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Final Report

Preliminary Investigation of the Role of Cellular Inmunity in Estrous Cycle Modulation of Post-
resection Breast Cancer Spread.
W. Hrushesky, S. You, Yin Xiong, M. Kobayashi, P. Wood, M.D.s
W.J.B. Dorn Veterans Affairs Medical Center
Columbia, SC 29209
william.hrushesky@med.va.gov

Introduction:

We have found that the timing of breast cancer resection within the mouse’s and the women’s
fertility cycle determines whether or not that operation cures the mouse or woman or whether the
cancer spreads throughout the hosts. This project proposed to determine the effect of manipulating
the hormonal milieu by removal of the ovaries, or by ablation of the sex hormones in intact mice, on
this biology. It also proposed to determine whether and how cellular immunity is altered
differentially by resection at specific stages within the estrous cycle. The ultimate goal is to use the
understanding generated to develop a peri-surgical therapy to increase the chances of curing this
disease in thousands of premenopausal women who find themselves in this clinical situation each
year. During this reporting period we have made good progress toward this goal.

Body:

Technical Objective #1: Establish tumors, followed by surgical resection of tumors in mice at each
of four estrous cycles and/or in vivo hormonal modulations, followed by determination of metastatic
recurrence. We proposed five tasks “Task #1-5" in this objective.

Task 1- Resect tumors in intact mice at one of four fertility cycle stages with no hormone
modulation; follow up tumor recurrence with lung metastasis to examine fertility cycle influence on
surgical breast cancer cure. This task has been accomplished.

Synopsis of Work Accomplished: Our previous studies demonstrated that estrous cycle stages just
prior and near to ovulation to be superior, while those stages farther from ovulation were
disadvantageous times for surgery. Data from this current series of experiments confirm the role of
the estrous cycle in post-resection metastatic spread. A primary, transplantable, mammary
carcinoma, which metastasizes to the lungs, was resected for surgical cure in cycling female mice at
each fertility cycle stage. A group of oophorectomized (ovx) animals was also studied. In two
independent studies, when resecting early stage cancers, a 96% surgical cure frequency was
documented when the tumor was resected during estrus. The second best surgical cure rate was
achieved when tumors were resected during metestrus (79% overall cure rate). Cure frequency in
ovx animals was intermediate. We conclude that the timing of surgical resection within the estrous
cycle affects the cancer's metastatic potential and that the optimal timing of resection may also
depend to some extent upon the size (stage) of the resected cancer.

Task 2- Resect tumors in ovx mice with no hormone modulation. This task has been
accomplished. See above synopsis.

Tasks 3 and 4- Ablate hormones (estrogen, progesterone) in intact and ovx mice with tumors using
pellets with ICI 182780, RU486 -> Resect tumors -> Follow up tumor recurrence with lung
metastasis. These tasks have been accomplished.

Synopsis of Work Accomplished: We established a stable breast cancer cell line, designated MTCL




that maintains fertility cycle cancer biology of the parent tumor (MTP). In vitro exposure of MTCL
cells to progesterone indicated an inhibition by progesterone on MTCL cellular DNA synthesis;
while exposure of the cells to a high dose of estrogen for 48 hours caused an increase of *H-
thymidine uptake. We inoculated MTP or MTCL tumor cells into cycling female C3;HeB/Fel mice
and demonstrated that the post resection metastatic recurrence of MTCL tumors, like the original
MTP tumors, depended upon the time of tumor resection within the mouse estrous cycle. Equivalent
levels of sex hormonal receptors, epithelial growth hormonal receptors, tumor suppressors, and cell
apoptosis relevant protein were found in these in vivo tumors, except that the cyclin E protein was
significantly higher in MTP tumor cells compared to that in MTCL tumor cells. Our results indicate
that MTCL cells retain many of biological features of the original MTP primary tumor cells, and, to
our knowledge, is the first in vitro cell line that has been shown to maintain the unique estrous cycle
dependence of in vivo cancer metastasis. (see appendix b).

We established a stable GFP (Green Fluorescent Protein) transfected MTCL cell line to study cancer
chronobiology. GFP-expressing tumor cells can emit bright fluorescent light and the light signal is
strong enough so that the external images of GFP-expressing tumors can be obtained using whole-
body imaging technique. This technique is especially helpful in studying early stages of tumor
metastasis. We succeeded in transferring a GFP expressing gene vector into MTCL tumor cells, and
have passed this GFP tumor cell line over 10 generations in vitro with the percentage of green tumor
cells maintained at about 95%. To test how long the GFP expression would last in vivo, we injected
the cells subcutaneously onto the backs of female mice. We demonstrated that the expression of
GFP in the MTCL tumor cells lasts about two months in vivo (three in vivo passages). In another
experiment, we injected GFP-MTCL tumor cells into female mice and sacrificed the mice at
different days after tumor injection and multiple organs were dissected. The third day after tumor
cell injection, the GFP MTCL tumor cells were found in every organ we examined.

Task 5- Elevate hormone levels in ovx mice using pellets with estradiol, progesterone or prolactin
prior to tumor transplantation-> Resect tumors-> Follow recurrence with lung metastasis. This task
has been accomplished.

Technical Objective #2: To conduct cellular immune studies in intact and ovx tumor bearing, sex
hormone-repleted mice before surgical resection, and four different times following surgical
resection.

Tasks 6 and 7- Resect tumors in intact and ovx mice at one of four fertility cycle stages-> Follow
up cellular immune response assays (NK cell assays and T cell subset determinations) on day 14
(pre-op) and post-op days 17, 20, 23 and 26. We resected tumors from intact and ovx mice at one of
four fertility cycle stages. We accessed the cellular immune function of the tumor tissues, and have
analyzed the gene expression profiles in the tumor tissues. These tasks have been accomplished.
Synopsis of Work Accomplished: We transplanted MPT4 mouse mammary tumor cells into 83
intact and 18 ovx female mice and resected these tumors two weeks later, for cure. After tumor
removal, about half of the mice developed a lethal locally recurrent tumor at the surgical site. Those
which did not (35/83-normal female and 10/18-ovx) were sacrificed when 5% of them had died
from lung metastases. Surgical cure was highest when cancers were resected during estrus and
lowest when they were resected during diestrus (p<0.01). We then created tissue microarrays from
these tumors to assay for proteins related to cellular immune function, tumor growth, DNA repair
and apoptosis, sex hormone sensitivity, and metastatic spread. Bcl-xs (pro-apoptosis) and BRCA1
(a DNA repair factor) were each expressed most robustly within tumors resected at estrus, and were
lowest in tumors resected at diestrus. Conversely, expression of cathepsin L, a protein associated
with metastatic spread, peaked in tumors resected at diestrus, and was weakest at estrus. These




changes of tumor cell protein expression may be responsible for the cycle’s coordination of breast
cancer growth and post-resection metastatic potential.

Another investigation focused on the relevance of the sex hormonal milieu/menstrual cycle stage to
tumor metastatic spread. In a group of 26 mice, local (leg) MTP tumors were established. Following
resection, mice were sacrificed and the incidence of tumor recurrence was evaluated. There was a
100% cure frequency (i.e. no lung metastases) in mice when their tumors were resected during the
estrus phase vs. 28.5% cure rate when tumors were resected during the diestrus phase (P=0.0269).
We also conducted cDNA microarray-based gene expression analyses on this tumor tissue to define
all possible genes, which are either turned on or off by changing the sex hormonal milieu/estrous
cycle stage. To solve the problem of tumor cell heterogeneity, we established a protocol for laser
microdissection of tumor cells. We isolated RNA from the microdissected tumor cells via PCR
amplification using known genes as targets (i.e. Her2/neu, S16). We compared the gene expression
profile of one MTP tumor, dissected from a mouse at estrus stage and cured after tumor removal,
with that of another MTP tumor, dissected from another mouse at diestrus that later died from lung
metastases. To study the genes that are known to be relevant to metastatic spread and immune
function, we are constructing our own oligo DNA microarray chip, which contains two hundred of
these genes we are interested in.

Technical Objective #3: Determination of the effect of depleting NK and/or T suppressor cells
and/or T helper cells upon the hormone dependence of post resection cancer spread. Grant Transfer
and No Cost Extension was requested and granted (Years 2 and 3) to accomplish tasks 8 and 9.
Task 8- Perfect dose and schedule of antibody administration that ablates NK function (asialo GM-
1) and depletes NK cell numbers, T helper cell (CD4), and T suppressor cell (CD8) numbers.
Administer these antibodies prior to and following resection at each fertility cycle phase (P,E,M and
D) and determine the effects of these immunocyte manipulations upon cure frequency and
metastatic burden. We were able to accomplish Task 8 in a slightly different way than
proposed, because we found that not all of the antibodies were available, and the amount and
especially the cost of the antibodies needed to conduct and complete this series of experiments
were prohibitive in terms of the scope of the budget for this funding period. We instead made
the decision to approach the question of hormone-dependence of post resection cancer spread
using a different methodology.

Synopsis of Work Accomplished: We determined which arms of the cellular immune system were
the most important potential modulators of the prevention and /or facilitation of post-resection
metastatic cancer spread by examining the nature and number of T cells, macrophages, and Natural
Killer (NK) cells infiltrating each resected tumor. We did this by preparing tissue microassays from
every tumor resected. We then stained these tissue samples immunohistochemically in order to
identify each type of infiltrating host immunocyte. We utilized image-analysis software to
objectively quantify the number of specific immunocytes (i.e. the density of specific immunocytes)
in each tissue core sample. We are now correlating outcome (cure vs. recurrence) with the numbers
of each of these types of immunocytes to see if cured tumors are associated with specific numbers
and/or kinds of infiltrating immunocytes. These data are also being analyzed as a function of the
estrous cycle phase at the time of resection in order to determine whether the pattern of immunocyte
infiltration is an important characteristic in explaining the dependence of cure upon the timing of
tumor resection within the estrous cycle.

Task 9- Ongoing and interim data analysis with preparation of data for presentation at cancer
meetings (AACR), USAMRMC conference and manuscript(s) preparation and submission. Interim
data analysis with preparation of data for presentation at cancer meetings and USAMRMC
conference. This task has been accomplished.




Synopsis of Work Accomplished: Throughout the five year funding period (includes an approved
two year no cost extension) we have been very active in writing and submitting manuscripts, with
many already published or accepted for publication (see “Key Research Accomplishments™ and
“Reportable Outcomes™), and presenting data from these experiments at prestigious cancer
conferences. Presentations are listed below:

2000 Annual meeting of American Association for Cancer Research (AACR): Bove, K,
Lincoln, D, Wood, P, Hrushesky, W. Reproductive cycle coordination of tumor growth and post-
resection local recurrence of a low metastatic potential, gene marked, breast cell line.

2000 Seventh Meeting Society for Research on Biological Rhythms, Amelia Island Plantation,
Jacksonville, Florida: Wood P, Bove K, Hrushesky W. Meaningful and reproducible reproductive
cycle modulation of cancer biology.

2002 September, Era of Hope DoD Breast Cancer Research Program Meeting, Orlando,
Florida: Hrushesky WJM, You S, Kobayashi M., Wood P. Fertility Cycle Coordinates Molecular
Pathways Responsible for Cancer Growth and Spread.

2002 October, 7" Annual VA National Cancer Symposium, Alexandria, Virginia: Wood P, You
S, Hrushesky WJM. Fertility Cycle Coordinates Molecular Pathways Responsible for Cancer
Growth and Spread.

2003 April, 94™ Annual AACR Meeting, Toronto, Canada: You S, Kobayashi M, Wood P, Xu Y,
Musk P, Hrushesky W. Mouse Mammary Circadian Rhythm and mPER1 Gene Expression.

2004 March AACR 2004, Orlando, Florida: You S, Li W, Kobayashi M, Xiong Y, Hrushesky W,
Wood P. Creation of a stable breast cancer cell line that maintains fertility cycle cancer biology of
the parent tumor.

2004 June, American Society of Clinical Oncologists (ASCO), New Orleans, Louisiana:
Demicheli R, Bonadonna G, Hrushesky W, Moliterni A, Retsky M, Valagussa P, Zambetti M. The
timing of breast cancer recurrence after mastectomy and adjuvant CMF chemotherapy supports a
dormancy-based model for metastatic development.

Key Research Accomplishments: (Since last annual report)
e Collaboration with Philip Buckhaults, Ph.D., a co-investigator on the SAGE Gene
Expression grant award, and his research group at Univ. of South Carolina, to work in this
area

Recruitment of Dr. Ohmori, M.D., Ph.D. from Japan to work in this area (publication
attached)

e Mentored peer reviewed funding of Dr Shaojin You’s NIH RO3 grant-2004.

e Recruitment of PhD student Mei Li and Masters student Peter Miller to work in this area.

New Grants

e DoD Concept Award: SAGE Gene Expression Profiles Characterizing Cure — profiling RNA
expression to determine the effects of sex hormonal milieu (P, E, M and D) upon cure
frequency and metastatic burden.

In Press

e Shaojin You, Patricia A Wood, Yin Xiong, Minoru Kobayashi, Jovelyn Du-Quiton, and
William J.M. Hrushesky. Daily Coordination of Cancer Growth and Circadian Clock Gene
Expression. Breast Cancer Research and Treatment 00:1-14, 2004 (see appendix a)
Shaojin You, Wei Li, Minoru Kobayashi, Yin Xiong, William Hrushesky, Patricia Wood.
Creation of a Stable Breast Cancer Cell Line That Maintains Fertility Cycle Cancer Biology
of the Parent Tumor. In Vitro Cell Dev Biol Anim. 2004 Mar 1 (see appendix b)




Submitted for Publication

e Wood P., Hrushesky W. Sex Cycle Modulates Cancer Growth (submitted to Breast Cancer
Research and Treatment, Dec 2004-see appendix c)

e Bove K., Wood P., Chambers A., Hrushesky W. Molecular Mediators of Angiogenesis are
Modulated by the Fertility Cycle in Normal Mammary Tissue and in Mammary Tumor.
(submitted to Breast Cancer Research and Treatment-Dec 2004)

e Hrushesky W. Improbability of the metastatic cascade. Perspectives in Biol and Med.
Baum M., Demicheli R., Hrushesky W., Retsky M. Does Surgery Unfavorably Perturb the
“Natural History” of Early Breast Cancer by Accelerating the Appearance of Distant
Metastasis? (submitted to Eur J Ca, Oct 2004)

e Demicheli R., Rosalba M., Hrushesky W. Breast Cancer Recurrence Dynamics Following
Adjuvant CMF is Consistent with Tumor Dormancy and Mastectomy-driven Acceleration of
the Metastatic Process (submitted to Breast Cancer Research and Treatment-Dec 2004)

Reportable Outcomes: (* Since last annual report 2003)

Publications:

1) Hagen A, Hrushesky W. Menstrual timing of breast cancer surgery. Am J Surg 1998;104:245-
261.

2) Hrushesky W, Vyzula R, Wood P. Fertility maintenance and 5-fluorouracil timing within the
mammalian fertility cycle. Reprod Toxicol 1999;13:413-420.

3) Hrushesky W, Lester B, Lannin D. Circadian coordination of cancer take and metastatic spread.
Int J Can 1999;83:365-73.

4) Hrushesky W. Rhythmic Menstrual Cycle Modulation of Breast Cancer Biology. J Surg Oncol
2000; 74: 238-241.

5) Retsky M, Demicheli R, Hrushesky, W. Premenopausal Status Accelerates Relapse. BREA 65
(3), 217-224, February/March, 2001.

6) Retsky M, Demichelli R, Hrushesky WIM. Wounding from Biopsy and Breast Cancer
Progression. Letter to The Lancet, Vol 357, No 9261, 31 Mar 01, page 1048.

7) Bove K, Lincoln D, Wood P, Hrushesky WIM. Fertility cycle influence on surgical breast cancer
cure. Breast Cancer Research and Treatment 75:65-72, 2002.

