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INTRODUCTION

The aim of the project is to investigate the role of early life processes, endocrine mediators and
number of susceptible cells on adult life breast cancer risk. Based on the hypothesis that breast
cancer risk is a function of number of mammary gland cells at risk of transformation and that this
number is largely modulated by perinatal events and conditions, five component projects have
been initiated. The first three focus on perinatal characteristics, including immediate postnatal
growth, in relation to mammary gland mass and breast cancer risk, whereas the last two explore
the relation of pregnancy hormones with breast cancer risk and with cellular populations that are
likely to have mammary stem cell potential. The five projects are interlinked and they address
the hypothesis that growth and mammotropic hormones in perinatal life affect the number of
susceptible mammary gland cells. This number is likely to be reflected in birth size and rate of
postnatal growth that, in turn, represent intermediate steps and correlates of mammary gland
mass and breast cancer risk in adult life. The progress on each component project (CP) will be
reported separately to facilitate the reader.

BODY

CP1 “Association of growth during the first postnatal week with breast cancer risk in adult life”

CP1 PI: Prof. Anders Ekbom, Unit of Clinical Epidemiology, Dept. of Medicine, Karolinska
Institutet/Karolinska University Hospital, SE-171 76 Stockholm, Sweden.

Timetable of research accomplishments of CP1 as outlined in the Statement of Work.

Task1  To investigate the association of growth during the first postnatal week with
breast cancer risk in adult life:

a. Retrieval of available birth records from 1,068 women with incident breast cancer and
2,727 control women. (Months 1-24)

b. Extraction of data on growth of newborns during the first postnatal week, as well as
information on covariates to be used in the analysis. (Months 25-30)

C. Linkage of data on postanatal growth and perinatal covariates to cancer and mortality
registries. (Months 31-36)

d. Data analyses. (Months 37-48)

e. Manuscript preparation and submission. (Months 49-60)

CP1 progress report

The retrieval of birth records (task 1a) is completed.

The extraction of data on growth of newborns (task 1b) is completed.




Linkage with cancer and mortality registries are ongoing and will be completed before July 1°
2008 according to schedule.

In accordance with the time plan, tasks 1d and e have not yet been initiated.

CP1 key research accomplishments

e The retrieval of birth records from 1,068 women with incident breast cancer and 2,727
control women is completed.
e The extraction of data on growth of newborns during the first postnatal week is completed.

CP1 reportable outcomes

No outcomes can be reported at this stage.

CP1 Conclusion

No major problems have been encountered and none are foreseen for the continuation of the
implementation of the component project.

CP2: “Relation of perinatal characteristics and postnatal growth velocity with mammographic
patterns in adult life”

CP2 PI: Prof. Per Hall, Dept. of Medical Epidemiology and Biostatistics, Karolinska Institutet,
P.O. Box 281, SE-171 77 Stockholm, Sweden

Timetable of research accomplishments of CP2 as outlined in the Statement of Work.

Task 2 To investigate the relation of perinatal characteristics and postnatal growth velocity
with mammographic patterns in adult life:

a. Retrieval of available birth records from 3,345 women with invasive breast cancer and
3,454 controls (these women are not the same with those to be studied in the context of
task 1). (Months 1-48)

b. Retrieval of the available sequential mammographies of the women with breast cancer
and the control women. (Months 1-48)

C. Linkage of mammaographic data to perinatal characteristics and postnatal growth
velocity. (Months 30-48)

d. Evaluation of mammographies through a computer-assisted grey-scale thresholding
methods technique. (Months 25-36)

e. Data analyses. (Months 37-48)

f. Manuscript preparation and submission. (Months 49-60)




CP2 progress report

The retrieval of birth records (task 2a) ended in the fall of 2007. The retrieval of available
mammograms (task 2b) is multi-step procedure. In a first step, images are identified and brought
to the Department of Medical Epidemiology and Biostatistics at Karolinska. We have identified
45,000 images and brought them to the department. We are not able to digitize and measure all
images and have therefore validated the concordance between left and right breast and the two
major projections used in mammograms, cranio-caudal (CC) and medio-lateral-oblique (MLO),
in a subset. There was a very high concordance for both right / left breast and MLO / CC
mammographic projections. Nearly all examinations include MLO but not CC. Furthermore,
most comparable projects use MLO and this projection has thus been chosen.

In a second step, all eligible images are digitized. This is an extremely time consuming endeavor
and only 200 images could be processed in one day. We have had 2 persons working on
digitizing and measuring images and have employed an additional person in order to use the full
potential of the scanner. We have so far digitized images from 900 breast cancer patients and 600
controls out of a total of 2200 breast cancer patients and 2100 controls for which we have
images.

In a third step, the density of each mammogram is measured. The evaluation of mammographies
through a computer-assisted grey-scale thresholding methods technique (task 2d) will be done
with the Cumulus software, a semi-automatic computer assisted technique where the evaluator
indicates the area to be measured. The program is installed, and the responsible Swedish
scientists have attended a course on the method given by the developers of the program, Norman
Boyd and Martin Yaffe in Toronto in April 2007. A third person will take the course in April
2008.

We are collaborating with radiologists at Karolinska Hospital, as well as with Isabel dos Santos
Silva and Julian Peto at London School of Hygiene and Tropical Medicine to assure good quality
for the scanning and density reading methods. This group has long studied the relation of
mammographic density with breast cancer risk and is highly experience in digitizing and
evaluating density. We validated our measurements of 160 mammograms to those of the London
group’s for the same images and the agreement was high.

In accordance with the timetable of CP2, task 2c, e and f have not yet been initiated.

CP2 key research accomplishments

e All eligible and identified mammograms and birth characteristics have been retrieved.

e The image digitizing process is ongoing and running smoothly, although it has proven more
time consuming than anticipated. We have so far digitized images from 900 breast cancer
patients and 600 controls out of a total of 2200 breast cancer patients and 2100 controls for
which we have images.

e Measurements of mammographic density from our group have been validated against those
of an experienced British group, assuring an overall high quality of the measurements.



e Following the validation study, measurements of mammographic density have started.

CP2 reportable outcomes

At this stage, there are no reportable outcomes.

CP2 Conclusion

As outlined under “research accomplishments™, the rate of retrieving information on birth
characteristics and mammographic images is in line with what we anticipated and was finished
in the fall of 2007. With the exception of a digitizing rate lower than initially anticipated, no
major problems have been encountered and none are foreseen for the continuation of the
implementation of this component project. In order to accelerate the process, an additional
person has been hired, starting late March 2008.

CP3: “Interaction of perinatal characteristics with genes that are likely related to breast
cancer risk”

CP3 PI: Prof. Per Hall, Dept. of Medical Epidemiology and Biostatistics, Karolinska Institutet,
P.O. Box 281, SE-171 77 Stockholm, Sweden

Timetable of research accomplishments of CP3 as outlined in the Statement of Work.

