly, cytological squamous cell progression and severe irregularity of the
epithelial- stromal border are observed. In Figure 2, the cervical epithelium of a transgenic
mouse receiving 1000ppm in the diet is normal.

Table 2 summarizes the histological comparison of the cervical transformation zone in each
dose group. Results from the wild type mice that were assigned to the same dosing pattern as
the transgenic mice are also presented. The endpoint in this analysis is the cervical histology
examined at 20 weeks and the outcome of interest is the incidence rate of mice that were
CIN free at each dose level.

To analyze the dose response, we first established whether or not there was a trend effect of
the DIM dose on the binary response CIN free versus CIN. Based on the 128 transgenic
mice that were randomly assigned to the control and five doses, this test indicated that there
is significant positive linear trend (P<0.0001) such that as the DIM dose increased the
proportion that were CIN free at 20 weeks also increased. With regard to the wild type mice
the dose effect was not significant (P=0.5327).

In transgenic mice, pair wise comparisons between the 5 dose levels and the 0 ppm DIM
dose were performed to determine which doses were significantly from the control. There
was no difference between the OppmDIM group and the 500ppm DIM group. At 1000ppm,
there was a significant increase in normal mice (P=0.0123). This difference is reflected in
the higher DIM dose groups.

The results show that DIM Dose of 500 ppm was not significantly different from the 0 ppm
DIM (P=1.00) with respect to the rate of CIN free animals. Our analysis indicated that 1000
ppm of DIM was the smallest dose that reported a response significantly different from the
control (P=0.0123), yielding the minimum effective dose for the study.

Notable was the fact that 21% of mice in the Oppm DIM group and 5% on the 500ppm DIM
groups had either NCIS or SCC. No cancers were reported at 2000ppm DIM or higher. With
regard to the wild type mice the dose effect was not significant (P=0.5327), which means
based on the 163 mice; there was no DIM dose effect on the CIN freedom at 20 weeks.

Urine DIM levels

The DIM concentrations normalized by creatinine (ng/mg) were measured and summarized
as median values as shown in Figure 3. There was a significant trend in this parameter
(P<0.0001). Urine DIM concentrations increased significantly in a linear fashion with each
DIM dose group in both transgenic and wild type mice (P<0.05).

Discussion

In this study we determine the minimum effective dose of DIM that prevents cervical
dysplasia using a transgenic mouse model. At 1000ppm (DIM in food) significant numbers
of mice with normal cervical epithelia were obtained after 20 weeks. NCIS and SCC were
completely eliminated in the 2000ppm DIM group compared to 21% of cancers in the Oppm
group and 5% in the 500ppm DIM group. This is a clear indication that DIM suppressed the
oncogenic potential of the viral transgenes.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2012 June 1.
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The goal of this research is to find the minimum effective dose of DIM that gives a normal
cervical epithelium. At 1000ppm DIM continuously given in the diet several observations
were apparent. Histology revealed a high percentage of mice with normal cervical epithelia.
At this dose, the complete elimination of NCIS and SCC were observed. For these reasons
1000ppm was established as the minimum effective dose.

These findings imply usefulness for DIM in the quest to prevent cervical cancer.
Vaccination using a preventive vaccine in combination with DIM in women after HPV
infection could prevent re-activiation of oncogene expression. Additionally DIM
administration could increase the effectiveness of therapeutic vaccines that currently are
about 50% effective.

There is a positive association between new sexual partners and re-infection and that true
new infections with the same types harbored earlier in life are possible in older women (33).
DIM, with subsequent vaccination, could prevent re-infection in this age group and prevent
re-acquisition of HPV types in women who have been exposed to before and subsequently
cleared.

Urinary DIM concentrations in the 1000ppm DIM group compare favorably to DIM
measured in women taking either 200mg or 400mg of 13C (DIM) twice daily for 4 weeks
(10). At 200mg of DIM, urinary DIM peak concentrations were around 12 ug per mg
creatinine. Women receiving 400mg had urinary DIM values of about 16 pg/mg creatinine
daily. In the mouse model, at 1000ppm DIM, urinary values were somewhat lower.
Therefore, based on the results of this dose ranging study, 1000ppm DIM in the mouse
model is the minimum effective dose and a viable dose for future human studies.
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Figure 1. Histo-Pathological Analysis No DIM-Oppm 5X

Comparision of the cervical epithelium in wild type and transgenic mice receiving Oppm
DIM in the diet for 20 weeks. The wild type (left panel) shows a normal cervical epithelium.
In the transgenic mouse (right panel) carcinoma in situ is illustrated.
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Figure 2. Histo-Pathological Analysis DIM-1000ppm 5X

Arrows: No projections of the
epithelium into the stroma.
Epithelial cells forming a single

layer of basal cells.
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Comparision of the cervical epithelium in wild type and transgenic mice receiving 1000ppm
DIM in the diet for 20 weeks. The wild type (left panel) shows a normal cervical epithelium.
In the transgenic mouse (right panel) normal cervical epithelium is shown.
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Figure 3. Concentrations of DIM in Transgenic and Wild type Mice From Each Dose Groupg
Box plots of DIM Levels at each DIM dose in transgenic and wild type mice. Jonckheere-
Terpstra trend test result: both type reported significant trends (P<0.0001). Modified Mann-
Whitney test was used to significant effect of each DIM dose cumulatively. Both transgenic
and wild type reported significant dose effect (P<0.05) at consecutive DIM treated groups.
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