*8) Demicheli R, Bonadonna G, Hrushesky W, Retsky M, Valagussa P. Menopausal status
dependence of early mortality reduction due to diagnosis of smaller breast cancer (T1 v T2-T3):
Relevance to Screening. J Clin Oncol 22(1):102-107, Jan 2004.

*9) Retsky M, Bonadonna G, Demicheli R, Folkman J, Hrushesky W, Valagussa P. Hypothesis:
Induced angiogenesis after surgery in premenopausal node-positive breast cancer patients is a major
underlying reason why adjuvant chemotherapy works particularly well for those patients. Breast
Cancer Res 2004, 6:R372-R374.

*10) Demicheli R, Bonadonna G, Hrushesky W, Retsky M, Valagussa P. Menopausal Status
Dependence of the timing of breast cancer recurrence after surgical removal of the primary tumour.
Breast Cancer Research 2004 (6): R689-R696.

Abstracts:

Hrushesky W, Wood P, Bove K. Mammalian fertility cycles modulate cancer growth and spread.
3rd Annual VA Oncology Cancer Symposium. San Antonio, TX, 1998.

Bove, K, Wood, PA, Hrushesky W. Vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF) expression in breast cancer varies with fertility cycle stage. Proc AACR 40:
1999.

Bove, K, Wood, P, Hrushesky, W. Molecular mediators of angiogenesis are modulated by the

8




fertility cycle in breast cancer (abstract). Joint meeting of the eighth international conference of
chronopharmacology and chronotherapeutics and the american association for medical
chronobiology and chronotherapeutics, Williamsburg, VA, 1999.

Hrushesky W, Bove K, Wood P. Breast cancer resection within the menstrual cycle: risks, costs and
benefits. 1st Milan Breast Cancer Conference. Milan, Italy, 1999.

Bove K, Wood P, Hrushesky W. Molecular mediators of angiogenesis are modulated by the fertility
cycle in breast cancer. 4th annual VA oncology cancer symposium. Washington, DC, 1999.

Wood, P, Lincoln, D, Bove, K, Clark, R, Hrushesky W. Tumor thymidylate synthase (TS) activity
and mRNA vary rhythmically throughout the day. Proc AACR 2000.

Bove, K, Lincoln, D, Wood, P, Hrushesky, W. Reproductive cycle coordination of tumor growth
and post-resection local recurrence of a low metastatic potential, gene marked, breast cell line. Proc
AACR 2000.

Hrusheksy W, Bove K, Chambers A, Wood P. Reproductive cycle and tumor stage affect measures
of cell proliferation and angiogenesis. In: Breast Cancer Research Program, Era of Hope; 2000 June
8-12; Atlanta, GA; 2000.

Wood P, Bove K, Hrushesky W. Meaningful and reproducible reproductive cycle modulation of
cancer biology. In: Seventh Meeting Society for Research on Biological Rhythms; 2000; Amelia
Island Plantation, Jacksonville, Florida; 2000.

Kobayshi M, You S, Wood P, Rich I, Hrushesky WIM. Prominent Circadian and Estrous Cycle
Impact upon Tumor Biology. Eighth Meeting of the Society for Research on Biological Rhythms.
Amelia Island Plantation and Conference Center, Jacksonville, FL; May 22-26, 2002.

You S, Kobayashi M, Rich I, Musk P, Wood P, Hrushesky WIM. Tissue and cDNA Microarrays
for High-Throughout Molecular Profiling of Cancer Chronobiology. Eighth Meeting of the Society
for Research on Biological Rhythms. Amelia Island Plantation and Conference Center,
Jacksonville, Florida; May 22-26, 2002.

Hrushesky WJIM, You S, Kobayashi M., Wood P. Fertility Cycle Coordinates Molecular Pathways
Responsible for Cancer Growth and Spread. Era of Hope 2002 DoD Breast Cancer Research
Program Meeting, Orlando, Florida; September 25-28, 2002.

Wood P, You S, Hrushesky WIM. Fertility Cycle Coordinates Molecular Pathways Responsible for
Cancer Growth and Spread. 7™ Annual VA National Cancer Symposium, Alexandria, Virginia;
October 2-4, 2002.

Conclusions:

During this five year grant period, we were successful in completing a series of exquisite
experiments in order to understand the role of cellular immunity in estrous cycle modulation of
post-resection cancer spread. We were able to further elucidate fertility cycle influence on surgical
breast cancer cure by resecting an implanted breast cancer in intact, cycling mice and
oophorectomized mice, and through hormonal manipulation (i.e. sex hormone ablation via pellets).
We successfully established an in vitro tumor cell line; the first in vitro cell line to our knowledge
that has been shown to maintain the unique estrous cycle dependence of in vivo cancer metastasis, in
order to study the effects of sex hormone exposure on tumor cell proliferation and DNA synthesis.
To better study cancer chronobiology, we also established a stable Green Fluorescent Protein (GFP)
tranfected tumor cell line, an important whole body imaging technique for studying the early stages
of tumor metastasis. We demonstrated how the fertility cycle coordinates molecular pathways
responsible for cancer growth and spread by creating tissue microarrays from resected tumor tissue
to assay for proteins related to cellular immune function, tumor growth, DNA repair and apoptosis,
sex hormone sensitivity, and metastatic spread via immunohistochemical staining. Finally, in an




important series of experiments, we cryo-preserved tumor tissue resected at different estrous cycle
stages and conducted cDNA microarray-based gene expression analyses to establish gene expression
profiles of these tumors.

Our current research focus, first undertaken during this granting period, is on the genes that are
relevant to tumor spread and immune function. To this end we have started construction of our own
oligo DNA microarray chip, which will contain two hundred of the genes we are interested in
studying. We found that not only is cellular immune function coordinated by the estrous cycle, but
new blood vessel formation, tumor cell proliferation and apoptosis are each coordinated by this
important biological rhythm. We are committed to identifying and putting together the pieces of this
clinically important puzzle.

References:
Please see the “reportable outcomes”.

Appendices:

a. Shaojin You, Patricia A Wood, Yin Xiong, Minoru Kobayashi, Jovelyn Du-Quiton, and
William J.M. Hrushesky. Daily Coordination of Cancer Growth and Circadian Clock Gene
Expression. Breast Cancer Research and Treatment 00:1-14, 2004 (In Press)

b. Shaojin You, Wei Li, Minoru Kobayashi, Yin Xiong, William Hrushesky, Patricia Wood.
Creation of a Stable Breast Cancer Cell Line That Maintains Fertility Cycle Cancer Biology
of the Parent Tumor. In Vitro Cell Dev Biol Anim. 2004 Mar (In Press)

c. Wood P., Hrushesky W. Sex Cycle Modulates Cancer Growth (submitted to Breast Cancer
Research and Treatment, Dec 2004)
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Daily coordination of cancer growth and circadian clock gene expression

Shaojin You, Patricia A Wood, Yin Xiong, Minoru Kobayashi, Jovelyn Du-Quiton, and
William JM Hrushesky*

Medical Chronobiology Laboratory, Dorn Research Institute, WJB Dorn VA Medical Center, 6439 Garners Ferry
Road, Columbia, SC. 29209, USA

Key words: Cancer, circadian, core clock genes, clock controlled genes, cancer growth, cancer proliferation

Summary

Background. Circadian coordination in mammals is accomplished, in part, by coordinate, rhythmic expression of a series
of circadian clock genes in the central clock within the suprachiasmatic nuclei of the hypothalamus. These same genes are
also rhythmically expressed each day within each peripheral tissue.

Methods.: We measured tumor size, tumor cell cyclin E protein, tumor cell mitotic index, and circadian clock gene
expression in liver and tumor cells at six equispaced times of day in individual mice of a 12-hour light, 12-hour dark
schedule.

Results. We demonstrate that C3HFeJ/HeB mice with transplanted syngeneic mammary tumor maintain largely normal
circadian sleep/activity patterns, and that the rate of tumor growth is highly rhythmic during each day. Two daily 2.5 fold
peaks in cancer cell cyclin E protein, a marker of DNA synthesis, are followed by two daily up-to-3-fold peaks in cancer cell
mitosis (one minor, and one major peak). These peaks are, in turn, followed by two prominent daily peaks in tumor growth
rate occurring during mid-sleep and the second, during mid-activity. These data indicate that all therapeutic targets relevant
to tumor growth and tumor cell proliferation are ordered in tumor cells within each day. The daily expression patterns of the
circadian clock genes Bmall, mPerl, and mPer2, remain normally circadian coordinated in the livers of these tumor bearing
mice. Bmall gene expression remains circadian rhythmic in cancer cells, although dampered in amplitude, with a similar
circadian pattern to that in normal hepatocytes. However, tumor cell mPerl and mPer2 gene expression fails to maintain
statistically significant daily rhythms.

Conclusion. We conclude that, if core circadian clock gene expression is essential to gate tumor cell proliferation within
each day, then there may be substantial redundancy in this timing system. Alternatively, the daily ordering of tumor cell clock
gene expression may not be essential to the daily gating of cancer cell DNA synthesis, mitosis and growth, indicating that
host central SCN mediated neuro-humoro-behavioral controls and/or daily light induced changes in melatonin or peripherally
induced rhythms such as that resulting from feeding effects, may be adequate for the daily coordination of cancer cell
expression of proliferation related therapeutic targets.

Introduction peripheral tissues is apparently connected to the SCN

In mammals, most physiological, biochemical,
and behavioral processes vary in a predictable periodic
manner with respect to time of day for purposes of
biologic economy and survival(1). The suprachiasmatic
nuclei (SCN) have been recognized as the primary
neurobiologic circadian pacemaker. The at least nine,
(Ckl, Clock, Perl, 2, and 3;*Bmall, Tim, and Cryl, 2)
core clock genes so far described, are responsible for
circadian rhythms. These genes are rhythmically
expressed within the SCN. with oscillating feed forward
and feed back dynamics, that set and reset circadian time
daily to the temporal environment from photoperiodic
and other rhythmic daily input(2-7). Each cell in most
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either through direct autonomic nervous connection
and/or circadian organized hormonal signals, time-
specific daily behaviors, and metabolic signals from meal
timing (8, 9). These core clock gene loops are likewise
expressed rhythmically within rodent and human
peripheral tissues. It is not clear whether the daily
coordinate expression of these genes in peripheral tissues
is essential for organizing tissue functions each day. The
peak timing of clock gene expression in each tissue is
delayed by up to 6 hours with respect to the phase of the
SCN daily rhythm(2, 10, 11). We hypothesize that these
circadian clock genes coordinate essential cell functions
in circadian time by coordinating the tissue specific




expression of circadian clock controlled genes which, in
turn, gate these processes within each day in normal
tissues, and that malignant tissues may exhibit
abnormalities in these pathways.

The daily gating of cell cycle events in peripheral

tissues, such as skin, t o certain specific times of day
has long been described in human beings(12).
Epithelial cells of the human gut and hematopoietic
precursor cells within the bone marrow of free living,
genetically distinct, healthy individuals undertake the
process of DNA synthesis non-randomly within each
day(13, 14). This is important because the
susceptibility of these two tissues to cytotoxic damage
determines the toxic therapeutic ratio of most cancer
treatments.

The timing, within the day, of cancer chemotherapy
reproducibly affects the proportion of tumor bearing
mice cured(15, 16). The toxicity of cancer
chemotherapy, as well as the control of human cancer,
has been improved by the optimal circadian timing of
cancer chemotherapy(17, 18). This work has been
confirmed by several randomized clinical trials(19, 20)
and extensive animal studies(21, 22). More recently,
we have demonstrated that this time of day-based
anticancer drug selectivity exists, in part, because

important proliferation associated drug targets, such.as.._

thymidylate synthase, are reproducibly more or less
available at specific times each day(23, 24).

Murine and clinical experiments each clearly indicate
that, while toxicity and dose intensity each depend on
the circadian timing of cytotoxic agent delivery, a
second dose-intensity-independent _relationship also
exists between circadian drug timing and optimal
anticancer  efficacy(25). Human . cancer cell
proliferation is also coordinated within each day.
Mitotic figures of benign and malignant epidermoid
cells from an environmentally synchronized patient
appear and disappear rhythmically throughout each
day(26). Non-Hodgkin’s lymphoma cells removed from
two dozen patients, around the clock, are more
frequently engaged in DNA synthesis during each
night(27). The daily peak in the percentage of S-phase
diploid and aneuploid ovarian cancer cells among 35
patients with metastatic ovarian cancer, sampled round
the clock, occurs most commonly in mid-morning.
This timing offers an unique therapeutic opportunity for
optimal circadian S-phase active chemotherapy timing
in the morning to coincide with high ovarian cancer cell
vulnerability (28).

In this study, we investigate to what extent circadian
time keeping is intact in cancer bearing mice, and
whether circadian coordination of cancer growth and
concurrent cancer cell cycle traverse occurs. We also
determine whether core circadian clock gene
expression in tumors resected from animals at six
equispaced times of day, is also organized during each
day. We also determined whether the daily patterns of
expression of circadian clock genes in tumor cells

differs from normal liver cells from these same mice.
Method and Materials
Animals and Housing

Four to five week old female C3HeB/Fe] mice (C3H)
were purchased from Jackson Laboratory (Bar Harbor,
ME) and allowed to acclimate for two months prior to
experimental procedures. Mice were housed in rooms
with regular lighting schedule of 12 hours lights on
alternating with 12 hours lights off (LD schedule).
Time is referenced to Hours After Lights are On
(HALO). All experiments were performed in
compliance with the NIH Guide for Care and Use of
Laboratory Animals and were approved by our VA
Institutional Animal Care and Use Committee.

Tumor Cell Inoculation

A primary, syngeneic estrogen binding mammary
tumor (MTP) arising spontaneously in female inbred
C3H mice was obtained from Bernard Fisher (29) and
passed in female C3HeB/Fel mice as described(30). A
single-cell suspension was prepared by mechanical
dissociation of MTP tumor and 2x10* viable tumor
cells in 50ul RPMI medium were inoculated
subcutaneously on the flank of female mice. These
tumors, when unresected, continue to grow locally until
the animal succumbs.

Effect of Tumor on Circadian Locomotor Activity

To assess general circadian organization of the tumor-
bearing host, twelve mice were housed individually in
cages with running w heels c onnected to c omputerized
activity monitors for two weeks before tumor cell
inoculation. Tumor cells were injected when the mice
were accustomed to the wheels and had reached
maximum activity levels. The voluntary locomotor
activity of each mouse and its circadian pattern were
recorded and analyzed (VitalView 3.1 and Actiview
1.2, Mini Mitter Co, Bend, OR 97701). Tumor was
measured daily with calipers, with volumes calculated
as length x width x height, at the same biological time
each day, at the end of the daily activity span (10
HALO).