Task 3 To investigate the possible interaction of perinatal characteristics with genes that are
likely related to breast cancer risk:

a. Identification and selection of genes likely to be related to breast cancer risk, e.g. ESR1,
AlB1, and the IGF family (Months 1-12)
b. Selection of "tagging" single nucleotiod polymorphisms (tSNPs). The choice of tSNBs

aims at avoiding redundant genotyping. A good marker coverage is expected to be
achieved by using approximately one SNP per 3 Kb. (Months 1-12).

C. Genotyping of the approximately 8 genes selected for the study (Months 13-36).
d. Data analyses. (Months 36-48)
e. Manuscript preparation and submission. (Months 49-60)

CP3 progress report

We have genotyped CHEK2, ESR1, EGF, HER2, ATM and 30 genes in the estrogen
metabolizing pathway (including CYP191A and COMT). Since the aim is the study of
interaction of genes with early life parameters with respect to breast cancer risk and
mammographic density, data on ESR1 and EGF were first analyzed in relation to breast cancer
risk, without any linkage to birth characteristics (Breast Cancer Res. 2008 Feb 14;10(1):R15).
The study did not indicate a substantial main effect of ESR1 and EGF on breast cancer risk, so
that interaction with early life influences is unlikely. Based on these results and in light of what

has been published over the past 2-3 years in the international literature, we have chosen to also
.




focus on the estrogen metabolizing pathway. Results concerning genes and their possible
interaction with early life exposures with respect to breast cancer risk and mammographic
density will be studied in conjunction with the findings of CP2 as soon as the relevant data
become available.

CP3 key research accomplishments

e Genotyping has been completed.
e Dataon ESR1 and EGF were analyzed in relation to breast cancer risk, without any linkage
to birth characteristics (Breast Cancer Res. 2008 Feb 14;10(1):R15)

CP3 reportable outcomes

o No substantial main effect of ESR1 and EGF on breast cancer risk, so that interaction with
early life influences is unlikely.

CP3 Conclusion

As reported, tasks a, b and ¢ have been completed according to schedule.

CP3 References

Einarsdéttir K, Darabi H, Li Y, Low YL, Li YQ, Bonnard C, Sjolander A, Czene K, Wedrén S,
Liu ET, Hall P, Humphreys K, Liu J. ESR1 and EGF genetic variation in relation to breast
cancer risk and survival. Breast Cancer Res. 2008 Feb 14;10(1):R15 [Epub ahead of print]

CP4: “Pregnancy hormones and perinatal breast cancer risk factors in Boston, USA and
Shanghai, China”

CP4 co-Pls: Prof. Dimitrios Trichopoulos and Dr. Pagona Lagiou, Department of
Epidemiology, Harvard School of Public Health, 677 Huntington Avenue, Boston, MA 02115,

Timetable of research accomplishments of CP4 as outlined in the Statement of Work.

Task 4 To study maternal and cord blood levels of components of the IGF system and
adiponectin among Caucasian women in North America and Chinese women in
Asia in conjunction to maternal anthropometry and birth size parameters:

a. Retrieval of the available stored cord blood and maternal serum samples from 304
pregnant Caucasian women in Boston, US and 335 pregnant Chinese women in
Shanghai, China and transfer of these samples to the laboratory for hormone
determination. (Months 1-6)




b. Conduct of laboratory assays for hormones (Months 7-24)

C. Linkage of maternal and newborn data to maternal and cord blood hormone levels
(Months 24-30)

d. Data analyses (each of the measured hormones in maternal and cord blood to be studied
in conjunction to maternal and newborn variables) (Months 31-48)

e. Manuscript preparation and submission. (Months 37-60)

CP4 progress report

With respect to baseline data, the database is already in place, as reported already in the 1
annual report. During the second reporting period, hormone determinations by the UMass
Medical School, ILAT Steroid RIA Laboratory have been completed for 661 serum samples and
114 cord blood samples provided by pregnant women recruited in Boston, as well as for 762
serum samples and 131 cord blood samples provided by pregnant women recruited in Shanghai,
China. Testosterone, IGF-1, IGFBP-3, and adiponectin have been measured on the maternal
samples, while for cord blood samples, in addition to these hormones, estradiol, estriol,
progesterone, SHBG and IGF-2 have been measured (measurements of these hormones in the
maternal sera had already been conducted in the context of an earlier NIH study). During this
third reporting period, data on hormone determinations in the serum and cord blood samples
were merged with the baseline information on pregnant women and their newborn. The updated
database contains information on: (i) baseline data and serum hormone measurements from 302
eligible women in Boston and 339 eligible women in Shanghai and (ii) baseline data and cord
blood hormone measurements from 111 eligible newborn in Boston and 122 eligible newborn in
Shanghai. Exploratory analyses have been conducted and two papers have been published. The
first paper argues that measurement of the concentration of hormones and other biomarkers in
pregnant subjects is influenced by plasma volume expansion (PVE) and suggests that PVE is a
topic for consideration in population-based studies. The study compares the estradiol serum
concentrations between the Boston and Shanghai pregnant women adjusting for proxies of PVE.
Given that the difference persists, it appears that the difference is real, unless the used proxies
are not sufficient markers of PVE (Cancer Epidemiol Biomarkers Prev. 2007;16:1720-3). The
second paper compares levels of cord blood hormones between Chinese and Caucasian and
suggests that elevated prenatal androgen exposure among Chinese women could mediate
reductions in breast cancer risk in the offspring (Cancer Epidemiol Biomarkers Prev.
2008;17:224-31).

Tasks 4a, 4b and 4c have been completed. Tasks 4d and 4e have been initiated.

CP4 key research accomplishments

e Merging of data on hormone determinations in the serum and cord blood samples with
the baseline information on pregnant women and their newborn has been completed.

e Differences in the estradiol serum concentrations between the Boston and Shanghai
pregnant women have been found to persist even after adjusting for proxies of plasma
volume expansion (Cancer Epidemiol Biomarkers Prev. 2007;16:1720-3).



e Androgen levels have been found to be higher in cord blood samples from Chinese
compared to Caucasian women, suggesting that elevated prenatal androgen exposure
could mediate reductions in breast cancer risk (Cancer Epidemiol Biomarkers Prev.
2008;17:224-31).

CP4 reportable outcomes

e Differences in the estradiol serum concentrations between the Boston and Shanghai
pregnant women have been found to persist even after adjusting for proxies of plasma
volume expansion (Cancer Epidemiol Biomarkers Prev. 2007;16:1720-3).

e Androgen levels have been found to be higher in cord blood samples from Chinese
compared to Caucasian women, suggesting that elevated prenatal androgen exposure
could mediate reductions in breast cancer risk (Cancer Epidemiol Biomarkers Prev.
2008;17:224-31).

CP4 Conclusion

No major problems have been encountered and none are foreseen for the continuation of the
implementation of the component project.

REFERENCES

Faupel-Badger JM, Hsieh CC, Troisi R, Lagiou P, Potischman N. Plasma volume expansion in
pregnancy: implications for biomarkers in population studies. Cancer Epidemiol Biomarkers
Prev. 2007;16:1720-3.

Troisi R, Lagiou P, Trichopoulos D, Xu B, Chie L, Stanczyk FZ, Potischman N, Adami HO,
Hoover RN, Hsieh CC. Cord serum estrogens, androgens, insulin-like growth factor-I, and
insulin-like growth factor binding protein-3 in Chinese and U.S. Caucasian neonates. Cancer
Epidemiol Biomarkers Prev. 2008;17:224-31.

CP5: “Breast stem cells and perinatal factors for breast cancer risk”

CP5 PI: Prof. Chung-Cheng Hsieh, University of Massachusetts Cancer Center, 55 Lake Avenue
North, Worcester, MA 01655

Timetable of research accomplishments of CP5 as outlined in the Statement of Work.
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Task 5 To investigate whether markers of mammary stem cells are associated with perinatal
characteristics that are linked to breast cancer in later life:

a. Finalization of questionnaire for obtaining maternal and gestation characteristics.
(Months 1-3)

Training of the study personnel on study procedures. (Months 1-6)

Subject recruitment and sample collection from a total of 250 pregnant women. (Months
7-42)

Conduct of laboratory assays for markers of stem cells (Months 7-45)

Conduct of laboratory assays for hormones (Months 10-48)

Data analyses. (Months 45-54)

Manuscript preparation and submission. (Months 49-60)

oo

Q D a

CP5 progress report

Clearance of component project 5 (a+b) was granted by the US Army Human Subjects Research
Review Board (HSRRB) on July 17, 2006. Component project 5 was officially launched on July
18, 2006.

The underlying premises of this project are that 1) breast stem cells are the cell type that
undergoes malignant transformation, 2) breast stem cells primarily arise during the fetal/perinatal
period, and therefore the in utero/perinatal environment is a major determinant of the breast stem
cell number in an individual, and 3) the greater the number of breast stem cells, the greater the
likelihood of that one will undergo a genetic alteration that will be oncogenic. Previously we
have shown that the concentration of hematopoietic stem cells in cord blood, serving as a
surrogate for general stem cell potential, can be correlated to both perinatal levels of mitogens
including estrogens and IGF-1, and to perinatal parameters such as birth weight, which have
been linked to elevated breast cancer risk (Cancer Causes Control. 2004;15:517-30 and Cancer
Res. 2005;65:358-363). Ideally, one would like to obtain some indicators of the levels of
epithelial precursors cells in the perinatal environment, and determine if such cells might be an
even better indicator of future breast cancer risk: this is the goal of Component Project 5, using
umbilical cord blood as the perinatal cell source.

Since the launching of the project on July 18, 2006, the questionnaire for obtaining maternal and
gestation characteristics has been finalized and study personnel have been trained on the study
procedures (Task 5a and 5b).

Subject recruitment and sample collection started at the Tuft-New England Medical Center on
November 16, 2006 (Task 5c). From November 16, 2006 to October 6, 2007, 132 women
consented to participate in the study. Umbilical cord blood samples were collected from 87
eligible subjects. Of these samples, 83 samples were transferred to the stem cell laboratory
within the requisite 24 hours of the childbirth. Of the transported samples, 80 were processed at
the laboratory (three samples could not be processed: one due to low volume, the second due to
inclement weather and the third due to arrival in late afternoon). It is noted that laboratory work
was progressing according to plan until beginning of October 2007 when Dr. Todd Savarese
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unexpectedly passed away. We are in the process of identifying and recruiting laboratory
scientist(s) to continue the project.

In the past grant year, the Stem Cell Research Laboratory at the University of Massachusetts
Medical School has made progress by processing 55 umbilical cord blood samples from normal
pregnancies received from the Tuft-New England Medical Center (Task 5d). Of these, we have
processed 53 samples using the protocol developed in the previous grant cycle. In this protocol,
mononuclear cells (MNC) were extracted from the samples and analyzed by flow cytometry for
hematopoietic cell markers (CD34+ and CD34+CD38-) and the epithelial adhesion molecule,
EpCAM, a putative marker of breast epithelial stem cells. The EpCAM+ sub-populations
obtained so far range from 0 to 0.08 cells/100 MNC, with a mean of 0.031 + 0.025 (SD). We
were also able to obtain in vitro data from 17 of these samples by culturing 2 X 10° purified
EpCAM+ and EpCAM- MNC in a defined mammary epithelial cell growth medium (MEGM) in
Collagen I-coated dishes and counting the number of “mammospheres” formed. While cultures
of EpCAM- cells did not yield any cell clusters, the number of mammospheres obtained from
EpCAM+ cells ranged from 0 to 474, showing a varying ‘stem cell’-propagating potential among
cord blood samples. Data analyses with flow cytometry are on-going and hormone assays for
these samples will be undertaken when the number of samples is large enough to form efficient
batches, thus minimizing cost and assuring optimal comparability of measurements. In addition,
we are conducting experiments to explore the expression of other breast stem cell-associated
markers on MNC extracted from umbilical cord blood. We have conducted flow cytometry
analyses for cytokeratin, which is known to stain most epithelial-derived tissues, and for nestin, a
marker recently reported to be expressed by mammary epithelia. While the staining with anti-
cytokeratin (clone CAM5.2) confirmed a population of cells with epithelial characteristics in
cord blood, the use of anti-nestin gave non-specific staining. We will continue to investigate
whether other breast stem cell-associated markers, such as CD44 and CD24, are present in sub-
population of cells in cord blood. We have also investigated the culturing of EpCAM+ MNC in
MEGM in non-coated (no Collagen I) dishes but supplemented with bovine pituitary extract
(BPE) and 10% fetal bovine serum (FBS). While the culturing of EpCAM+ MNC in un-
supplemented MEGM, or supplemented with BPE resulted in senescence, the cultures in 10%
FBS yielded only large single cells, but no cell clusters were observed. We thus conclude that a
Collagen | substrate is essential to the formation of mammaospheres from epithelial cells found in
cord blood.

CP5 key research accomplishments

e Subject recruitment and sample collection, as well as laboratory assays for markers of
stem cells are ongoing.

e Collagen I substrate has been found to be essential for the formation of mammospheres
from epithelial cells found in cord blood.

e Analysis on previous data on hematopoietic stem cells in cord blood showed that, among
term newborns with a normal-to-high birth weight, birth weight was found to be
significantly positively associated with stem cell measurements, supporting a role of stem
cell pool on cancer risk (Strohsnitter et al, 2008).
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CP5 reportable outcomes

e Collagen I substrate has been found to be essential for the formation of mammospheres
from epithelial cells found in cord blood.

e Analysis on previous data on hematopoietic stem cells in cord blood showed that, among
term newborns with a normal-to-high birth weight, birth weight was found to be
significantly positively associated with stem cell measurements, supporting a role of stem
cell pool on cancer risk (Strohsnitter et al, 2008).

CP5 Conclusion

Component project 5 had been progressing according to plan until beginning of October 2007
when Dr. Todd Savarese unexpectedly passed away. We have provisionally identified a suitable
successor and we expect the person to join the team on May 1, 2008.

CP5 References

Strohsnitter WC, Savarese TM, Low HP, Chelmow DP, Lagiou P, Lambe M, Edmiston K, Liu
Q, Baik I, Noller KL, Adami H-O, Trichopoulos D, Hsieh CC. Correlation of umbilical cord
blood hematopoietic stem and progenitor cell levels with birth weight: implications for a prenatal
influence on cancer risk. Br J Cancer 2008;98:660-3.