Effect of Circadian Time on Tumor Growth

In the first experiment, 54 mice were separated into
three equal groups and housed in three different animal
rooms, four per cage. MTP tumor cells were inoculated
at one time of day (10 HALO) on day 1. Tumor size
was measured once the tumor became measurable
(about 10 days after tumor inoculation). To make tumor
size measurements at six circadian times of a day
without disturbing the mice too much, we scheduled the




"lights on" time in each of the three rooms 4 hours
apart from one and another. Tumor size was measured
twice a day in each mouse at a 12-hour interval, by the

(a)
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v b

same individual. T his allowed d etermination o f tumor
size and growth rate every 12 hours. In each of these
three groups of mice, tumor
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Figure 1. Animal study design with three different.lighting schedules (12 hours dark,12 hours light) and twice daily tumor
measurement schedules. Tumor size (TS) was measured twice daily in each mouse at 12 hour intervals in each group but at different
circadian times between groups (a). TS was measured at 2 and 14 HALO (hours after lights on) in group 1, at 6 and 18 HALO in
group 2, and at 10 and 22 HALO in group 3 mice. Changes in tumor size (ATS) were calculated in each mouse as the difference in
tumor size over each successive 12-hour period whichwas then plotted at the circadian midpoint between each 12 hour interval (b).

was measured across three different 12 hour segments
of each day (group 1 mice at 2 and 14 HALO, group 2
mice at 6 and 18 HALO, group 3 mice at 10 and 22
HALO) (Figure 1a). Equal groups of tumor bearing
mice were euthanized at day 13 after tumor cell
inoculation, when their tumors were in early-mid stage
of growth. In the second experiment, 26 mice were
housed in one room. Tumor size was measured twice a
day at 2 and 14 HALO, similar to group 1 mice in the
above study

Tumor Growth Rate at Each of Six Times of Day

Tumor growth rates during different circadian time
spans were defined as the tumor size differences
between two neighboring 12 hour measurements made

Therefore, the series of tumor growth rates represents
tumor growth over six different 12 hour circadian time
spans. We assigned each growth rate to the mid point
between each of these 12-hourly measurements to
represent the change in tumor size (ATS) over each

time interval (Figure 1b). For example, tumors in group
1 mice, measured twice a day at 2 and14 HALO on day
10, had tumor sizes of TS10,, and TS10(,4). The tumor
growth rate between 2 and 14 HALO at day 10 is
defined as ATS = TS10,4-TS10) . This particular
tumor growth rate is represented at the mid point
between 2 and 14 HALO, which is 8 HALO on day 10
(circadian mid point) as the average growth rate during
this interval (change/averaged over this circadian time
interval). With three groups of mice, this represents six
different circadian mid points, which were 4, 8, 12, 16,
20, and 24 HALO, over which tumor growth rates were
calculated.

Tumor and Liver Tissue Collection

After euthanasia, tumor and liver tissues were dissected
from each mouse. One part of tumor and liver tissues
were placed into liquid nitrogen and transferred to a —
80°C freezer. The remaining tissues were fixed by 10%
buffered formalin for 24 hours and embedded in



paraffin block. The paraffin blocks were stored at 4°C.

Tumor Mitotic Index

One hematoxylin & eosin stained (H&E) section was
prepared from each tumor and evaluated under
Axioskop microscope (Axioskop, Carl Zeiss, German).
Areas containing the most viable tumor cells were
selected for imaging. Ten consecutive images
(approximately 300 to 400 tumor cells/image) were
randomly taken from each section using 40x objective
lens and the AxioCam Digital camera (Carl Zeiss,
German). The images were viewed on the computer
screen using Adobe Photoshop software and the
number of mitotic figures in each image was counted.
The average mitotic figure from ten images (mitotic
index) from each tumor was calculated.

Tumor Tissue Array

A trained clinical and experimental pathologist
examined H&E sections from each tumor and marked
the most viable areas of the tumor tissue. These areas
were aligned with the tumor specimen within each
tissue block for tissue array core sampling. A tissue
array instrument (Beecher Instrument Inc, Sun Prairie,
WI) was used to sample and transfer the paraffin-fixed
tissue cores into pre-drilled holes on a recipient
paraffin block. For each tumor block, duplicate tissue
cores, 0.6 mm diameter, were taken, labeled by
position, and arrayed side by side in the recipient block.
Multiple 5 um sections were cut from the array block
and mounted on the positively charged glass slides
(SurgiPath, Richmond, IL) for histopathologic ‘and
immunochemical examination.

Cyclin E Protein Immunohistochemistry

The histopathologically selected tissue array sections,
after deparaffinization and “hydration, were digested
using proteinase K (20 ug/ml in PBS) for 20 minutes
and washed in PBS twice (pH 7.2) for 5 minutes.
Endogenous peroxidase activity was blocked by 3%
H,0, in PBS for 15 minutes. Slides were incubated in
normal goat serum for 2 hours at room temperature.
The primary antibody, rabbit polyclonal anti-cyclin E
(1:2000, S anta Cruz Biotechnology, Santa Cruz, CA),
was applied to sections and incubated overnight at 4°C.
The secondary antibody (goat anti-rabbit IgG) and AB
complex (Vectastain ABC kit, Vector Laboratory Inc.,
Burlingame, CA) were applied for 30 minutes at room
temperature, respectively. Between incubations, slides
were washed three times (5 min/each) in PBS. The
color was developed by 3, 3’-diaminobenzidine
tetrahydrochloride (Peroxidase substrate kit DAB,
Vector Laboratory Inc., Burlingame, CA). The sections
were finally counterstained with Harris’ hematoxylin
(Sigma, St. Louis, MO). The same tissue array slides

were stained without primary antibody as negative
controls.

Quantitation of Cyclin E Immunostain

The immunostained tumor tissue array sections were
viewed under the Axioskop microscope. One area,
which represented the average level of the cyclin E
protein stain signal and consisted of only viable tumor
cells, was selected from each tumor tissue core. A
digital image was taken from this area using
AxioVision (Carl Zeiss, German) and analyzed using
SigmaScan Pro4 (SPSS Inc. Chicago, IL). The target
objectives in this image were defined and selected by a
pre-set intensity. The average intensity of the objectives
(Objiniensiy) Was measured. The intensities (Objiensity)
of the duplicate tissue cores were averaged (Mipensity)-
Images were also taken from the coordinated areas of
the negative control  stain sections to estimate
background intensity (Biyensiiy). The final formula for
calculating specific cyclin E immunostain intensity
was:
M’intcnsity =(log255'108 Mimensity)
- (]0g255 o log Bimensily) (3 1'33)-

PECAM (CD 31) Immunohistochemistry and Tumor
Blood Vessel Count

Tumor tissue array sections were stained with anti-
PECAM antibody (rabbit polyclonal anti-PECAM
diluted at 1:400, Santa Cruz Biotechnology, Santa
Cruz, CA) using similar procedures (see cyclin E
protein  immuno-histochemistry). = The PECAM
positively stained tumor blood vessels were
quantitatively  evaluated under the Axioskop
microscope with 40x objective lens. Numbers of tumor
blood vessels in each tumor tissue c ore were ¢ ounted
and averaged between the duplicate tumor tissue cores.

Tumor and Liver RNA Isolation

Total RNA was isolated from the frozen tumor and
liver tissues using Trizol reagent (InVitroGen,
Carlsbad, CA). Briefly, the tumor and liver tissues (20-
30mg) were homogenized in 5 ml Trizol reagent and
mixed vigorously with 1 ml chloroform for 15 seconds.
The mixtures were then centrifuged at 10,000 x g at
4°C for 15 minutes. The aqueous phases were
transferred to fresh tubes. Isopropyl alcohol was then
added (2.5 ml/tube) and mixed well. The tubes were
allowed to stand at room temperature for 20 minutes
and then centrifuged at 10, 000 x g at 4°C for 10
minutes. RNA pellets were washed with 5 ml pre-
chilled 70% alcohol and dissolved in 50-100 ul of
DEPC-treated water. The RNA concentration was
determined using a spectrophotometer (SmartSpec™
3000, BioRad Laboratories, Hercules, CA). All RNA




samples were checked for integrity by RNA agarose gel
analysis.

RNA Reverse Transcription

To synthesize the first chain of the cDNA template,
five micrograms of the total RNA was reverse-
transcribed in a final volume of 20 ul reaction system,
which contained M-MLV reverse transcriptase
(InVitroGen., Carlsbad, CA), | mmol/L dNTPs, 40 U
RNase inhibitor (Amersham Pharmacia Biotech,
Freiburg, Germany), and 300 ng oligo d(T) 12-18
(InVitroGen., Carlsbad, CA). The reaction was
performed at 37°C for 50 minutes, followed by 70°C
for 15 minutes and 4°C for 5 minutes.

Real-time PCR

Real-time PCR analyses were performed with an
iCycler IQ Real-time PCR detection system (BioRad
Laboratories, Hercules, CA). Intron-spanning primers
were designed to meet specific criteria by using Primer
Express software (Perkin Elmer, Foster City, CA). The
primer pairs used for the amplification of each gene
product were as follows:
mPer 1. 5’- CTGAGGAGGCCGAGAGGAAAGAA-
3

5’- AGGAGGAGGAGGCACATTTACGC- 3’
mPer2: 5’- GAGCAGGTTGAGGGCATTAC-3’

5’- TGGAGGCCACTTGGTTAGAG-3’
Bmall: 5’- AAGGATGGCTGTTCAGCACATGA- 3’

5’-CAAAAATCCATCTGCTGCCCTG-3’
S16:  5’- AGGAGCGATTTGCTGGTGTGGA 3’

5’-GCTACCAGGGCCTTTGAGATGGA 3’

All PCR reagents were purchased from BioRad
Laboratories. The total PCR reaction volume was 25 ul,
which contained 1X SYBR Green PCR buffer, 3 mM
MgCl, 2.5 mM for each of the following nucleotide
acids (dATP, dCTP, dGTP, SmM dUTP), 0.025U/ul
AmpliTaq Gold DNA polymerase, 0.01U/ul AmpErase
UNG, 1.3 ul cDNA template, and 200 nM of
oligonucleotide primer. The initial step of the PCR was
a 10 minute hold at 95°C followed by 45 cycles of the
PCR amplification (95°C 30 seconds, 60°C 30 seconds,
72°C 1 minute). For each experimental sample, the
amount of target gene expression (mPerl, mPer2 and
Bmall) and housekeeping gene expression (S16
ribosomal protein gene) was determined based upon the
threshold cycle. The content of the target gene
expression was evaluated with respect to that of the
housekeeping gene in each sample and expressed as the
ratio of the target gene to reference gene. Every tumor
and liver sample was tested in triplicate. Multiple no-
template controls were included in all sets of the PCR
amplification to test for the possible contamination of
PCR reagents.

Statistical analysis

For each numerical value, such as the number of tumor

mitotic figures, blood vessels, tumor sizes, growth
rates, the mean and standard errors were calculated and
graphed. Comparison of means across six circadian
times of day (HALO) was assessed by one-way
ANOVA (Super ANOVA, Abacus Corp, Berkeley, CA;
SPSS, SPSS Inc, Chicago, IllI). Correlation analyses
were done by the simple linear regressions. Pearson
correlation coefficients were calculated. Numerical
values from tumor and liver tissues as a function of
different circadian times were also assessed for
recurrent sinusoidal patterns and harmonics by Cosinor
analysis with cosine curve-fitting tests using period fits
of 12 hr, 24 hr and 12 plus 24 hr (Chronolab v4.5,
Bioengineering &  Chronobiology  Laboratory,
Pontevedra, Spain) and the best curve fitting results
were chosen. Statistical significance was considered
achieved if the zero amplitude hypothesis could be
rejected at the 0.05 levels. All the data based upon the
six circadian time periods were graphed as a double
plot over 48 hours with standard errors of the means, as
is customarily done to more easily visualize recurrent
rhythmic patterns.

Results

Circadian Locomotor Cycle of Normal and Tumor
Bearing Mice

Voluntary wheel running locomotor activity was
measured before and after MTP tumor inoculation by
continually recording wheel running activities of
individual mice. Normal mice, prior to tumor cell
inoculation, took 7-8 days to establish a stable daily
running pattern. The locomotor activities of tumor
bearing mice were maintained at normal levels with
clear maintenance of circadian rhythmic pattern
throughout the observation span (Figure 2). Mice with
early tumors (day 10-13, linear growth stage) and those
with later stage tumors (day 17-20) each showed
normal circadian activity patterns with no differences in
calculated 24 hour circadian period under LD schedule,
24 hour mean activity levels or activity during usual
diurnal sleep span (measure of disturbance) when
contrasted to their own individual and group wheel-
running data during the week-long span just prior to
tumor inoculation.

Daily Tumor Growth

Since the circadian locomotor rhythms of tumor
bearing mice remain largely intact, we asked if tumor
growth in these mice also displays circadian
coordination. Three groups of mice had tumor
measured daily at 12 hours intervals at six different




circadian times of day between days 10 and 13 post
tumor cell inoculation. For group 1 mice in two
separated experiments (Figure 3a, b), large consistent
differences were seen in tumor growth rates at 8 HALO
and 20 HALO circadian midpoints. When the tumor
growth rates from these 12 hour intervals from each

e

mouse in all 3 groups of mice were examined jointly, a
clear circadian pattern of tumor growth is demonstrated
(Figure 3c¢). Two peaks in tumor growth occur within
each day. The higher daily peak occurs in late activity
phase (18 HALO) and the second peak occurs each day
in early sleep phase (6 HALO). These time-of-day

390 e o 120 o e

Before Tumor

Days After Tumor

24 hr mean activity 18.3+/-5.5
Activityduring sleep 1.544-2.1
Period* 243 +/-0.7
Tumor size (mm®) NA

Day 10-13 Day 14-17 P-value
20.0 +/-5.5 22.2+/-6.0 0.88
2.1+-29 2.0+/-3.0 0.81
24.4 +/-0.7 242 +/-0.5 0.74
193 - 838 838 - 2238

*Period analysis for LD schedule. P-value from ANOVA.

Figure 2. Circadian locomotor activity rhythms of mice before and after tumor injection. The voluntary locomotor activities of mice were recorded by
wheel running for two weeks before tumor injection, during early (day 10-13) and later (day 14-17) tumor growth stages. Shown is the activity of one
tumor-bearing mouse over successive days, double plotted. The mouse was regularly active in the dark (activity phase) and inactive in the light (sleep
phase) both before and after tumor inoculation. The 24 mean activity, circadian period, and the amount of activity during sleep (disturbances) did not
differ significantly between mice prior to tumor and mice with either early or late tumors.

differences in tumor size and growth rate are
statistically significant by both ANOVA (p=0.0001)
and Cosinor analyses (simultaneous 24 +12 hr-period
fit, p<0.001).

Daily Changes in Blood Vessels

It has been reported that daily tumor blood flow varies 1.5
fold, measured at two times of day, in rat tumor models with
higher blood flow occurring during the mid dark/activity
phase and lower flow at mid light/sleep phase(34). We
determined whether the circadian variations of tumor growth
were associated with rhythmic changes in tumor blood vessel
density. PECAM protein immunohistochemical staining
(CD31) is a typical marker for blood vessels and highlighted
the vascular endothelial cells and tumor blood vessels
clearly(35, 36). Tumor blood vessel density at 2, 6, 10, 14,
18, and 22 HALO was 8.6+2.2, 4.0+ 0.9, 6.6 £ 1.4, 9.41.7,
8.6+1.9, and 8.2+2.3, respectively. Across all 6 times of day,
these differences are not significantly different (ANOVA
p=0.38, Cosinor, p=0.221). However, comparing just mid
sleep/light (6 HALO) with mid activity/dark phase (18

HALO), statistically higher blood vessel density is found in
mid activity (t-test, p=0.049), consistent with previous
findings of higher tumor blood flow during the activity
phase.

Tumor Cell Division

To determine whether the circadian variation of tumor growth
was associated with circadian coordination of tumor cell
proliferation, we quantified tumor cell mitosis in these same
tumors. Large daily changes in tumor mitotic index were seen
with a major (~3-fold) peak in late dark phase (22:20 HALO,
late activity) and a second daily peak (11:20 HALO, late
sleep) (ANOVA p=0.0012, Cosinor simultaneous 24 and 12
hour period fit p<0.001, Figure 4a, 4b).

Tumor Cell DNA Synthesis

Cyclin E protein, which is required for the initiation of DNA
replication and subsequent mitosis(37-39), increases
periodically in the late G, phase of the cell cycle(38). Cyclin
E protein staining is seen primarily within the tumor cell
nuclei (Figure 4c¢). Cyclin E expression varied rhythmically



throughout each day with 2.5 fold differences (Figure 4d).
Two daily peaks in tumor cell cyclin E protein expression are
present. A major peak occurs each day in the late
dark/activity phase (21:20 HALO), just following the largest
daily peak in tumor growth and just prior to the largest daily
peak in mitosis, and another smaller peak in cyclin E occurs
each day in late light/rest phase (9:20 HALO) (ANOVA
p=0.0309, Cosinor simultancous 24 plus 12 hour period fit
p=0.006). The rhythm in tumor cell cyclin E protein
expression tightly parallels the circadian rhythm of tumor
size/growth (Table 1). Tumor cyclin E protein expression,
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which just precedes the daily mitotic peaks, also correlates
with tumor cell mitotic index (r=0.337, p=0.02).