Task 6: “Monitoring, coordination and fine-tuning of the five component projects”

Timetable of accomplishments of task 6 as outlined in the Statement of Work.

Task 6 To monitor, coordinate and fine-tune the five component projects:

a. Continuous monitoring and coordination of the research activities under the five
component projects. (Months 1-60)

b. Compilation of annual overall project reports based on the component project-specific
annual reports. (annually throughout the duration of the project) (Months1-60)

C. To coordinate the preparation and submission of manuscripts produced (Months 37-60)

Task 6 progress report

Monitoring and coordination of the five component projects has presented no problems. The key
investigators have a long history of successful scientific collaboration, which continues in the
context of the current project.

On May 9 2007, the project PI (DT) was awarded the Medal of Honor from the International
Agency for Research on Cancer (IARC) of the WHO. His acceptance speech was dedicated to
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research under the present Innovator award and led to a publication, co-authored by key
contributors of the Innovator award (Int J Cancer. 2008;122:481-5).

KEY RESEARCH ACCOMPLISHMENTS

e The retrieval of birth records from 1,068 women with incident breast cancer and 2,727
control women is completed (CP1).

e The extraction of data on growth of newborns during the first postnatal week is completed
(CP1).

e All eligible and identified mammograms and birth characteristics have been retrieved (CP2).

e The image digitizing process is ongoing and running smoothly, although it has proven more
time consuming than anticipated. We have so far digitized images from 900 breast cancer
patients and 600 controls out of a total of 2200 breast cancer patients and 2100 controls for
which we have images (CP2).

e Measurements of mammographic density from our group have been validated against those
of an experienced British group, assuring an overall high quality of the measurements (CP2).

e Following the validation study, measurements of mammographic density have started (CP2).

e  Genotyping has been completed (CP3).

e Dataon ESR1 and EGF were analyzed in relation to breast cancer risk, without any linkage
to birth characteristics (Breast Cancer Res. 2008 Feb 14;10(1):R15) (CP3)

e Merging of data on hormone determinations in the serum and cord blood samples with the
baseline information on pregnant women and their newborn has been completed (CP4).

e Differences in the estradiol serum concentrations between the Boston and Shanghai
pregnant women have been found to persist even after adjusting for proxies of plasma
volume expansion (Cancer Epidemiol Biomarkers Prev. 2007;16:1720-3) (CP4).

e Androgen levels have been found to be higher in cord blood samples from Chinese
compared to Caucasian women, suggesting that elevated prenatal androgen exposure could
mediate reductions in breast cancer risk (Cancer Epidemiol Biomarkers Prev. 2008;17:224-
31) (CP4).

e Subject recruitment and sample collection, as well as h laboratory assays for markers of
stem cells are ongoing (CP5).

e Collagen I substrate has been found to be essential for the formation of mammospheres from
epithelial cells found in cord blood (CP5).

e Analysis on previous data on hematopoietic stem cells in cord blood showed that, among
term newborns with a normal-to-high birth weight, birth weight was found to be
significantly positively associated with stem cell measurements, supporting a role of stem
cell pool on cancer risk (Strohsnitter et al, 2008) (CP5).
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REPORTABLE OUTCOMES

e No substantial main effect of ESR1 and EGF on breast cancer risk, so that interaction
with early life influences is unlikely (CP3)

e Differences in the estradiol serum concentrations between the Boston and Shanghai
pregnant women have been found to persist even after adjusting for proxies of plasma
volume expansion (Cancer Epidemiol Biomarkers Prev. 2007;16:1720-3) (CP4).

e Androgen levels have been found to be higher in cord blood samples from Chinese
compared to Caucasian women, suggesting that elevated prenatal androgen exposure
could mediate reductions in breast cancer risk (Cancer Epidemiol Biomarkers Prev.
2008;17:224-31) (CP4).

e Collagen I substrate has been found to be essential for the formation of mammospheres
from epithelial cells found in cord blood (CP5).

e Analysis on previous data on hematopoietic stem cells in cord blood showed that, among
term newborns with a normal-to-high birth weight, birth weight was found to be
significantly positively associated with stem cell measurements, supporting a role of stem
cell pool on cancer risk (Strohsnitter et al, 2008) (CP5).

CONCLUSIONS

Component project 5 had been progressing according to plan until beginning of October 2007
when Dr. Todd Savarese, a key lab scientist, unexpectedly passed away. We have provisionally
identified a suitable successor and we expect the person to join the team on May 1, 2008.

With respect to component projects 1 to 4, no major problems have been encountered and none
are foreseen for the continuation of the implementation of the project. At this stage, the early life
origin of breast cancer appears well-supported and we have made progress in exploring the
processes involved in the early life roots of breast cancer.
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Abstract

Introduction Oestrogen exposure is a central factor in the
development of breast cancer. Oestrogen receptor alpha
(ESR1) is the main mediator of oestrogen effect in breast
epithelia and has also been shown to be activated by epidermal
growth factor (EGF). We sought to determine if common
genetic variation in the ESR71 and EGF genes affects breast
cancer risk, tumour characteristics or breast cancer survival.

Methods We genotyped 157 single nucleotide polymorphisms
(SNPs) in ESR1 and 54 SNPs in EGF in 92 Swedish controls
and selected haplotype tagging SNPs (tagSNPs) that could
predict both single SNP and haplotype variation in the genes
with an R? of at least 0.8. The tagSNPs were genotyped in
1,590 breast cancer cases and 1,518 controls, and their
association with breast cancer risk, tumour characteristics and

survival were assessed using unconditional logistic regression
models, Cox proportional hazard models and haplotype analysis.

Results The single tagSNP analysis did not reveal association
evidence for breast cancer risk, tumour characteristics, or
survival. A multi-locus analysis of five adjacent tagSNPs
suggested a region in ESRT1 (between rs3003925 and
rs2144025) for association with breast cancer risk (p = 0.001),
but the result did not withstand adjustment for multiple
comparisons (p = 0.086). A similar region was also implicated
by haplotype analyses, but its significance needs to be verified
by follow-up analysis.

Conclusion Our results do not support a strong association
between common variants in the ESR7 and EGF genes and
breast cancer risk, tumour characteristics or survival.

Introduction

Breast cancer is the most common cancer in women overall
worldwide. Oestrogen exposure is a central factor in the devel-
opment and progression of this cancer [1-3] and its effects on
the breast epithelium is primarily mediated by oestrogen
receptor alpha (ESR1) [4]. In addition to being activated by
oestrogen, the ESR1 protein can be activated by growth fac-
tors such as epidermal growth factor (EGF) [3], which acts as
a potent mitogen for epithelial cells, including mammary epi-
thelia [5]. Variation in the ESR7 (MIM 133430) and EGF (MIM
131530) genes affecting the function or expression of their

respective proteins could thus potentially affect the risk of
developing breast cancer, characteristics of the tumour or the
risk of dying from the disease.

With regard to breast cancer risk or survival, a number of sin-
gle nucleotide polymorphisms (SNPs) have been studied in
the ESR1 gene, yet none have previously been investigated in
the EGF gene. As far as we are aware, no attempt to capture
the common genetic variation in the ESR7 gene in its entirety
has yet been published. One group, who genotyped 17 SNPs
in the ESR1 gene, found a decreased risk of breast cancer for
carriers of three common haplotypes in the gene and an

EGF = epidermal growth factor; ESR1 = (o)estrogen receptor 1; HWE = Hardy-Weinberg equilibrium; LD = linkage disequilibrium; MAF = minor
allele frequency; NPl = Nottingham Prognostic Index; PLEM = partition ligation expectation maximisation; SNP = single nucleotide polymorphism;
tagSNP = tagging single nucleotide polymorphism; TNM = tumour, nodes, metastasis.
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increased risk for carriers of one common haplotype [6]. We
genotyped 157 SNPs in ESR1 and 54 SNPs in EGF using a
population-based case-control study, which included 1,590
breast cancer cases and 1,518 controls. We selected haplo-
type-tagging SNPs (tagSNPs) spanning the ESR1 and EGF
genomic regions and assessed their association with breast
cancer risk, the Nottingham Prognostic Index (NPI) and breast
cancer survival.

Patients and methods

Parent breast cancer study

The study base included all Swedish-born women between 50
and 74 years of age and resident in Sweden between October
1993 and March 1995. During this period, all breast cancer
cases were identified at diagnosis through the six regional
cancer registries in Sweden. Controls were randomly selected
from the Swedish Registry of Total Population to match the
cases in 5-year age strata. Of the eligible cases and controls,
3,345 (849%) breast cancer cases and 3,454 (82%) controls
participated in this initial questionnaire-based study.

Present breast cancer study

From the parent study, we randomly selected 1,500 breast
cancer cases and 1,500 age- and frequency-matched con-
trols among the postmenopausal participants without any pre-
vious malignancy (except carcinoma in situ of the cervix or
non-melanoma skin cancer). With the intention of increasing
statistical power in subgroup analyses, we further selected all
remaining breast cancer cases and controls that had used
menopausal hormones (oestrogen alone or any combination of
oestrogen and progestin) for at least 4 years. We also
included all remaining participants with self-reported diabetes
mellitus. In total, we selected 1,801 breast cancer cases and
2,057 controls.

Following informed consent, participants donated whole
blood. For deceased cases and those cases that declined to
donate blood but consented to our use of tissue, we collected
archived paraffin-embedded, non-cancerous tissue samples.
We acquired 70% of the requested tissue samples; the main
reason for non-participation was unwillingness or lack of time
at the respective pathology department to provide the tissue
blocks. In total, we obtained blood samples and archived tis-
sue samples for 1,321 and 275 breast cancer patients,
respectively, and blood samples for 1,524 controls. Popula-
tion-based participation rates (taking into account the propor-
tion that did not participate in the parent questionnaire study)
were 75% and 61% for the cases and controls, respectively.

We extracted DNA from 4 ml of whole blood using the
QlAamp DNA Blood Maxi Kit (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. From non-malig-
nant paraffin-embedded tissues, DNA was extracted using a
standard phenol/chloroform/isoamyl alcohol protocol [7]. We
successfully isolated DNA from 1,318 (blood) and 272 (tis-
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sue) breast cancer patients and 1,518 controls. We randomly
selected 92 out of the 1,618 controls to be used for linkage
disequilibrium characterisation and haplotype reconstruction
of the ESR17 and EGF genes.

This study was approved by the Institutional Review Boards in
Sweden and at the National University of Singapore.

SNP markers and genotyping

We selected SNPs in the ESR1 and EGF genes and their 20
kb flanking sequences from dbSNP (build 124, [8]) and Cel-
era databases, aiming for an initial marker density of at least
one SNP per 5 kb. The Pvull (rs2234693), Xbal (rs9340799),
codon 243 (rs4986934) and codon 325 (rs1801132) vari-
ants were selected from the literature and added to our SNP
selection. SNPs were genotyped using the Sequenom primer
extension-based assay (San Diego, CA, USA) and the Bead-
Array system from lllumina (San Diego, CA, USA) following the
manufacturers' instructions. All genotyping plates included
positive and negative controls, DNA samples were randomly
assigned to the plates, and all genotyping results were gener-
ated and checked by laboratory staff unaware of case-control
status. Only SNPs where more than 85% of the samples gave
a genotype call were analysed further. As quality control, we
genotyped 200 randomly selected SNPs in the 92 control
samples using both the Sequenom system and the BeadArray
system. The genotype concordance was > 99.5%, suggesting
high genotyping accuracy.

Linkage disequilibrium characterisation and tagSNP
selection

We genotyped a dense set of SNPs in the ESR1 and EGF
genes in the 92 controls (Supplementary Tables 1 and 2 in
Additional File 1, respectively). We identified regions of link-
age disequilibrium (LD) and selected tagSNPs. We produced
LD plots of the D' and R? values for ESR1 and EGF (Supple-
mentary Figures 1 and 2 in Additional File 1, respectively)
using the LDheatmap function in the statistical software R [9].
We reconstructed haplotypes using the partition ligation
expectation maximisation (PLEM) algorithm [10] implemented
in the tagSNPs program [11] and selected tagSNPs based on
the R2 coefficient, described previously (equation (1) in [12].
In our case this is the squared correlation between the true
number of haplotypes (defined across all SNPs typed in the 92
controls) and the number of copies of haplotypes predicted as
being carried, based on the tagSNPs. The R? coefficient in
[12] can also be used for measuring association between the
genotypes of all SNPs typed in the 92 controls and the geno-
types predicted on the basis of knowing the tagSNPs only.
We chose tagSNPs so that common SNP genotypes (minor
allele frequency > 0.03) and common haplotypes (frequency >
0.03) were predicted with R2> 0.8 [13]. The well studied Pvull
(rs2234693), Xbal (rs9340799), codon 243 (rs4986934)
and codon 325 (rs1801132) variants were included as tag-
SNPs. In order to evaluate our tagSNPs' performance in



capturing unobserved SNPs within the genes and to assess
whether we needed a denser set of markers, we performed a
SNP-dropping analysis [12,14]. In brief, each of the geno-
typed SNPs was dropped in turn and tagSNPs were selected
from the remaining SNPs so that their haplotypes predicted
the remaining SNPs with an R2 value of 0.85. We then esti-
mated how well the tagSNP haplotypes of the remaining SNPs
predicted the dropped SNP, an evaluation that can provide an
unbiased and accurate estimate of tagSNP performance
[12,14].

There were 19 SNPs upstream of the first tagSNP (TAG1) in
ESR1 (Supplementary Table 1 in Additional File 1). Of the 19,
12 were either not polymorphic or had a minor allele frequency
(MAF) of less than 3%. The remaining seven SNPs in this area
were included in our LD identification and tagSNP selection
analysis. Hence, all polymorphic SNPs with a MAF > 3% far 5'
upstream of ESR1 were captured by our tagSNPs.