Rhythmic Expression of Circadian Clock Genes in Tumor
and Liver Tissue

Tumor cell DNA synthesis and cell division are both gated
within each day. Therefore, it is logical to ask whether clock
gene expression is coordinating this cell cycle progression in
normal tissues and cancer cells. We evaluated whether core
clock gene expression is
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Figure 3. Tumor growth rates for all 12 hour time intervals during early tumor growth phase (day 10-13 in experiment 1, and day 8-12 in experiment 2,
linear phase) are represented at the circadian midpoint between 12 hour measurements for each group of mice. Clear waxing and waning of change in
tumor sizes or growth rates at different circadian intervals is evident. Figure 3a shows the tumor growth pattern of group 1 tumors in experiment 1. This




study design was reproduced in the experiment 2, with consistent waxing and waning in tumor size changes seen (Figure 3b). Circadian tumor growth
rates from six circadian times are combined and represented at the six circadian midpoints between 12 hour measurements (Figure 3¢). Tumor growth
rates vary significantly throughout the day with two peaks per 24 hours; one slightly smaller peak at 6:30 HALO and another larger peak at 18:30 HALO

(Cosinor 24hr plus 12 hr period fit, p<0.001).

coordinated throughout the day in these mouse tumors
and within the histopathologically tumor free livers
from these same tumor bearing mice. Previous studies
in normal mice have described clock gene rhythms in
liver (10, 11). Since sex hormonal milieu of female
mice may affect host circadian gene expression(40), we
avoided

possible

interference of
the mouse’s
estrous cycle by
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analyzing clock gene expression only from tumors
dissected from mice which were in the diestrus stage of
the estrous cycle. Thirty-one pairs of tumor and liver
tissues (5-6 pairs for each time of day) were analyzed
for the expression of Bmall, mPerl, and
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Figure 4. Mitotic figures (Figure 4a, x40 objective) of each tumor from mice sacrificed at specific times of day (HALO) were counted. The mitotic
index (mitotic figures/high power field) of tumors (Figure 4b) shows a significant daily rhythm with two peaks each 24 hr cycle at 11:20 (minor peak)
and 22:20 (major peak) HALO (Cosinor 24 hr plus 12 hour period fit, p<0.001). Tumor cyclin:E protein‘staining is mainly seen in the nucleus of tumor
cells (Figure 4¢, x40 objective). Cyclin E protein expression showed a daily rhythmic pattern (Figure 4d) with two peaks per 24 hr cycle; one at 9:20 and

another at 21:20 HALO (Cosinor 12 hr period fit, p=0.006).

mPer2. A circadian rhythm was seen in liver mPerl,
mPer2 and Bmall (Figure 5a-c, all p< 0.001). Liver
clock gene expression peaks at 11:20 HALO for mPer2,
21:00 HALO for Bmall, and a major peak in mPerl at
7:10 HALO. However, mPerl expression, in contrast
to mPer2 and Bmall, displays two peaks per day;.one.
major at 7:10 HALO (midsleep) and a second:minor.
peak at 19:10 HALO (midactivity) (Figure 5b, Cosinor
24 hours plus 12 hour period fit, p<0.001). This twice
daily or 12 hour pattern in mPer! gene expression is
identical to the pattern we previously reported in hPerl

in human skin and oral mucosa(24). These circadian

gene expression patterns in the livers from our tumor
bearing mice are very similar in magnitude and timing
to those reported in livers from non-tumor bearing
mice(41-45). In this MTP mammary tumor, mPerl and
mPer2 gene expression was present, but, no statistically
significant time of day differences were seen (Figure
5a, b). However, Bmall expression in these tumors
varies significantly throughout the day (Figure 5d,
p=0.022). The circadian pattern of the tumor Bmall
gene expression is very similar to Bmall daily rhythm



in host liver, both showing a peak in expression at
around 21:00 HALO and a trough at around 9:00
HALO. The daily fold difference of Bmall expression
in liver, however, was 26.1 fold, while that in tumors is
2.1 fold.

In summary, tumor bearing mice, in normal diurnal
conditions, are circadian entrained, as reflected by the
normal host locomotor activity rhythms and rhythmic
liver clock gene expression (Table 1, Figure 6). The
tumors within these mice are also circadian organized,
as reflected by circadian coordination of tumor growth,
tumor DNA synthesis (cyclin E), tumor cell mitosis, and
circadian clock gene expression (Bmall), but with an

apparent loss of rhythmic expression of other clock
genes (mPerl and mPer2). Daily peaks in tumor cell
growth rates are immediately followed in time by peaks
in tumor cell cyclin E. Daily peaks in tumor cell
mitosis occur at times removed from those of growth
and DNA synthesis, and the major peak in mitosis
follows that in Bmall expression.

Table I. Circadian Organization of Tumor Bearing Mice and their Malignant and Normal Tissues.

Daily P-value Peaks Peak time Daily Changes Daily Fold
Rhythm (Cosinor) /24 hrs (HALO)" (min ; max) Differences
(max/min)
Locomotor  Activity Tumor Bearing Yes <0.001 | 18:50 0.10; 874.0 8700
Mouse
Tumor Growth Yes <0.001 2 06:50 -68.0;214.0 o
Rate 19:20
Tumor Cell Cycle
Cyclin E Tumor Yes 0.006 2 09:20 0.045;0.115 2.5
21:20
Mitosis Tumor Yes <0.001 2 11:20 1.80; 5.30 29
22:20
Clock Genes
Bmal 1 Liver Yes <0.001 1 21:00 1.50 ; 40.00 26.7
Tumor Yes 0.022 1 21:40 0.87; 1.87 2:]
mbPer 1 Liver Yes <0.001 2 07:10 0.85; 2.85 34
19:10
Tumor No 0.54 - B - -
mPer 2 Liver Yes <0.001 1 11:20 0.80; 6.95 8.7
Tumor No 0.29 - - - -

"HALO=Hours After Light onset in 12L/12D 24-hour cycle.
bNot available due to the negative value.

Discussion
Circadian  Coordination of the Cancer Host
Interrelationship

The balance between the host and cancer have been
shown to participate powerfully in biological
rhythms(26). The difference between cancer patient
death and cure can depend upon the timing of therapy
within the daily or menstrual cycles of cancer
patients(20, 30). The central circadian pacemaker in the
SCN coordinates host circadian rhythms i.e. the daily
sleep/activity cycle, the circadian order of hormone
production, and even the dynamics of cell cycle traverse

(21). The environment and daily behavior patterns:.

(light, food intake, behavior) reset these rhythms each

day. Cancer-bearing mice and patients maintain their

circadian organization, to some extent, during early
stages of cancer growth. These circadian rhythmicities
are often altered, but seldom, if ever, abolished later in
the course of cancer progression. Severe alterations of
host circadian organization are usually associated with

poor prognosis and death (46, 47).

This is the first time that the circadian pattern of
cancer growth, cancer cell proliferation, and cancer cell
core clock gene expression have been concurrently
measured. In this study, we have monitored the
circadian locomotor cycle of tumor bearing mice from
the day of tumor cell inoculation to late stage of tumor
growth. The daily putative sleep/activity rhythms of
these mice are identical (period, activity level, sleep
disturbances) to those of normal non-tumor bearing
mice, indicating that the environmentally synchronized
host circadian clocks remain organized within these
mice with growing, local, non-metastatic tumors. In the
tumor-free host liver tissue from these mice, circadian
rhythms in clock gene expression (mPerl, mPer2,
Bmall) remain coordinated and are similar in amplitude
and phase to those reported in non-tumor bearing
mice(41-45).



Circadian Coordination of Tumor Growth and Cell
Cycle Events

Hori et al is the first to have shown faster microscopic
tumor growth and higher blood flow in tumors
observed microscopically, twice daily, during mid
dark/activity compared to mid light/sleep(48, 49). We
demonstrate, for the first time in non-instrumented
animals, that gross tumor growth rate waxes and
wanes, unsubtly, during each day if tumor size is
simply measured 6 times round the clock. Two daily
peaks in cancer growth rate occur each day. The
Sfastest tumor growth occurs during mid-activity and
second peak occurs during mid-sleep. These findings
are consistent with Hori’s results(48). The time of day
changes in tumor growth which we observed are
explained only in part by differences in tumor blood
vessel density, and more fully by ordered daily pulses

of both tumor cell DNA-synthesis and tumor cell

division.

Scheving et al were the first to report a significant
circadian rhythm of mitotic activity in human
epidermis(12). We described the circadian coordination
of cancer cell mitotic index in a human skin cancer(26)
which is consistent with several previous clinical studies
showing time of day differences in human cancer
biology(50, 51). Similar circadian rhythmic coordination
in mitotic index and S phase tumor cell distribution has
also been reported in rodent tumor models(52, 53). We
evaluated the tumor cell circadian rhythms of tumor cell
mitosis and DNA synthesis/cyclin E cell cycle
checkpoint protein in the same tumors in which tumor
growth rate differences were concurrently measured,
round the clock. We also concurrently
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Figure 5. mPer | and mPer 2 mRNA expression (as ratio to S16 control gene) in paired mouse mammary tumor and liver tissues from tumor bearing
mice in early tumor stages. Significant daily rhythmic patterns of mPer I and mPer 2 gene expression were seen in the livers of tumor bearing mice with
major peak times at 7:10 HALO and 11:20 HALO, respectively (Cosinor 24 hr curve fit, pupe 1 <0.001, pupe- > <0.001). Daily rhythms were not
detectable in mPer | and mPer 2 in tumors from these same mice (pypes =0.54, pure2=0.56) (a) and (¢ ). mPerl in liver best fits a 24 plus 12 hour
rhythm with a major peak at 7:10 and a minor peak at 19:10 HALO (b). A significant daily rhythm of Bmal-1 gene expression was demonstrated in the
paired tumor and liver tissues, respectively (Pumo=0.022, pjiva<0.001). By 24 hr Cosinor period fit, liver and tumor, showed one daily peak in Bmal-/
expression at 21:00 and 21:40 HALO, respectively. However, the amplitude of the tumor Bmal-1 is much lower than that seen in the liver (d) and (e).
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Figure 6. Daily sequencing of tumor cell cycle events, tumor growth, tumor clock gene expression and host locomotor activity.
Shown are the standardized fitted curves in tumor cell DNA synthesis, tumor cell mitosis; and tumor growth, which coordinately wax
and wane within a day and may be putatively linked to tumor peripheral clock (Bmall) gene expression and host’s sleep/activity
cycle. Peaks in tumor cell growth rate are immediately followed in time by peaks in tumor cyclin E protein. Peaks in tumor cell
growth occur at times removed from those of DNA synthesis and mitosis; and the major peak in mitosis just follows that in Bmall.

measured circadian clock gene expression. Both the
G1/S checkpoint protein (cyclin E) expression and
tumor cell mitotic index vary rhythmically along a 24
hour span with 2-3 fold daily differences in a largely
overlapping pattern with the rhythm in tumor growth
rate, suggesting that the same oscillator or pacemaker,
may be controlling each of these rhythms. . These
observations obviously reflect the daily - population
dynamic of cell cycle traverse in the tumor. Resolution
of what is happening at the single cell level requires
determination of individual cell dynamics and requires
serial non-destructive cellular observation in vivo, such
as functional nuclear magnetic resonance and concurrent
pathway specific molecular emission techniques.

Circadian Coordination of Clock Gene Expression

The expression of the three key core clock genes
remains highly rlhythmic in the liver cells from tumor
bearing mice. These findings are consistent with the
retention of normal circadian patterns of locomotor

activity in these tumor bearing mice. In the tumor cells
Jrom these same mice, Bmall mRNA is rhythmically
expressed throughout the day with the same timing of
the peak expression as that of the host liver, but with a
much lower daily amplitude. The expected tumor

circadian rhythm in mPerl and mPer2 has, however,
been lost. These analyses of tumor clock gene
expression were performed on bulk tumor tissue,
which is heterogeneous, with areas of necrosis and
host stromal cells(31). Further studies will employ
microdissection to diminish sampled tumor tissue
heterogeneity by selecting only “healthy” tumor cells
Jfor gene expression analysis. Daily changes in mPerl
and mPer2 protein levels will also need to be
determined in these tumors. Given the data that we
have, however, we must tentatively conclude that these
tumor cells have partially lost their responsiveness to
the host’s circadian system. If these tumor cells have,
in fact, lost their circadian coordination of mPerl and
mPer2, it is clear that they have not lost the circadian
organization of tumor growth, DNA synthesis or
mitosis. This may mean that circadian clock function
is redundant. Bmall expression, with or without the
coordination of other core clock genes, which we have
not yet measured, may be adequate to transmit the
circadian information essential to coordinate daily
Jundamental cancer cellular biology and to link these
tumor cell proliferations to the central circadian clock.
These data show that circadian organization in cancer
cells persists without fully normal peripheral core
clock gene expression. This raises therapeutic




implications in that more fully complete circadian molecular control of
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Figure 7. Proposed coordination between cell cycle progression and peripheral circadian clocks. The clock gene products construct precisely timed
feedback loops within peripheral tissues, which are normally entrained by the same circadian clock in the SCN, as well as by rhythmic inputs from non-
SCN inputs (e.g. feeding). Tissue peripheral clock gene products may be functional modulators-of the cell cycle. For example, Bmall expression, which
peaks during the late dark phase of a day, activates the expression of Weel, and Weel phosphorylates Cdk 1 and Cdk 2, and inactivates these kinases.
Consequently, both cyclin E and B1 are activated and promote the cell cycle transition from G110 S and from G2 to M, which may coordinate the peaks
of cyclin E (DNA synthesis) and mitosis during the late dark phase of the day. Per/ expression peaks during the mid light phase of a day and up
regulates P53 protein expression, which subsequently down regulates cyclin Bl expression and stimulates the expression of P21 protein. Down
regulation of cyclin B1 directly inhibits cell mitosis while accumulation of P21 protein inhibits Cdk2 and stimulates cyclin E, which may coordinate the
peak of cyclin E (DNA synthesis) during the mid light phase of the day. The daily rhythm in Per/ gene expression (and Per2), however, may not be
critical since it was absent in these tumors which still maintained these rhythms in cell cycle events. E box response elements (or other response
elements, R) are common to clock genes and cell cycle genes.



cancer cells might help to control their growth. A third possibility must also be entertained, namely that circadian
core clock gene expression within cancer cells is irrelevant to the demonstrated circadian coordination of cancer
cell proliferation and cancer growth.

How are circadian clock genes linked to cellular proliferation?

Cell cycle traverse is mediated by a number of cellular proteins. Cyclin E, which binds to Cdk2, shows peak of
expression in late G,(54) Cyclin E-Cdk2 activity is required for initiation of DNA replication and for transition from
G, to S phase(39). Cyclin Bl is a key regulator of the transition of cells from G, to M phase. Cdk1 forms an inactive
heterodimeric complex with cyclin Bl which is maintained in an inactive form by phosphorylation by WEEI
kinase(54). Cdkl is converted to an active form by dephosphorylation by the dual specificity phosphatase,
Cdc25C(55). P21, as well as WEE1, each modulate the activities of a number of Cdks acting as multi-potential Cdk
inhibitors causing cell cycle arrest at either G;/S or G/M interfaces(56-58). P53 functions in controlling the G,/S and
G,/M transitions by increasing the level of P21 protein and by decreasing expression level of cyclin B1(59). Matsuo
et al. showed that the circadian clock coordinated the expression of cell cycle-related genes, such as weel, which in
turn modulated the timed expression of active Cyclin B1-Cdc2 kinase (Cdk1) (60). Fu et al. showed that several cell
cycle regulated proteins (e.g. Cyclin Dy, Cyclin A, mdm-2, and gadd45a) were circadian disorganized in Per2 mutant
mice(61). Bjarnason et al. reported the ordered expression of P53, cyclin E, cyclin A, cyclin B1, and Ki 67 proteins
throughout the day in normal oral mucosal biopsies (24, 62). The rhythmicity of cell mitosis was coordinated with the
rhythmicity of Bmall gene expression both in normal human oral mucosa and in our mammary tumors (24, 63). The
use of E-box DNA response elements, common to both circadian clock genes(64) and cell cycle genes(65), may allow
for coordination between circadian clocks and cell cycle (Figure 7).