Breast tumour characteristics and follow-up

We retrieved information on date and cause of death until 31
December 2003 from the Swedish Causes of Death Registry
and on date of emigration from the Swedish National Popula-
tion Registry. Follow-up time began at date of diagnosis and
ended on 31 December 2003, or at date of death or emigra-
tion, whichever came first.

We collected information on tumour size, lymph node involve-
ment, and grade (tumour differentiation) from medical records
and calculated the Nottingham Prognostic Index (NPI) using
the following formula:

NPl = 0.2 x size [in cm] + 1 x nodal stage [1, 2, or 3] + 1 X
grade [1, 2, or 3] [15]

Nodal stage was defined as 1 if there were no lymph node
metastases, 2 for a total of 1-3 metastatic nodes, and 3 for
more than 3 metastatic nodes. A tumour of high differentiation
was assigned grade 1, a tumour of intermediate differentiation
grade 2, and a low differentiated tumour was assigned grade
3. We categorised the NPl into two groups: < 4 or > 4. Four
is the mean NPI value of the present study. It has also been
shown that breast cancer survival decreases rapidly for NPI
above 4 [15].

Statistical analyses

We applied unconditional logistic regression models for
assessing the association between ESR7 and EGF tagSNPs
and risk of breast cancer (case-control analysis) or the NPI
(case only analysis). Adjusting for age (in 5-year age groups)
did not affect our results. We estimated the hazard ratio of
death due to breast cancer in relation to the genes' tagSNP
using Cox proportional hazards models. The tagSNPs were
included as covariates in the models either one at a time or in
groups of five (codominant main effects only). The latter
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method was used for detection of association with haplotypes.
Although it does not require resolution of gametic phase, tests
based on such models can be powerful within regions of
strong LD [16]. Likelihood ratio tests were used to generate p
values for comparing models with or without covariates. We
made adjustments to our test results to account for multiplicity.
We did so for each outcome (risk, NPI, and survival) sepa-
rately. We used a permutation-based approach that controls
the family-wise error rate (probability of rejecting one or more
true null hypotheses of no association). This is based on the
permutation step-down procedure of Westfall and Young [17]
and takes into account the dependence structure of the poly-
morphisms/hypotheses. We also assessed association
between groups of haplotypes and breast cancer risk using
three approaches (each of which resolve gametic phase). We
used the logistic regression expected haplotype dosage
approach of [11], combining rare haplotypes. Since there is no
biological reason to cluster haplotypes on the basis of their fre-
quency, we also employed a Bayesian association mapping
approach [18] that clusters haplotypes according to their
allelic similarity, and a sliding-window approach described by
Li et al. [19].

To estimate power in the risk component of the study, we used
a method described by Chapman et al. [20], which assumes
co-dominant effects at an unobserved locus. To calculate
power for log-additive effects in the survival component of the
study, we used the Quanto program [21] in a similar manner
as Manolio et al. [22]. Analyses were performed using the sta-
tistical software R or the SAS system (v. 9.1, SAS Institute
Inc., Cary, NC, USA). Because lifestyle and reproductive
breast cancer risk factors are unlikely to cause genetic varia-
tion in the genes, we thus did not adjust for them in the
analyses.

Results
Characteristics of participants

Table 1 shows selected characteristics of the cases and con-
trols included in the parent questionnaire-based study and the
current genetic study. Long-term users of menopausal hor-
mone therapy and women with self-reported diabetes mellitus
were oversampled in the current study. Most other character-
istics were statistically significantly different between cases
and controls and reflected established associations.

More case-related information has been provided in our previ-
ous work [23]. The breast cancer cases that participated in
our study via tissue sample donation were on average 1.5
years older (p = 0.0003) than the cases that donated blood.
The former group was also more likely to have been diagnosed
with TNM (tumour, nodes, metastasis) stage 2 or more
advanced cancers (p < 0.0001). Since no significant differ-
ences in genotype frequencies within TNM stage 1, TNM
stage 2 and TNM stages 3 and 4 were evident between the
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Table 1

Selected characteristics of the cases and controls participating in the present and parent breast cancer study

Present

Parent

Characteristic

No. of cases/controls

Cases/controls No. of cases/controls Cases/controls

Age (years) 1,590/1,518
Age at menopause (years) 1,580/1,505
Recent BMI (kg/m?2)a 1,581/1,497
Age at first birth (years) 1,352/1,370
Parity 1,590/1,518
Duration of menopausal hormone use (years)

0 1,058/1,086
<4 206/190
>4 311b/217b
Self-reported diabetes mellitus (yes/no) 1,588/1,402
Family history (yes/no)c 1,551/1,380
High NPI (< 4/> 4) 975/-

Mean: Mean:
63.4/63.1 2,817/3,111 63.4/64.3
50.4/50.0 2,802/3,093 50.4/50.0
25.8/25.5 2,802/3,065 25.8/25.5
25.4/24.7 2,373/2,753 25.3/24.6
1.8/2.2 2,817/3,110 1.8/2.1
Percentage: Percentage:
67.2/72.7 1,978/2,467 71.4/80.8
13.1/12.7 405/330 14.6/10.8
19.80/14.5b 389/256 14.0/8.4
9.00/7.8 2,810/2,652 6/6.1
16.1/9.3 2,744/2,607 16.0/9.2
55.7/- /-

BMI, body mass index; NPI, Nottingham Prognostic Index. 2 At 1 year prior to diagnosis. b Long-term users of menopausal hormones and women
with diabetes mellitus were oversampled. ¢ Family history is defined as having at least one first degree relative with breast cancer.

two groups of cases, this difference is unlikely to be a cause
for concern.

Genotyping, LD pattern and coverage

The genotyping results and SNP coverage in the ESR7 and
EGF genes are summarised in Table 2. A dense set of SNPs
in the ESR17 and EGF genes were genotyped in 92 randomly
selected controls (Supplementary Table 1 (ESR7) and Sup-
plementary Table 2 (EGF) in Additional File 1), and only the
SNPs that were in Hardy-Weinberg equilibrium (p >0.01) and
that were at least 3% in minor allele frequency among the 92
controls were included in LD analysis and tagSNP selection
(Table 2). LD plots created from the SNPs included in our
study are shown in Supplementary Figures 1 (ESR7) and 2
(EGF) in Additional File 1. Using the SNP dropping method
[14], we found that the tagSNPs selected from the included
SNPs could efficiently capture non-genotyped SNPs in the
genes (Table 2).