In summary, these data are the first to show that daily rhythms in cancer growth, cancer cell DNA synthesis, cancer
cell mitosis and at least one cancer clock gene expression pattern are each maintained within cancer cells in vivo.
They further show that coordinate circadian expression of all circadian clock genes may not be essential for the daily
coordination of cancer cell proliferation, indicating that circadian controls of fundamental cellular processes may well
be either both robust and redundant or irrelevant. These data mean that the timing of any drug targeting a cancer cell
proliferation-related target if given at optimal times within the day, may improve therapeutic effects.
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SUMMARY

A muwminary tumor cell line, designated MTCL, was successfully established from a mouse primary mammary tumor
(MTP). The MTCL cells retain cytokeratin and both g ptor (ER) and progesterone receptor (PR) in vitro. In
vitro exposure of MTCL cells to prog causes a d in the cellular *H-thymidine uptake, indicating an
inhibition by prog on MTCL cellular deoxyribonucleir ucid synthesis, wh ¥ of the cells to a high
dose of estrogen (15 pg/ml) for 48 h causes an increase of *H-thymidine uptake. We inoculated both MTP or MTCL tumor
cells into normal cycling female C;HeB/Fe mice and d d that the post i tati of MTCL
tumors, like the original MTP tumors, depends on the time of tumor resection within the mouse estrous-cycle stage. Both
MTCL and MTP tumors have similur histological appearances with the ption of less ive tumor necrosis and
higher vascularity in MTCL tumors. Equivalent levels of sex hormone receptors (ER o, ER B, and PR), epithelial growth
hormone receptors (Her2/neu, EGFR1), tumor suppressors (BRCAL, PS3), and cell apoptosis—relevant protein (bel-xl)
were found in these in vivo tamors by i histoch y. Cyclin E protein, h , was significantly higher in MTP
tumors compared with MTCL tamors. Our results indicate that MTCL cells retain many of the biologic features of the
original MTP primary tumor cells, and to our knowledge, it is the [irst in vitro cell line that has been shown to maintain
the estrous-cycle dependence of in vivo cancer metastasis.

| havs checkad this proof.

Key words: mammary neoplasma; surgery; lentility cycle; metastasis.

InTRODUCTION

The cells of the human breast, as well as cancer cells arising
within this organ, are profoundly aifected by female sex hormones,
Beatson (1896), more than 100 yr ago, d ] that ing
the ovaries, which cyclically g sex b (prog
and estrogen), from young women with advanced breust cancer
cuused the cancer to shrink and in some cases disappear entirely.
[ the ensuing years, many of the biochemical and molecular con-
nections between sex hormanes and breast cancer progression have
been better defined. Bec: of our i in biologic rhythms,
such as the estrous (in mice) or menstrual (in women) cycle, we did
a series of tumor resection experiments in groups of cycling female
mice (Ruajezak et al., 1988; Bove et al., 2002). We found that an
operation designed 1o vure mice of mammary tumors iid so two to
three times more frequently if the surgery was done dusing the time
of the eycle when both prog and gen were p in
high concentrations. We also found that mammary tumor growth
waxes and wanes during the mouse fertility cycle, with the highest
tumor growth rate at the diesteus stage and the lowest gowth rate
at the estrus stage (Kobayashi et al., 2002). It is logical, therefore,
to suspect thut the cyclic ch in sex h I miliew in
or menstrual-cycle stages are responsible for the obvi

fenility-

PTo whum corvespandence should be addressed ot E-mail: patricis,
wood2@med. va. gov

cycle differences in tumor growth und melastatic potential after tu-
mor resection.

Cell lines, established from humun and rodent mummary tumors,
are the most commonly used in vitro models for breast cancer re-
search. Each of the cell lines has its own unique biologic features,
which have facilitated cancer research in many ways. It is often
challenging to establish a cancer cell line from a well-characterized
primary tumor that retaius its vriginal biologic features. Primary
tumor cells in calture for long periods tend w ose the unique mo-
leculur characteristics of the parent cancer. For example, sex hor-
mone receptors may be lost or altered. These molecular alternations
may subsequently change tumor bioclogic behavior, i.¢., enhance ve
diminish tumor growth, invasion, or ic p ial (Hambly et
al., 1997). To study the influence of fertility cycle and sex hormone

dulation of tumor surgical curability, it is best done in a syngenic
host tumor model where the immune system remaing intact. We
recently succeeded in establishing a new tumor cell line from a
well-characterized mouse primary mammary wmor (MTP) that can
be studied in vitro and in syngenic intact host in vivo, We have
demonstrated that this new breast cancer cell line retains niany of
the in vitro and in vivo biologic features of the original MTP tumors
including fertility-cycle stage-depends ic | ial. The
availability of in vitro and in vive tumor systems concurrently will

1 ploration of the h by which the estrous- or
menstrual-cycle stage at the time of cancer resection alfects mota-
static spread and breast cancer outcome.
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MATERIALS AND METHODS

Animals and housing. Ferale C3HeR/Fe) mice were punchased from Jack-
son Laboratory at 45 wk of age and allowed 10 acelimate '«v2mounul 12

same procedures were performed on the other side of the body. Mice were
allowed to recover from the surgery for 2-3 wk. Daily vaginal smears were
performed using sterile saline washings and stained with Diff Quik (J. T
Baker, Phillipsburg, NJ). An expericaced pathologist read the vaginal smears

wk of age. Mice were housed (four per cuge) in an envi lled
animal facility with 12 b light aliernating with 12 h dark. All experiments
were in compliance with the National Instilutes of Health Guide for Care and
Use of Laboratory Animals and have been by the Institutional An-
imal Care and Use Commitee (the Veteruns Affairs Medical Center Animal
Care and Use Committes).

Cell culture. In genmral, standard aseplic techniques of cell culure were
M&dhmmim&wwlﬂnimbuanmhu“vco,
sphere at 37° C and p d at Cells were cultared in R il
Park Memaorial luu&lule-lﬂo (RPM1-1640) medium containing 5-10% fetal
bovine serum (FBS, CIBCO Invitrogen Co.) and antibiotics (100 [U/ml pen-
icillin G and 25 g/ml gentamicin). In experiments where cells were treated
with sex hormones, phenal red-free madium with 5% FBS was used. The
experimental contrals were trested in parallel by adiding the same volume of
vehicle to cell culture medium.

Essablish of mouse y tumor cell line in vitro. A piece of fresh
sterile MTP primary wumor tissue was placed in i ld RPMI-1640 medi

using dard criteria (Allen, 1922) 1o determine whether the mouse's ey
trous cycle was ablated.

Tumor cell inoculation. Single-cell suspension was propand [rom MTP
primary twmors and MTCL cell subcultires. The cell viability was determined
with trypan blue (Sigma). The visble rumor cells (2 X 10%) in 50 ! basic
RPMI medium without serum were inoculated sobeutanesusly on the flank
of the mice for tumor growth study or on the right hind leg of mice for sorgical
metastatic study using a 0.5-ml syringe with & 28C172 needle.

Tumor size measurement and wumor growth study. Tumor-bearing mice wore
abserved daily afier the tumor cell inoculation, and the tumor size was mea-
sured at the same time of u day by the suoe individual using calipers (length
by width by height) until euthanasia at later stages of wmor growth. The
tumor size doubling times were caleuluted at the exponential growth periods
of both MTP and MTCL tumors (the linear ranges of the tumar growth curves)
hued on the mc-&lmg equations (CA.Cricket Graph 111).

{ tumor and study, From the second day alter

immediately alter surgical resection from the mouse, and a single-cell sus-
pension was propared by forcing the tumor tissue through a metal screen.

tumor § lation, daily vaginul smears were performed and the mouse's es-
trous-cycle stage was determined. Tumors, once they became measurable,
were measured daily by the same individus! and were resected by hind leg

After centrifugation st 250 X g for 10 min, the cell pellet was peaded
wn culture medium. The sin;lenll suspension was seeded al & concentration
of 2 % 1P viable cells in 60-mm culiure dishes (Faleon, Becton Dickinson
Inc., Franklin Lakes, NJ). The ndlur: medium was fist exchanged the next
day, when cell h and \g were oy d, and then refreshed
twice & woek. The cultured eclll werne lqpumne\l und passed § into new dnho
when the cells hed The were
tained in the above culture medium und dly eryop

passage in liquid nitroge ding 10 the “, dure for long-term
storage,

Mammary wmor cell line proliferation kinetics. The doubling time of the
mammary tumor cell line (MTCL) cell population at the 50th passage was
determined by daily cell numeration. On Day 0, 1 X 10* vishle MTCL cells
were seoded in theee 60-mm dishes, which had grdd lines on the bottwm.
Cells in the selecied areas of each dish were coumted wnder a converted
microscope daily, and the average cell number of theee areas fram each of
the three dishes was calculated. The tumor cell proliferation carve was plot-
teil, andd the cell doubling time was culvuluted based on the curve-fitting
oquation (CA-Cricket Graph 111).

0 sex h by *H-thymidine uptoke. To test the responsive-
ness of the tumor cells 1o sex hormones, MTCL cells were incubated with
different concentrations of progesterone (Sigma Chemical Co., St Louis, MO)
and estradiol (Sigma). n-e eﬂerl of I)m hormones an twmer cell deaxy

'axdwsw.

in one of the four estrous-cycle stuges at an average Wumor sise
of 600 mm® (11-12 d afier tumor inoculation). Mice were then lallowed daily
for 34 wk. Mice were excluded from the analysis of curability if they were
found with local recurrent tumor at the surgical wounding site. The remaining
animals were continually followed, sucrificed when 5% of the mice died, and
psied. To d thee p or alisence of metastatic foci, both lungs
were fixed in the Bouin's fixative (Nyﬁewmu lne.) overnight. The white
mmor metastatic nodules were d under a di
microscope (Fisher Scientific, Pittshurgh, I'A). Other sites (organs) of melas-
tases were nol grossly
Preparation of tumor tissne array. Tumor tissues resected from mice in the
tumor growth study were fixed in 106 buflered formalin for 24 b and ca-
bedded in paraffin. One hemutoxylin and cusin (H&I:.Hdnnd section was
prepared from each tumor specimen and d by & pathologist 10 select
vital and reprusentative areas. This section was then aliened with the dosor
tumer Lissue block for tissue armay sampling. A tissue array instrument (Bee-
cher Instruments, Sitver Spring, MD) was used 1o sample and tansfer the
tissue cores inta & predrilled hale on 3 recipient panaflin block. For each
tumor block, triplicate tissue cores of 06-mm diumetsr were taken and ar-
cayed side by side in the vecipient block. Multipie 5-pm sections were then
cut from the tissue array block, and the sections were mounied on the pos-
|\|ve-ehnmed @m nlnﬁn (Surph:h)
For im-

g 1

bonucleic acid (DNA) sy is was d 1 by *Hethymidine uptake as-
say performod in 4--." piuu (Faleon, Becton Dnclmuon. Lincoln Park,
NJ). The cells were seeded at s concentration of 2 X 10* cells/iwoll and
incubaied for 24 b in ted-free cell rullm medium. The nalmm was

saining g

munocytochemical analyses, MTCL, cells were nedod n dumher nlule-

(LAB-TEK 1l chamber slides, Nalge Nune | jonal) a1 a

of 1 X 1P cellsinl and cultured until 80% confly Cells were then

washed with 1X PBS for 5 min and fixed for 15 min at =20° C with cold
S

then sepluced by 1wl fresh medi g different of
progesterone (30, 60, MWWnI)muuﬁ\d(S. 10, and lSp],hnl)ova

For & histochermical anal the tissue array sections, alter depar-
affinization and hydration, were hewted in & microwave at 700 W in sodium

mixture of progesterone (60 ng/al) and estradiol (IO pe/ml) and
for 2,4,6,12, 23, and 48 b, F.ad-o‘llnu‘ P was performed
in pli The range of of proge and LON Was

chosen as rel to the physiological inns of sex b in

citrate buffer m mol/l, pH 6.0) for 7 min wwice. The slides for Loth im-
mummdmup were then washed in PBS (pH 7.2) for 5 min twice. The lissue

mice (Michael, 1976; Ber;man .l 1992) The concentrations of proges-
terone und estrugen al the b y phase of the p and estrus stage
in mice have been reported to be 60 np’ml and 108 pg/ml. mpecﬂvcly One
bour before vell harvesting, 0.5 uCi of methyl-*H1-thymidi h

dase sctivity wis blocked by 3% 1,0, in PBS for 1S min.

Slides were incubuted with normal gout senum for 1 h M room temperature.
The pmpedy diluted pmnu, ibodies were I on the and
bated a1 4* C 4 ibodies snd AB plex (ABC

kit, Santa Crn f Bwlmhmhg. §¢m. Cmg (..\) were applied and

Pharmacia Biotech, lnc Piscataway, NJ) was ukied 1o the \-ells and incu-
bated for an additional hour. The o, and cells were
washedd (hree times with ice~cold phaphurluﬂ'emd saline (P8S) and lysed
with el lysis buffer. The radicactivity in the lysate was counted with a liquid
seintillation counter (LSC-5000, Aloks, Tokye, Jupan).

Mice oophorectomy. Female mice were hetized with an inteaperi J

incubsted for 30 min i nom the incu«
bations, slides were nnsed Ilunr nm 5 -mn cxh) m I’BS. The color was
developesd by 3,3'<Haminoh hechloriite, s

were finally counterstained with Hamnys' Mumyhn. The negative control
;uuuu was performed without the primary antibody incubation. The rabbit

injection of ketamine (75 mg/kg), acepromazine (1 mg/kg), and xylazine (10

poly | antibodies against eceplor (ER a, 1:400; ER B, 1:200),

mg/kg). A small incision way made on one lateral side of the body, and the
glistening while fat pad, which incloded the ovary, was pulled out. A hemostat
wis atlached at approximately 5 mm below the uterus end, and the distal
tissues were cut 1o remove the ovary. The surgical end was tied just beneath
the hemostat, and the skin wound was then closed with & metal clip. The

{PR, veactive with both A and § subtypes, 1:400),
Il.r?./nou (1:400), ECFR\ (1:100), BRCAL {1:400j, P33 (1:200), eyelin E (1

1000), bel-xl (1:200), and cytokeratin (pan-cytokeratin, 1:1000) were pur-
chased from Santa Cruz. All these watibodies are reactive to human, mouse,
und rat antigens, excepl anti-BRCAL and -PS3, which wre only mouse und
ral reactive, The sections were viewed using a Zeiss microscope (Jena, Ger-
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many), and images were captured using a SPOT digital camera (Diagnosiic
lnstmmenu. lnc.)

of & g signal in tumor cells. 'The tumor
(Im wrray sections that were stained with the above antibodies were used
for these quantitative snalyses. The digital images from each of the tumor
tissue cores were analyzed using SigmaScan Prod (SPSS Inc., Chicago, TL).
Two areas, which were representative and consisted of only viable tumor cells,
were selected [rom each tissue cove. The objectives of measurement in each
of\hmmmdeﬁnedndsdwadbymogmmnlpcueumwly The
area and y of the objectives were then d, and total
inlonsity wn uhmhled - Obg._., = averuge intensity X area. The mean
of y of all abjectives from one tumar tissue core (M, ) was
fusther calculated. The wepuve control slides were also measured 1o estimate
dw b‘ckp’om\d stain mmmny (Busens) We then modified the M., by
age ground staining, and (he final funnula for cal-
culating the M__,., was M., = (log 255 — log M_*) —= (log 255 ~ log
B,y) (Wells et al., 1992, You et al., 1996). The immunostaining signal
intensities (M) of the tiplicale tissue cores from the same MTP or MTCL
tumors were then a
Tumor blood vessel counx. Tumor tlissue array sections were stained with
CD31 antibody (PECAM-1, 1:1000). The CD31-positive-stained tumor blood
vessels were quantitatively evaluated. Images of the triplicate tissue cores
from the same tumor were captured and saved in files. Numbers of the tumor
blood vessels in each of the triplicate tissue cores were then counted. Averuge
number of tumor blood vessels per area in each wmor was then calculated.
Statistical analysis. Foc each numerical value, such as the number of cul-
mvul luwur cells. number ol' lnmor blood vessels, and wmor sizes, mean and
were ! (standard enors were used in graphs).
Comparison between two groups was done by i-test, and comparison between
the means was done by one-way analysis of variance with significance at P
< 0.08.

ResuLts

Establishment of MTCL in vitro. MTP tumor cells (2 X 10%) were
i lated sul ly on the flank of a 3-mo-old female
C3HeB/Fe] mouse. Two weeks later, the tumor was resected, and a
single-cell suspension was prepared from the most vital part of the
tumor. These tumor cells were then seeded in a 60-mm culture dish
with RPMI cul di The cul fium was replaced on
the second day of culture, when some of the cells had ldhcmd 1
the bottom of the culture dish. The shapes of the cells at this paint
were highly heterogeneous. After the first replacement, the medium
in the culture dish was refreshed twice a week. The cultured cells
when they hed confl were trypsinized and passaged into
new dishes. At the 50th cell passage, the cell populannn was quite
uniform. An epithelial-like tumor cell p ion (MTCL) b:
predomi These epithelial tumor cclls were polygoml in lhapa,
varied in size, and were positive for cytok g, as
are typical of malignant epithelial cells (Fig. 1). Although ollner
cells, i.e., fibroblast cells (long, spindle in shape) and small mono-

leated cells (spheroid in shape), were observed at earlier stages
of the culture, the number of these cells decreased during succes-
sive cell passages, and very few fibroblast-like cells were found
between the malignant epithelial cells at the 50th passage. To es-
timate the proliferative rate of MTCL cells, we seeded equal num-
bers of MTCL tumor cells into wriplicate dishes. We counted the cell
numbers in selected areas daily. MTCL cells had a typical lag phase
at the beginning of the culture and then grew exponentially after a
day or two (Fig. 2). The cell doubling time at the linear range of the
tumor cell proliferation curve was estimated to be 41 h.

Expression of ER and PR proteins and response to sex hormones
in vitro. Expression of sex hormone receptors, ER and PR, is a
major biochemical ch istic of the original MTP mammary tu-
mor cells. To determine if MTCL tumor cells retained expression of

Fic. 1. Mammary tumor cell line (MTCL) cell morphology in vitro. At

the SOth passage of cell culture, MTCL mammary wmor cells became a

cell population with trisngular or polygonal cell shapes (a, ar-

rm, x40 phuc objocuve lens), and some of the cells are strongly stained

with & 1 ibody, typical [ of epithelial cells (6, X40
light ob,ccu\a lens).
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FiG. 2. In vitro growth kinetics of mammary umor cell lines (MTCL)
cells. MTCL cells were seeded in triplicate dishes, and cell number was
quanuuued in selected areas daily. The cultured KI‘CL cells showed a slow
initial i in cell ber and then prolife ially. The cell
population doubling time at the linear range of the th curve is 41 h,
calculated based on the curve-fitting equation, Yg,, = 116.4X,, ,, ~ 134.7.
Yalues are means X standerd errors.

ER and PR, we cultured the cells in chamber slides and then
stained the cultured wmor cells with anti-ER a, anti-ER B, and
anti-PR  antibodi ¥ lly. Figure 3 shows thal
most of the MTCL cells express ER «, ER B, and PR at the 50th
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Fic. 3. In vitro sex hormone receplor expression in mammary tumor cell
line (MTCL) cells. MTCL tumor cells were cultured in chambered glass slides
and stained immunocytochemically with estrogen receptor (ER) a. ER B, and
proge recepior satibodies. Most of the MTCL cells are pusitively
siained with these antibodies. The positive signals are mainly found in the
aucleus (urker brown) and some are found in the cytoplasm {lighter brown).
In aegative control slides (3,,). there is no positive staining. The cell nuclei
are in blue (%40 light objective lens).

passage of the culture. These receptors are mainly found within the
coll nucleus; yet, some of them are seen in the cytoplasm.

To evaluate the responsiveness of MTCL cells to sex hormones,
we exposed the cells in vitro to different concentrations of proges-
terone (30, 60, and 90 ng/ml) and estradiol (5, 10, and 15 pg/ml)
for 2, 4, 6, 12, 24, and 48 h and then determined the *H-thymidine
uptake to assess whether } ffected the tumor cel-

lular DNA synthesis. Exposing MTCrL cells to progesterone alone
diminished cell capacity to take up *H-thymidine (Fig. $a). The *H-

thymidine uptake in prog xposed MTCL cells was signif-
icantly lower when compared with that of the vehicle-exposed cells
(P < 0.01). Conversely, exposiog MTCL cells to a higher dose of
estradiol (15 pg/ml) for 48 h increased the rate of *H-thymidine
uptake (P = 0.045), although there were no changes in *H-thymi-
dine uptake with lower doses of estrogen exposures (Fig. 46) (5 and
10 pg/ml, P > 0.05). We also exposed MTCL tunmor cells to a
combination of progestecone (60 ng/ml) and estradiol (10 pg/ml) for
different tmes (2, 4. 6, 12, 24, and 48 h). Similar to the case of
exposing MTCL cells to progesterone alone, the combination of pro-
gusterone (60 ng/ml) and estradiol (10 pg/ml) significantly de-
creased the rates of MTCL cell *H-thymidine uptake, indicati \g that
the effoct of progesterone on MTCL cellular *H-thymidine incor-
poration was dominant (Fig. de).

In vivo tumor growth. We inoculated 2 X 10* MTCL syngenic
rumor cells subcutaneously on the flank of five ovx mice to test their
tumonigenicity. As a parallel control, the same number of viable
MTP original primary tumor cells was inoculated in another group
of five ovx mice. We monitored the tumor growth daily for more than
3 wk and sacrificed the mice at later stages of tumor growth. About
10 d after MTCL tumor cell inoculation, a palpable tumor was first
found in theee of the five mice. Two days later, a measurable twmor
was formed in the other two mice. The average time for initial MTCL
tumor appearance was 11 d (Fig. 6), 4 d later than the average
initial appearance of the original MTP tumors, After the initial ap~

: Py 210
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Fic. 4 In viwre *H-thymidine incorporation, Dose nad time courss of *H-
thywidine uptake of mammary tumor cell line (MTCI) calls in response o
progesterone (@), estrogen (b), and progesterone plus estrogen (c). To compare
the capacity of *H-thymidi e smong dilferent Llimas, we not-

» S RS G ok vl
sumples ax the ratio 1o background radioactivity from ponding conrol
cells. Progesteroane (P) was used wt 30, 60, and 90 aglnl and estrogen (E) at
5, 10, and 15 pg/ml. Valoes are means = standard errors.

2 e

pearance, however, MTCL tumor growth was faster than MTP tumor
growth. The MTCL tumor size in vivo doubling time at the linear
growth phase was about 31 b, 10.8 h shorter than that of MTP
tumars (418 h). At late stages of tumor growth, MTP tumor-bearing
mice began to show spparent body fat loss, slowed motion, and
ruffled hair appearance, at which point they were euthanized. How-
ever, at similar tumor sizes, mice with MTCL tumors demonstrated
normal eating, grooming, and activity without apparent loss of body
fat. All five of the MTCL tumor—bearing mice were physically well,
even though they were bearing bigger tumors.
Fertility-cycle-dependent surgical curability of MTP and MTCL
twumors. The fertility-cycle stage at primary tumor resection, &y we
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Temaor cuse rate (%)

I‘l(‘. 5. Surgical cure mu with primary tumor resection performed at

yele stages (p: estrus, snd di ) for

MTP and mammary tumor cell line tumors. Numbers within the bars ue the
number of cured mice/total mice.

have reported previously (Ratajezak et al., 1988; Bove et al., 2002),
affects the MTP tumor distant metastatic recurrence rate. To com-

axo

e
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Re. 6. Tumor ‘nwth Idmhu in vivo. MTP or ATy tumor cell hne
(MTCL) cells were lated into ooph ized mice (n = §
and tumor sizes were measured daily. The average initial Lime 10 appearance
of MTCL tumor was 11 d, 4 d loager than that of MTP tumors (7 d). After
tumor initial appearance, however, MTCL tumors grew faster than MTP tu-
mors did. The exponential phase of tumor growth (the linear ranges of the
growth curves—Day 7 to Day 13 for MTP tumor, Day 15 to Day 20 for MTCL
tumor) was chosen for cuno-ﬁning lntlytu. and tumor doubling times were

P

pare the metastatic potential of MTCL tumors with that of original
MTP tumors, we inoculated MTP or MTCL tumor cells into the right
hind leg of two groups of normal cycling mice (3¢ mice in one and
42 mice in another). Both tumor and leg were resected when the
tumor grew to an average size of 600 mm® (1112 d after tumor
inoculation), and the tumor-bearing mice were observed for an ad-
ditional 3-4 wk, at which time they were cuthanized to screen for
lung metastases. In both tumor models, a fixed rate of local tumor
recurrence was seen. We found that 23.5% of mice with MTP tumor
and 31% of mice with MTCL twmors developed early local recur-
rence after resection. The local tumar recurrent rates demonstrated
no association with the time of tumor resection within mouse fertility
stages (MTP tumor, P = 0.554; MTCL tumor, P = 0.215). The mice
without local recurrent tumors were continually followed, sacrificed,
and autopsied later to score for the lung metastases. We demon-
strated that 42.3% of mice with resected MTP tumors and 42.8%
of mice with resected MTCL tumors developed lethal lung metas-
tases. Excluding local surgical cure rates were 28.6
and 35.39% when the MTP and MTCL tumor resection surgeries,
respectively, were performed within the diestrus stage, whereas
100% cure rates were found in both groups of mice when the MTP
and MTCL tumor resection surgeries were performed within the
estrus stage (Fig. 5). The surgical cure rates of MTCL and MTP
tumors were significantly associated with the surgical time within
mouse estrous-cycle stages (P = 0.044, P = 0.027) with nearly
|denucal patterns in both tumor rypes This biologic behavior is

lentical to that ly (Ratajczak et al., 1988; Bove
et al., 2002).

Comparative histology of the MTP and MTCL tumors. Tumor tis-
sues from the growth study of ovx mice were immediately evaluated
grossly nﬁer they were dissected from the mice. The MTCL tumors

i as psulated sub tumors with little invasion
(lf \.mdcrlymg tissues. On gross inspection, i 1 of ive ne-
crosis, a ty plcal feature of MTP tumors, MTCL tumors demonstrate
only small p of These findings were supported by
microscopic comparison of the H&E-stained tumot sections (Fig. Ta
and b). The vnlal parts ol' both tumous, however, have similar light

4
P »

lculated based on the following Yurs = 574Xy = 46426, Y .
= 778X — 11,258.3. lelmdwbhu time of MTCL tumor is about
31 h, 10.8 h shorter than that of MTP tumors (41.8 h). Values are means =
standard errors.

Fic. 7. Histological features of MTP and mammary wmor cell line
(MTCL) tumors. Sections were prepared from MTP and MTCL tumor blocks
and stained with hematoxylin and eosin. MTP tumars show inlerdispersed
plu:hes of necrusis {a, dark blue arrow) with smaller areas of viable tumor
tissues (a, light blue arrow), whereas MTCL tumors show much less necrosis
and more numerous blood veesdo b, small arrows). The cancer cells in both

AT,

tumars sppoar us ithelial cells {a and b, X10
light objective lens). Both MTP and mCL wmors are strongly pan-cytoker-
atin positive (¢ and d, %40 light objective lens).

five MTP and MTCL tumor tissues were fixed in formalin and em-
bedded in paraffin blocks. Sample H&E slides were inspected, and
viable areas of predominant tumor cells were selected for more de-
tailed studies. A tissue array block was created by biopsy of each
tumor block at these microscopically optimal areas. Thirty tissue
cores (three from each tumor sample) were arrayed side by side.

mici istics. Both tumors express cytokeratin pmtem
(Fig. 7¢ nnd d) and consist of typical undiffi iated g
epithelial cells.

Comparative in vivo breast cancer protein expression. Each of the

S of this tissue array were cut and prepared for immunchis-
tochemical assessment of key tumor proteins, The expressions of all
the selected target proteins in all tumor tissues were first assessed
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TABLE )

COMPARATIVE IN VIVO PROTEIN EXPRESSION IN MTP AND MTCL TUMORS AS ASSESSED BY IMMUNOHISTOCHEMICAL STAINING AND
DIGITAL IMAGING QUANTITATION*

Sex hormone Epithelial Prohiferation
receplors teceplory Tumor suppressons and apopiosis
ER « ERB PR new EGFRI Ps3 BRCAI Cyclin E belxd
MTCL
oD 0.26 0.22 0.21 0.21 0.20 0.19 0.20 0.12 0.21
SE 0.02 0.02 0.01 0.01 0.02 0.02 002 Q.01 0.01
MTP
on 0.30 0.26 0.20 0.23 0.24 022 0.24 0.18¢ 023
SE 0.02 0.02 0.01 002 0.03 0.01 003 0.01 0.02
* MTPR, primary mammary tumor; MTCL, mammary tumor cell line; ER, 2 ptor; PR, proge: pror; OD, mean oplical density (see Material

and Methods); SE, standard error.
* Values are based on a log scale.
* Her2/meu.
* P value less than 0.01 for MTCL. compared with MTP.

under the microscope and then quantitatively measured by digital
image analysis. Sex hormone receptors (ER o, ER B, and PR) were
expressed at equivalent levels in both MTP and MTCL tumors. Pro-
teins related to epithelial growth hormonal receptors (Her2/meu,
EGFR1), tamor suppression (BRCA1, P53, and cell apoptosis (bel-
xl) were also expressed at similar levels in both tumors (Table 1).
The signal intensity of the cyclin E, immunostain, however, was
significantly higher in MTP wmor cells than that in MTCL tumor
cells, This immunostaining difference was also obvious under mi-
croscopic observation,

Tumor blood vessels in MTP and MTCL tumors. Because of large
differences seen in tumor necrosis in these two tumors types, tumor
angiogenesis in these tumors was quantitatively evaluated by stain-
ing tissue array sections with a polyclonal anti-CD31 antibody, pre-
viously shown to allow the quantitative assessment of tumor blood
vessels (Bevilacqua et al., 1995; Laforga and Aranda, 2000), This
staining d d vascular endothelial cells and outlined the
shapes of tumor blood vessels, which appeared in round or ovoid
shapes (Fig. 8). In some of the tumors, the blood vessels were ex-
tremely dilated. but in other cases, they were very narrow so that
blood vessels appeared as endothelial cell cords. Tumor cells
around the blood vessels appeared more robustly viable than those
farther from the vessels; when necrosis oocurred, it was always far
from these CD31-positive areas. The total number of tumor blood
vessels in each of the tumor cores was counted and averaged with
the triplicate core specimens from the same tumor paraffin block
becanse each core was of identical size and shape. MTCL twmors
were significantly more vascularized than MTP tumors. The average
number of blood vessels in MTCL tumors was 5.4 = 1.6 per core,
whereas that in MTP tumors was 3.4 = 1.2 per core (P = 0.0343),
Tumor cells (both types of tumors) as well as other types of the
normal interstitial cells adjacent to blood vessels expressed little or
no CD31 protein,

Discussion

Fic. 8. Tumor angiogenesis in MTP and mammary wmor cell line (MTCL)

Bemard Fisher's compelling work demonstrating the importance '“'f‘°':‘ 5":"‘“‘,‘2:’[; lp'ﬂm‘t.: ‘"_’;;‘.CMT? “"‘:,I":'::! CL “"‘l“‘ “"";' bloc “I’ “‘;"

: P .. ¥ S L stained with anti+! antibody. tumor vessels are shown clearly

of host factors in determining \vhe}hel lethal mcm.su.se..\ develop between turmor cells with varioas shapes, i.2., oveid lumens (a) or very namow

was done with the parent MTP murine mammary tumor in the late and thin capillaries (b) (%40 light objective lens), and are more numernus
1950s (B. Fisher and E. Fisher, 1959; Fisher et al., 1968). Fisher in MTCL tumors than in MTP wmars.
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observed and documented that lumox douuncy and spread was
interrupted by Iti ic cancer
growth. Subwquam work of Polloclt and Lotzova demonstrated tran-
sient yet profound cellulur i lysis in both mice and pa-
tients after surgery (Pollock and lmzova. 198"-'. Pollock et al.,

1987). We have i igated the i lati p among hosl, sur-
gery, tumor, and the fertility cycle. Our exp«imu with Fishers
breast cancer model demanstrate that the timing of potentially cu-
rative cancer resection within the fertility cycle determines the met-
ustatic potential of that cancer and the ultimate curability of that
mouse (Ratajezak et al., 1988. Bove et al., 2002).