Association analyses

We selected 52 tagSNPs in ESR1 and 15 tagSNPs in EGF
that could predict the included SNPs and their haplotypes
with an R2 of at least 0.8. The tagSNPs were genotyped in all
cases and controls (Supplementary Table 3 in Additional File
1), but seven tagSNPs in ESR1 and one tagSNP in EGF could
not be genotyped in the cases that participated via tissue sam-
ple donation.
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ESR1

For each outcome (breast cancer risk, NPl and breast cancer
survival), we first tested the association of each tagSNP and
then performed a haplotype analysis using a logistic regres-
sion sliding-window approach where five adjacent tagSNPs
were analysed together (without resolution of gametic phase).
The results are summarised in Figure 1 and Supplementary
Table 4 in Additional File 1. Analysis of the 52 tagSNPs in
ESR1 (including the Pvull, Xbal, codon 243 and codon 325
SNPs) did not reveal any association with breast cancer risk,
NPl or breast cancer survival whose statistical significance
withstood multiple testing correction. The strongest signal of
association with breast cancer risk was obtained by the win-
dow analysis including TAGs 26-30 (p = 0.001 and p =
0.086, before and after correction for multiple testing). Within
the region, there were seven common haplotypes that
accounted for 929% of the chromosomes. Including the
expected dosages of common haplotypes and the rare haplo-
types (combined into a single variable) as covariates in a logis-
tic regression model with the most common haplotype as
reference, gave a global p (likelihood ratio test) of 0.0493 in
relation to breast cancer risk (Table 3).

We also explored a sliding-window analysis of haplotypes
using a variable window size. Three haplotypes within the
region from tagSNP 18 to tagSNP 27 were implicated, show-
ing frequency differences between cases and controls (Table
4). The significance of the frequency differences was, how-
ever, not clear, given the large number of haplotypes being
searched in both fixed- and variable-sized sliding-window anal-



Table 2
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Summary statistics on genotyping results and SNP coverage in ESR7 and EGF for 92 Swedish controls

Summary statistics ESR1 EGF
Number of successfully genotyped SNPs 2282 104b
Number of polymorphic SNPs 184 66
Number of common SNPs¢ 165 55
Number of SNPs deviating from HWEd 8 1
Number of SNPs included in study 157 54
Gene size (kb) 295.7 99.4
Sequence coverage of included SNPs (kb) 335.1 1455
Mean spacing between included SNPs (kb) 2.1 2.7
Median spacing between included SNPs (kb) 1.8 2.3
Number of tagSNPs selected 52 15
Average tagSNP prediction of common SNPs included in study (R2)° 0.998 0.987
Coverage evaluation®

Average prediction of dropped SNPs (R?) 0.997 0.948
Percentage of R2values > 0.7 100 96.3

HWE, Hardy-Weinberg equilibrium; SNP, single nucleotide polymorphism. 2 See Supplementary Table 1. b See Supplementary Table 2. ¢
Common was defined as minor allele frequency > 0.03. d p < 0.01. ¢ SNP dropping method by Weale et al. [14].

yses. We also used a Bayesian haplotype clustering method
[18], with a fixed window size of six tagSNPs. Interestingly, the
posterior distribution for the position of a possible disease
mutation coincided with the region suggested by both fixed-
and variable-sized haplotype analyses (Supplementary Figure
3 in Additional File 1).

Also, an analysis within groups of diabetes mellitus, menopau-
sal hormone use or family history furthermore did not reveal
any significant evidence for any tagSNP to be associated with
breast cancer risk (data not shown).

EGF

None of the tagSNPs in EGF showed association with breast
cancer risk, NPI, or breast cancer survival that withstood mul-
tiple testing correction (Supplementary Figure 4 in Additional
File 1). This lack of association was supported by the haplo-
type analysis.

Discussion

We had comprehensive SNP coverage of the entire ESR1 and
EGF genes and were thus able to study if there were any com-
mon variants in the genes that showed an association with
breast cancer risk, NPl or breast cancer survival. No associa-
tion was found between common variants in ESR7 and NPl or
breast cancer survival by single tagSNP analysis. A region

between TAG26 (rs3003925) and TAG30 (rs2144025) in
the ESR1 gene showed a signal for association with breast
cancer risk in the multi-locus analysis of five adjacent tag-
SNPs, but the result did not withstand multiple testing correc-
tion. Interestingly, the suggestive evidence from further
haplotype analyses converge to this region, but its significance
needs to be determined by follow-up analysis. None of the
genotyped SNPs within this region were located in exons (all
were in the middle of intron 4-5) and are thus unlikely to affect
ESR1 protein structure. It is still a possibility however that the
SNPs themselves, or one or more SNPs in LD with any of the
SNPs, may effect the regulation of ESR1 protein expression.
In fact, it has been shown that ESR1 protein overexpression is
common in breast cancer [24]. Common variants within the
EGF gene did not appear to affect the risk of developing
breast cancer, developing a tumour with high NPI, or dying
from the disease.

Our study was a well designed, population-based case-con-
trol study. Case ascertainment and case survival status were
established using the nationwide, high-quality Cancer Registry
and Causes of Death Registry in Sweden. Exposure status of
the participants was determined using genotyping methods
with low error rates from which all results underwent detailed
quality control. We sought to obtain tissue samples from the
deceased cases and those cases that had declined donation
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Figure 1
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Association of 52 tagging single nucleotide polymorphisms (tagSNPs) in ESR1 with breast cancer risk, Nottingham Prognostic Index (NPI) and
breast cancer survival. Left column: breast cancer risk. Middle column: NPI (case-only analysis). Right column: breast cancer survival. Squares and
horizontal lines represent odds and hazard (survival analysis) ratios (change in risk with each addition of the rare allele) and their confidence intervals.
Sizes of the squares reflect the minor allele frequencies. NPl was categorised into < 4 or > 4.

of a blood sample, and were able to obtain the majority of the
samples requested. The relative minor lack of tissue accessi-
bility is unlikely to be related to our exposure, ESR1 or EGF
genetic variation, as it depended on the inability of the respec-
tive pathology department to retrieve the samples. The tissue
sample availability was therefore random and could not have
lead to selection bias. The main concern is that the non-partic-
ipation of a small number of deceased cases might have
reduced the power of our study, especially for the survival
analysis. Furthermore, a problem might have arisen since we
were not able to genotype seven tagSNPs in ESR7 and one
tagSNP in EGF in the tissue samples. If these eight tagSNPs
were in fact associated with severe disease, the association
with risk of breast cancer death might have been biased
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towards null in our study since we did not genotype all the
severe cases. The fact that the results were not different when
we restricted our analyses to the most severe cases among
those who donated blood samples indicates that the eight tag-
SNPs were unlikely to be associated with severe disease.

In the selection stage of our study, we oversampled cases and
controls that were long-term users of menopausal hormones
and those that had self-reported diabetes mellitus. In the case
of an association between the tagSNPs under study and men-
opausal hormone use or diabetes mellitus, this oversampling
might have caused us to detect an artificial association
between the tagSNPs and breast cancer risk. We therefore
assessed if the tagSNPs were associated with menopausal



Table 3
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Association between haplotypes reconstructed from ESR7 TAGs 26-30 and breast cancer risk

Haplotype proportions

TAGs 26-30 Haplotypes Cases (n=1,5799) Controls (n=1,5143) OR (95% CI)
Haplotype 1 ACAAC 0.57 0.56 1.00 (Reference)
Haplotype 2 GTGGT 0.09 0.10 0.91 (0.76-1.09)
Haplotype 3 ACAGC 0.06 0.06 1.05 (0.84-1.31)
Haplotype 4 ATGGT 0.06 0.06 0.89 (0.70-1.13)
Haplotype 5 ATGGC 0.06 0.05 1.05 (0.82-1.35)
Haplotype 6 GTGGC 0.05 0.03 1.46 (1.08-1.98)
Haplotype 7 GTAAC 0.03 0.04 0.72 (0.55-0.96)
Rareb 0.08 0.08 0.94 (0.76-1.15)

Gilobal p valuec

0.0493

Cl, confidence interval; SNP, single nucleotide polymorphism. @ Information on at least one of the five tagSNPs.  Total of 18 rare haplotypes
combined. Each haplotype has frequency below 3% among the controls. ¢ Likelihood ratio test.

hormone use or diabetes mellitus. We found no connection
between the factors and conclude that the oversampling is
unlikely to have posed a problem in our study.