The levels of sex b lly change during the female
fentility cyele and affect the ccllulu prolecnuon in both the nul-
liparous wunne mammary gland (Fata et al, 2001) and breast can-
cer (Badwe et al., 1995; Saad et al., 1998). In the normal murine
maminary gland, Fata et ul. (2001) d | specific ph
logical and cellular changes in the hm.u during each estrous cycle
and defined their relationship to thythmic physiological changes in
steroid hormone concentration. They found that the mammary epi-
thelial cell proliferation and apop lated better with pro-
8 lhnn 178 diol serum ions, They p d

P

that the cyclical mrnover of epithelial cells within adult Y

resection during the diestrus stage resulted in the lowest cancer
curability. The idea of resecting bmm cancer at the defmed men-
steual- or yele stage to impr lly arose
from Ratajezak’s study using MTP tumor model (Rm)cuk et al,

1988), which then stimulated many clinical studies. Since Hru-
shesky published the first chmul study in 1989 (Hmshesky etal,

1989), many well-designed clinical studies i Is of
breast cancer patients have shown that dneaso-fme or overall sur-
vival is reduced after surgery in the follicular phase compared with
the luteal phase (Hagen and Hrushesky, 1998), whereas some other
studies found no correlation bzlwwn timing of lu-gtry n relation
10 the menstrual eycle and prog of y ts with
breast cancer (Kroman et al., 1994; Nomun et d 1999) Recent
works by Bove et al. (2002) and Vantygham et al. (2003) further
confirmed this concept. In two large independent studies, Bove et
al. (2002), using the same strain of mice and same tumor model as
Ratajezak did, d 4 100 and 93% surgical cure rates when
the tumor was resected during estrus stage versus 40 and 47%
surgical cure rates during the diestrus stuge. In another study, Van-
tyghaim et al. (2003) delivered BIGF10 el cells into C57BL/
B6 mouse circul hrough tail vein inj at two different

1

tissue is a sum of spatial and functional coordination of sex hor-
monal and matrix regulatory factors, e.g., the matrix metalloprotei-
nases and their specific lissue inhibitors (TIMPs). 1n human blml
cancer, several studies measuring tumor growth and 1

t ycle stages, the proestrus and metestrus stages, As ex-
pected, there was a large metastatic burden in the lung at 24 d
after tumor cell injection, although the number and size of lung
metastases did not differ by wo injection stages. l‘ pect-

evant gene expression (Badwe et al., 1995; Saad et al., 1998; Balsari
et al., 1999) bave cocreluterd lower metastatic potential and favor-
able with high prog: levels, which occur in the early
luteal phase of each ] cycle. Therefore, our d

edly, h . they found d e diff in

metastases bahveen the different stages of injection. A total uf
31.6% of mice injected in metestrus stage had ovanan melastases,
whcreu none d the mice injected during the proestrus stage had

of the responsiveness of MTCL tumor cells to progesterone is a
reasonable step toward determining whether this newly established

They propased that the fertility-cycle timing of
wrgery may be more broadly applicable than 1o just breast cancer.

cell line remains useful for the chronobiologic study of breast can-

tumor growth in the ovx mice was monitored duily
and the growth kinetics of MTCL tumor in vivo was found 1 be

cer. The effect of progesterone on cell prolife and apoptosi
of human and mouse breast cancer in vitro has been controversial.
Moore et al. (2000) and Ory et al. (2001) have reported that pro-

has un antiapoptotic or proproliferative effect in vitro on
PR rich human bmm cances cells (TD47). Exposing TUQ7 tumor
cells 10 progesti lation of the antiapop

vhat different from that of MTP wmor. MTCL tumor had &
longer average time 1o initial appearance compared with those of
the original MTP tumors. There are several possible explanations
for the slow initial growth of MTCL tumors. First, MTP tumor is a
primary lumnr lme. whncl- u usually considered a heterozygous tu-

bel-xl expression. Formby lnd Wlley (1998, 1999) und Gompd et
al. (2000) bave, however, repmled pmpoplouc effects. Formby and
Wiley (1998, 1999) d la | 90% inhibition of cell
proliferation with TD47 breast cancer cells (PR+) after exposure to
10 uM prog for 72 h, wh control MDA-231 cancer
cells (PR~) were I 10 the prog f We
have d J that prog byiously inhibits MTCL -
mor cell DNA synthesis. This result is consistent with the results
of Formby and Wiley (1998, 1999) and Compel et al. (2000) and
differs from those of Moore et al. (2000) and Ory et al. (2001),
One of the most interesting features of the pnmary MTP tumor

mor pl pulations with different growth po-
tential. MTCL may b desived Grom one of the subpopulations with
slower growth potential. Sccond, MTP tumor cell suspension con-
tains & number of interstitial cells, such as fibroblasts, endothelial
cells, macrophages, and lymphocytes. These cells are not only the
passive witnesses of the tumor proliferation cascade but also may
dulate twmor establish and growth in vivo, Thmugh secre-
tion of their soluble (cytokines) and insoluhl i
lular ix), i inal cells lly modul lumotgmwthm
vivo (Dulffy et al., 2000; Hintenlehne el al., 2002). Third, the dose
of injected tumor cells is another factor that may affect the initial
tumor appearance, as described by Hrushesky et al. (1999). To

model is the depend of tumor metastatic spread after
on the estrous-cycle stage of this resection. To test if the newly
established MTCL tumor cells retain this unique biologic f

avoid injecting large ber of MTP tumor cells and 1w
make a valid comparison with MTCL twmor cells, we made tumor
cell suspensions from the most vital part of MTP wumor and injected

we inoeulated MTP und MTCL wmor cells in separate groups of
mice and resected their wmor for cure. We measured local umor

and lung ic spread and found that the estrous-
cycle dependence of tumor metastatic patential after resection was
identical for both tumors. Tumor resection during estrus stage re-
sulted in the highest curability in both types of wumors, whereas

the same number of viable MTP and MTCL tumor cells into mice.
We, therefore, believe that the initial appearances of the tumors
truly reflect their different growth potentials.

Long-term in vitro culture exerts selective pressure on the cul-
tured tumor cells (Hambly et al., 1997). This pressure may chavge
or alter the molecular pathways within the tumor cells. We com-
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pared the molecular fingerprints of the newly established MTCL-
derived tumors with those of the original MTP tumors. Eight of nine
pmlenumhumhmmncepm(iﬁo,ﬁﬂﬂ and PR) as
well as p of I impot epithelial growth factor recep-
tars (Hctzlneu. EGFRI), wmor suppressor geoes (P53, BRCAL),
and the gene that is relevant to cell apoplosis (bel-xl) are all ex-
pressed equally in both parent and cell line~derived tumors. This
largely similar pmtun expmnon pmﬁlc may account for, ar least
in pan, the " ¥ ial of MTP and MTCL
tumors, Cyclin E is the only protein that is exp d differently in
these two types of tumors. The average intensity of cyclin E im-
munostaining in MTP tumors is much higher than that in MTCL
tumors, indicating the higher expression level of this cell prolifer-
ation-relevant protein in MTP tumors. Considering the obvious ne-
crusis in the late stage of MTP tumors and overexpressed cyclin E
protein, we assume that MTP wumor cells have a faster tumor tum-
over rute than MTCL wmor cells. At eardy tumor growth stages,
MTP tumor expresses more cell proliferation-relevant proteins, i.c.,
oyelin E, resulting in faster tumor growth and carier initial tumor
.Aprpmmnce At later stages of MTP tumor growth, however, tumor

s app which slows the spoed of tmor size
increase. On the contrary, MTCL tumor doos not show apparent
necrosis because the tumor has a high density of tumor blood ves-
sels.

In y, we have blished a new MTCL from a well-de-
fined mouse primary mammary tumor, which can be studied both
in vitm and in vivo. This cell line expresses cytokeratin, ER, and
PR proteins and responds markedly to progesterone exposures in
vitro. Like the parent tumors, \ﬂ‘CL lnmon demonstnt-d very um-
ilar donct i o 1
potential, and lemlny cyclc ! d of p
in vivo, Availability of this twmor cell line, with its unique in vivo
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ABSTRACT
Hypothesis: Among premenopausal women, both metastatic potential and tumor growth rate are
governed by the menstrual cycle. There is strong support for the former in large retrospective

studies and the following experiments were conducted to evaluate the later.

Methods: We studied a transplantable breast cancer of C3HeB/Fel mice (3 studies), and a
transplantable methylcholantherene induced sarcoma of CD2F1 mice (2 studies). We
concurrently measured local cancer size and estrous cycle stage up to twice and at least once each
day. There is a natural individual variability in the average length of normal estrus (3-1/2 to 7
days) cycle in mice. We assessed the effect of the cycle stage and duration on average tumor

growth rate.




Results: We found identical estrous cycle stage coordination of cancer size across all studies in
these tumors which are both estrogen receptor alpha and progesterone receptor positive. Little or
no change in cancer size occurs during proestrus (preovulatory phase) and estrus (periovulatory
phase); tumor size increases several fold during diestrus (post-ovulatory phase); and the tumor
shrinks partially as the next proestrus phase is approached. Across both mouse strains and tumor
types, mice whose average cycle length is briefer (faster cyclers), have slower average tumor

growth rate than those with longer cycles (slower cyclers) who have faster tumor growth rates.

Conclusion: The virtually identical modulation of tumor size and cancer growth rate, in each of

two very different transplantable cancers (one, classically sex-hormone-dependent, and the other,
never previously recognized as hormone dependent) growing in two unrelated inbred mouse
strains, indicates that the fertility cycle related host factors affect cancer size and growth rate.
These findings predict that the biology of both breast and non-breast cancers in premenopausal

women may be meaningfully affected by the menstrual cycle.

Key words: Breast Cancer ¢ Fertility Cycle * Chronobiology * Estrous Cycle *Metastases * Sex

Hormone




INTRODUCTON

Sex affects cancer outcome. The outcome for adult cancers affecting both sexes is superior
in women. The younger the median age at diagnosis, the greater the female advantage.'” Most
childhood cancers show no advantage for female sex until puberty. Interestingly, this female
advantage is confined largely to cancers whose outcomes are influenced most by metastatic
tumor dissemination and those cancers treated mainly by tumor resection. These include
epithelial tumors and sarcomas. Epidemiologic data connect menstrual cycle characteristics with
cancer outcome. The normal menstrual cycle duration varies from woman to woman between ~
21 and ~ 35 days.’ The risk of developing breast cancer varies with the average length of the
menstrual cycle. The shorter the woman’s cycle (the faster she cycles), the lower the breast
cancer risk.*’

Experimental carcinogenesis data also support this connection between cancer and the
fertility cycle. Breast tumor incidence, tumor latency, and number of tumors induced by the
direct carcinogen, N-methyl nitrosourea (NMU) and an indirect carcinogen, 7,12-
dimethylbenzanthracene each depend upon the estrous cycle phase at the time of carcinogen
administration. ®® The frequency of tumor cell, H-ras proto-oncogene mutation in these NMU-
induced tumors is likewise dependent upon the estrous cycle stage of NMU exposure.’

Sex hormones also affect the host-surgery-cancer interaction. When a transplantable
mammary carcinoma of C3HeB/Fel mice is surgically removed after several weeks of growth,
not every mouse is cured and some die subsequently from metastases, not unlike the human
situation.'’ The timing within the fertility cycle of surgical resection of this same size primary
C3H breast tumor influences whether subsequent metastases occur.'' An estrogen- and
progesterone receptor-positive mammary cell line, derived from this primary tumor, also
demonstrates this same estrous cycle dependence of surgical curability.'? Host factors may be
responsible for much of this cyclical tumor biology. For example, splenocyte natural killer (NK)
cell activity and interleukin-2 (IL-2) production, in tumor-free C3HeB/FeJ mice, vary throughout
the cycle. The cycle stages associated with the lowest metastatic potential, demonstrate the
highest NK activity and IL-2 production.”” Women resected during the putative early luteal
phase of their menstrual cycles have a better chance of surviving than those women whose breast

. . . 4
cancers were resected in the follicular phase, during or nearer to menses.'* The dozen most



complete retrospective studies indicate that optimal resection timing may enhance 10 year
disease free survival by an average of 25% in absolute terms.'™'® A total of more than 40

subsequent retrospective studies of more than 10,000 women have largely, but not unanimously,

supported these clinical observations.'®

17,18

A single ongoing prospective study has so far partially
confirmed this biology.

We now present data in this same C3H murine breast tumor model, that predicted the
clinical situation, showing that local tumor size changes rhythmically during each estrous cycle
and that the cycling speed modulates average tumor growth rate. Furthermore, we demonstrate
that this rhythmic tumor biology is not limited to breast cancer and o ccurs in another mouse

strain with chemically induced transplantable sarcoma.

MATERIAL AND METHODS
Animals and Tumors. The fertility cycle dependent growth characteristics of two
different tumors in young cycling female mice were studied in five studies; three studies in an

estrone binding, primary transplantable MTP mammary cancer in C;HeB/Fel] female mice (n=

40, 120, 100 mice/study), ' and two studies in a primary transplantable methylcholantherene-

induced (meth A) sarcoma (E. Caswell, NY) in CD,F; mice (n=16, 86 mice/study). Mice were
maintained on a lighting schedule with 12 hours light alternating with 12 hours of dark. Time of
day (circadian time) is referenced to hours after light onset (HALO) with lights on at 0 HALO
and light off at 12 HALO. Tumors cells were inoculated subcutaneously into the right flank and
three dimensional tumor size (TS = length x width x height) was measured by calipers from the
time of tumor appearance until sacrifice. Vaginal smears were obtained from mice at the time of
tumor inoculation and at each tumor evaluation by gently flushing the vaginal os with saline and
then fixing and staining the resultant cells with hematoxylin/thiazine (Diff Quick). Tumor
measurements and estrous smears were obtained every 24 hours during the early activity phase
(14 HALO) in three studies and every 12 hours during early sleep phase (2 HALO) and again in
the early activity (14 HALO) in two studies. In two o fthe C3H breast tumor studies, tumor-
bearing mice were sacrificed at the time of final tumor measurement and the uteri were procured,
trimmed of fat and wet weights determined. Tumors from these mice were assessed for wet-to-
dry ratios as a function of estrous stage at the time of sacrifice by weighing tumors before and

after dissecation of tissue in an 80 degree centigrade drying oven.




Fertitlity Cycle Determintations. Sequential estrous smears were evaluated for each mouse
and classified, based upon cellular ratios, abundance of cornified epithelial cells,
polymorphonuclear cells and non-cornified epithelial and the findings on the preceding and
subsequent smears, into 1 of 4 stages (P, proestrus; E, estrus; M, metestrus; or D, diestrus) by
standard criteria confirmed by previous correlations between vaginal cytology and uterine weight
wet and a uterine profileration marker.'' Mice continue to cycle regularly in the presence of these
tumors.'**” The ovarian cycle in the mouse (~4-5 days) and the woman (28+7 days) are not
strictly comparable throughout all stages. However in both, ultimate follicular maturation ends
with mature follicular rupture and ovulation in response to FSH and then LH surges. In murine
species during proestrus the LH/FSH surge is accompanied by a sﬁrge in progesterone (on top of
rising estrogen) and these hormonal events are identifiable by vaginal cytology which
demonstrates the proestrus to estrus phase transition at which time ovulation usually occurs.

Not all mice cycle at the same rate (variable cycle lengths) and groups of mice are not
synchronized in the appearance of estrous cycle stages. Therefore to compare endpoints in mice
at different estrous cycle stages, successive cycle numbers (cycle number 1, 2, 3, etc) and estrous
stages within each of these cycles (P1, E1, M1, D1; P2, E2, M2, D2; etc) were assigned starting
from the time of tumor inoculation until the last measurement. From these assignments, the total
number of estrous cycles completed in a fixed time interval between the time of tumor
inoculation and the last day of measurement (e.g cycling frequency), was calculated for each
mouse by counting the successive appearances or transitions through the proestrous stage.
Protein Immunohistochemistry: Tumors were fixed in 10% buffered formalin and
paraffin embedded. The tissue sections, after deparaffinization and hydration, were (digested
using proteinase K (20 ug/ml in PBS) for 20 minutes and washed in PBS twice (pH 7.2) for 5
minutes). Endogenous peroxidase activity was blocked by 3% H,0O, in PBS for 15 minutes.
Slides were incubated in normal goat serum for 2 hours at room temperature. The primary rabbit
polyclonal antibody against estrogen receptor (ER [J, 1:400, ER [, 1:200) or progesterone
receptor (PR, reactive with both A&B subtypes, 1:400) was applied to sections and incubated
overnight at 4°C. T he s econdary antibody ( goat anti-rabbit IgG) and A B c omplex ( Vectastain
ABC kit, Vector Laboratory Inc., Burlingame, CA) were applied for 30 minutes at room

temperature, respectively. Between incubations, slides were washed three times (5 min/each) in




PBS. The color was developed by 3, 3’-diaminobenzidine tetrahydrochloride (Peroxidase
substrate kit DAB, Vector Laboratory Inc., Burlingame, CA). The sections were finally
counterstained with Harris’ hematoxylin (Sigma, St. Louis, MO). The same slides were stained

without primary antibody as negative controls.

Statistical Analysis. Variance among mean values, across more than two groups (e.g. 4
estrous cycle stages) were contrasted using one way analysis of variance (ANOVA) for repeated
measures using the SPSS program. Tumor values are expressed as raw tumor volumes at each
successive estrous stage and cycle number and as a percent of the mean of all tumor sizes for

each fertility cycle (e.g. %mean tumor volume = TS from a mouse in P1 divided by mean all TS

in cycle 1 x 100). Uterine weights are expressed as absolute wet weights at each fertility cycle

stage and as the percent of the mean value across all stages. Analysis of tumor volume data
against number o f e strous ¢ ycles completed was performed using a repeated measures growth
model with Proc Mixed (SAS version 8.02), w here restricted m aximum likelihood estimation
procedure is used and that it considers the number of cycle group as a fixed effect. The
unstructured covariance matrix was used. The effects of number of cycles completed, day, and
the interaction of number of cycles and day were evaluated by F tests. Depicted values are the

mean + standard error for grouped data from individual mice.

RESULTS
Not Unlike the Uterus, Tumor Size Waxes and Wanes Throughout the Fertility Cycle

The fertility cycle stage of tumor inoculation did not affect the time to tumor appearance
(palpable tumor) or the subsequent rate of tumor growth over time in the C3H breast tumor or
meth A sarcoma (data not shown). Daily tumor size in both models increases in a typical
sigmoid dependent pattern when fertility cycle stage is ignored. However, when C3H breast
tumor size is serially assessed as a function of biologic time (estrous cycle stage and cycle
number) of measurement, the influence of fertility cycle stage upon tumor growth is apparent
by visual inspection of average tumor sizes (Figure 1A, Table 1). By grouping animals
according to each serial stage of each serially completed estrous cycle regrouped, and
examining average tumor sizes as a function of cycle number and stage, we find that tumor

size waxes in metestrus and diestrus and wanes during proestrus and estrus. This effect is




consistent across three separate studies of the C3H breast tumor. Virtually identical results
are seen in two studies with transplantable methylcholanthrene A induced sarcoma (meth A
sarcoma) in CD,F; mice (Figure 1B, Table 1). These changes in tumor size with fertility
cycle stage in each tumor type were seen when tumor measurements, along with vaginal
smears, were monitored either during the early sleep phase (2 HALO) or during the early
activity phase (14 HALO) of the 24 hour circadian cycle of the mice (data not shown).
Therefore this estrous biology is present both in the activity and sleep phases of the daily
cycle.

Analysis of raw tumor size by both cycle number (e.g. first, second, third, fourth, fifth)
and estrous cycle stage within each cycle (P1, E1, M1, D1; P2, E2 etc.) by two way analysis
of variance confirms the significance of this phase locked tumor growth in the C3H breast
tumor and in the CD,F; meth A sarcoma tumor models. Tumor sizes during each fertility
cycle can also be expressed as percentage of the mean tumor size for that cycle in each of the
studies, and then analyzed by one way ANOVA for the overall effect of estrous cycle stage
(Table 1). In the C3H breast tumors, tumor sizes are 23-47% of cycle mean size during
proestrous, increase gradually throughout both estrous and metestrous stages to a peak of
207-283% of the mean in diestrus, varying on average some 6.4 to 8.9 fold throughout the
fertility cycle (p<0.001). In the meth A sarcoma, tumor sizes are 50-59% of mean cycle size
during proestrus, increase gradually throughout both estrus and metestrus stages to a peak of
149-185% of mean cycle size in diestrus, varying on averége some 2.5 to 3.7 fold throughout
the fertility cycle (p<0.001). This rhythmic variation in tumor size follows the identical
pattern in both tumors, with highest values in diestrus and lowest values in proestrus or
estrus, although the magnitude of this cyclic effect is about twice as great in the mammary
tumor. This tumor behavior is not unlike the classically described waxing and waning of
uterine size or wet weight that occurs throughout each fertility cycle, secondary to the well
described rhythmic sex hormone changes in cellular proliferation and blood content. In these
C3H tumor-bearing mice, wet uterine weights in two studies, expressed as percent of mean
cycle weight, vary 1.5 to 2.0 fold throughout the fertility cycle with highest values, as
expected, in proestrus and estrus, and lower values in metestrus and diestrus (Table 1, p <

0.01). However, the pattern of change in tumor size within the fertility cycle is opposite to the



pattern of the observed fertility cycle dependent change in wet uterine weights in these
tumor-bearing mice.
Analysis of wet-to-dry ratios as a function of estrous cycle stage at sacrifice (study 2 C3H
breast tumor) failed to show significant difference ascribable to water content (proestrus
6.410.3 estrus 6.7+0.3)metestrous (6.610.2)diestrus (6.5+0.1)(p=0.73). These data indicate
that large fluid shifts are not soley responsible for these tumor size differences.
Both the MTP mammary tumors and the methA sarcoma tumors stain positively for
estrogen receptor alpha, negative with estrogen receptor beta and positive for the
progesterone receptor (data not shown) by standard immunohistocehmical analysis.
Cycling Frequency of the Host Modulates Overall Tumor Growth Rate

The normal menstrual cycle duration varies among women from 21 to 36 days.” Some mice
also cycle faster than others with a range of 3 to 7 days.” We determined the effect of cycle length
upon tumor growth. The faster the mouse cycles, the slower the tumor growth, and vice versa
(Figure 2A and 2B). Average tumor growth is reproducibly slower in mice completing a greater
number of cycles in a fixed span (e.g. 4 to 7 cycles in 12 to 14 days) while tumor growth is faster,
nearly double that rate, in mice completing fewer cycles (e.g. 3 or fewer cycles) in the very same
span. These tumor growth rate differences are significant in both strains (C3H F=5.3, p<0.001;
CD,F; F=4.9, p=0.001).

In study two, we determined whether the effect of cycle stage on tumor growth was

present among both slow and fast cyclers. Table 2 demonstrates that the effect of cycle stage on

tumor size persists regardless of cycling speed.

DISCUSSION

We have shown that the growth of two transplanted subcutaneous tumors, a
spontaneously arising, sex hormone receptor competent, potentially metastatic breast tumor, and
a chemically-induced locally aggressive sarcoma, grown in two distinct mouse strains, is virtually
identically coordinated by the fertility cycle. These data indicate that the fertility cycle influence
over tumor biology and the host-cancer balance is not limited to tumors of endocrine tissue origin
and is thereby a phenomenon of more general significance. Whether this behavior exists in ER

negative and/or PR negative tumors remains to be determined. The fertility cycle stage



dependent change in tumor size is analogous to the cycle dependent change in uterine size, but
has a tissue specific exact opposite pattern in these same mice. The speed of the estrous cycling
also affects average tumor growth rate. Faster cyclers demonstrate twofold slower tumor growth
than slower cyclers. These data are consistent with epidemiologic findings relating menstrual
cycle length and breast cancer risk. Faster cycling is associated with the lower subsequent breast
cancer risk.*’

Others have observed similar biology of human breast cancer. One hundred sixty-eight
years ago, A.P. Cooper, who defined Cooper’s ligaments of the breast, observed that breast
cancer growth waxes and wanes regularly within the young women’s menstrual cycle.”’ More
than a century ago, G.T Beatson connected breast size and milk production to the ewe’s 28 day
fertility cycle.”> When Beatson was made professor of surgery as Glasgow, he acted upon his
observations of the connection between ovary and breast, by performing oophorectomy upon
young women with lethal metastatic breast cancer. His reports were the first of many in the last
century to document the fact that breast cancer can be controlled and even caused to remit
entirely, following castration.” In 1959 through the 1980’s, Fisher and Fisher defined the biology
of tumor dormancy and demonstrated how the resection of the primary tumor affects the biology
of metastatic breast cancer spread.'®**** A decade and a half ago, we demonstrated, in cycling
mice and women, that whether breast cancer spreads/recurs after resection depends upon when in
the estrous or menstrual cycle the resection is done. Aggregate clinical data indicate that optimal
resection timing, mid cycle and during the early luteal phase, gives a young woman as much as a
25% better chance for ten year disease free survival.'>*® This waxing and waning of tumor size
and growth rate within the fertility cycle in mouse breast cancer, and a chemically-induced
mouse sarcoma, is entirely consistent with what Cooper reported in the breast tumors of young
women. This biology reflects the essentially intermittent or saltatory nature of growth, a cyclical
rather than linear or continuous process. This biologic growth pattern is not unique nor
unprecedented. Growth studies in children using serial height determinations also provide
support for periods of growth interspersed with periods without significant changes in height *’.
Further, in normal reproductive tissues (e.g. breast, uterus), rhythmic periodic changes of cell
proliferation and apoptosis are classic findings during each fertility cycle. There is evidence that

cellular proliferation in benign human neoplasms also change within the menstrual cycle =




Prominent daily rhythms in cellular proliferation have been well documented in murine and
human cancer.”**'

In summary, both fertility cycle stage and cycling frequency affect the growth of two
different experimental cancers across two unrelated mouse strains. If these findings, which are
consistent with early clinical observation, remain clinically relevant, then, the effect of the
menstrual cycle on cancer growth and spread, may be a general one, not limited to breast cancer.

Finally, the timing of cytotoxic hormonal and molecular anti-cancer therapies targeting cellular

proliferation within the fertility cycle is likely to affect their efficacy.
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FIGURE LEGENDS

Figure 1. The effect of estrous cycle stage upon tumor size. Subcutaneous
mammary tumor volumes in C;HeB/FeJ female mice (A) and meth A sarcoma
tumor volumes in CD,F, female mice (B) vary as a function of fertility cycle stage
(P, proestrus, E, estrous, M, metestrsous, D, diestrous) during each successive
fertility cycle (cycle 0 or tumor inoculation to cycle 4) in two studies. Tumor sizes
change rhythmically with fertility cycle stage in both tumor models with very little
increase in tumor sizes during proestrus and estrus stages and large increases during
metestrus and diestrus stages.

Figure 2. The effect of host cycling frequency upon tumor growth rates. Individual
mice were classified by number of completed fertility cycles (1-7 cycles) in the
same time interval and tumor growth rates are compared in each model of
mammary tumors in C;HeB/Fel female mice (A) and meth A sarcoma tumors in
CD,F, female mice (B). The number of fertility cycles traversed significantly
affects tumor growth rates in both tumor models.
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Table 1. Effect of Fertility Cycle Stage and Cycling Frequency upon Tumor Size and Growth Rate

Fertility Cycle Stage Cycling Frequency
Tumor Size (% Mean of Each Cycle) Daily Tumor Growth Rate
TUMOR MODEL Proestrus  Estrus  Metestrus  Diestrus |Ratio of Change F p F, p
C3H BREAST TUMOR | A | ! | Lo i :
Study 1 46.9+7.5 | 37.847.1 | 73.247.9 | 219.5420.7 58  |24.2 <0001 5.4, 0.001
Study 2 23{124 | 378722367J 728:(3‘3 \77207.1§1§.6 i 8.9 iy 86.3, <0.001 5.3, <0.001
5 cycles (n=8) 88.85:25.1 | 70.6+31.0 | 90.6+47.3 | 137.13305 | 00 NS
4 cycles (n=33) 69.;115.0 | 73;0114;3 | 710117387L 1618:?1727 I 24 = 8.8, <0,0Q1
3 cycles (n=44) 56.149.2 | 73.3+11.6 | 69.5+9.8 | 170.5+15.7 3.0 18.8, <0.001
2 cycles (n=33) 435407 ‘ 50.149.8 ;70.8110.2”: 193.0+18.8 44 | 273 <0001
~ 1cycle (n=9) 44134 | 16.3:6.7 ‘71.5:177.73' 219.4132.6 500  |18.3,<0.001
_ Study3 44.3:6.5 | 50.4:7.6 | 826198 | 282.7469.5 64 15.1, <0.001 4.9, 0.001
CD2F1 METH A SARCOMA| . T 2| 3 )
Study 1 50.22¢7.1 | 614414.9 10524154 184.6133.6 87 9.4, <0.001 32, 0.043
Study 2 58.614.2 \ 76.16.4 [121.4$17.1) 149.1326.2 25 6.9, p<0.001| 4.9, 0.001
UTERUS Uterine Wet Weight (% Mean of Cycle) i
C3H Tumor Bearing Mice
Study 2 150.1£21.5 168.?.57.'4 1186457 |  88.0824 1.9 41.6, <0.001
Study 3 125.3£11.0 | 107.084.9 | 88.1:4.6 | 104.1£7.2 1.4 4.4, 0.006

For each succesive fertility cycle (cycle 1, 2, 3, etc), tumor volume at each stage within a given cycle (e.g. P1, E1, M1, D1

percentage of the mean tumor volume for all stages within that one cycle. Uterine wet weights at each ferti

, etc) is expressed as