Most previous publications regarding the ESR7 gene and
breast cancer risk have included only a few polymorphisms in
the gene. One study, however, genotyped 17 common SNPs
in the ESR1 gene and found three haplotypes to decrease
breast cancer risk and one haplotype that increased the risk
[6]. None of the haplotypes carried SNPs that were located in
the region in ESR1 we found to be associated with breast can-
cer risk. Two of the haplotypes that showed a protective effect
against breast cancer risk (H4 and H6) carried our TAG21
(rs1801132, codon 325) [6]. We were not able to confirm this
association using a window or a haplotype analysis.

The Pvull (TAGS, rs2234693), Xbal (TAG7, rs9340799),
codon 243 (TAG14, rs4986934) and codon 325 (TAG21,
rs1801132) variants are among the most commonly studied
polymorphisms in the ESR7 gene. The first two have been
suggested in a couple of studies to decrease the risk of
endometrial cancer [25,26] and Pvull might affect breast can-
cer survival depending on oestrogen receptor status of the

Table 4

tumour [27], but no consistent effect over studies has been
shown for the four variants with regard to breast cancer risk
[19,28-37]. We found no association between these SNPs
and overall breast cancer risk, NPI or breast cancer survival.

Conclusion

We analysed common genetic variation in the ESR1 and EGF
genes in relation to breast cancer risk, tumour characteristics
and breast cancer survival using a comprehensive haplotype
tagging analysis. To our knowledge, this is the first systematic
association study of these two genes for breast cancer sus-
ceptibility and prognosis. We located a region in ESR1 which
showed a moderate signal for association with breast cancer
risk, but were unable to link common variation in the EGF gene
with breast cancer aetiology or prognosis.
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Abstract

There is a growing body of literature focused on
endogenous hormone exposures during pregnancy and
subsequent cancer risk for both mother and offspring.
Examples of these studies include those focused on the
biological mechanism for the association of preeclamp-
sia with reduced risk of breast cancer for mother and
female offspring or studies that have examined
hormone concentrations during pregnancy between
different ethnic groups who vary in their rates of
breast cancer incidence. Although these studies seem
relatively straightforward in conception and analysis,
measurement of the concentration of hormones and
other biomarkers in pregnant subjects is influenced by
plasma volume expansion (PVE). During pregnancy,
the maternal plasma volume expands 45% on average
to provide for the greater circulatory needs of the
maternal organs. Consequently, serum protein and
hormone concentrations are greatly altered when
comparing the pregnant with nonpregnant state.

Assessing PVE also is complicated by the vast
individual variation in PVE, ranging from minimal to
a 2-fold increase. We propose that PVE needs to be
evaluated when comparing biomarker concentrations
during pregnancy in two populations that may differ
with respect to PVE. Small body size is associated with
lower PVE compared with higher body size. Therefore,
we hypothesize that variation in PVE will influence
the interpretation of differences in biomarker concen-
trations across population groups with respect to the
etiologic significance of the biomarker to the disease
under study (e.g., breast cancer). It is possible that
some observations may be due only to differences in
dilution between the two groups. We present PVE as a
topic for consideration in population-based studies,
examples of the types of studies where PVE may be
relevant, and our own analysis of one such study in the
text below. (Cancer Epidemiol Biomarkers Prev
2007;16(9):1720-3)

Introduction to Plasma Volume Expansion in
Pregnancy

During pregnancy, maternal plasma volume increases to
meet the greater circulatory needs of the placenta and
maternal organs (e.g., uterus, breasts, skin, and kidneys),
with an average increase of ~45% (1-5). There are vast
differences among women, however, from a minimal
change to a doubling in plasma volume (1, 6, 7). Several
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factors can influence plasma volume expansion (PVE)
including maternal pre-pregnancy body mass index
(BMI; ref. 8). In studies that have examined ethnic
differences in PVE, populations that are on average
shorter and weigh less exhibit less absolute change in
plasma volume (9-11). This was well documented in a
report comparing plasma volumes between Indians and
Europeans (10). Furthermore, of studies examining PVE
across different ethnicities, all show wvast individual
variation in PVE as well (9-11). Much of the variation is
unexplained, although it is known that PVE is positively
associated with parity (12), multiple births (13-15), higher
birth weight (16, 17), and increased maternal pre-
pregnancy BMI (8) and inversely associated with
conditions of decreased fetal growth (e.g., intrauterine
growth restriction) and compromised placental develop-
ment (e.g., preeclampsia; refs. 1, 2, 18-20).

In clinical practice, PVE or hemodilution’ is addressed
by modifying the criteria for diagnostic biomarkers. For
example, the cut-point for anemia or iron deficiency,
which is defined by hemoglobin <12.0 g/dL in the
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nonpregnant state, is changed to <11.0 g/dL in the first
and third trimesters and <10.5 g/dL in the second
trimester. This corresponds to the increase in plasma
volume starting at 6 to 10 weeks of gestation that rises
sharply through the second trimester, before beginning
to plateau at 32 weeks (1).

PVE and Population Studies

Highlighting diagnosis of anemia in clinical practice
shows that PVE can have significant effects on biomarker
concentrations. The implications of interindividual and
between-group variability in PVE, however, have gener-
ally not been addressed in large population-based
research studies involving pregnant subjects. In etiologic
studies, this variability could introduce bias in the form
of confounding if it were related to both the factor under
study (e.g., preeclampsia) and the biomarker. Thus,
accounting for PVE would be essential for a study
focused on elucidating biomarkers involved in the causal
pathway of a disease. For example, in preeclampsia,
there is less PVE than in uncomplicated pregnancies
(1, 2, 19). High concentrations of a biomarker such as
sex hormone binding globulin (21) or soluble fms-like
tyrosine kinase (1, 22, 23) among preeclamptic women
compared with women who have uncomplicated preg-
nancies may reflect an etiologically relevant difference
and/or the lower hemodilution in preeclampsia. We
hypothesize that variation in PVE will affect the
interpretation of differences in biomarker concentrations
between individuals or population groups, especially
with respect to etiologic significance, and that evaluation
of PVE should be considered in population studies
involving pregnant women.

Other examples in which individual variation in PVE
may affect interpretation include when biomarkers are
used to measure the success of nutritional intervention
during pregnancy (24). In some areas of Asia, it is not
uncommon for pregnant women to be deficient in
multiple micronutrients (24, 25). To address this issue,
one study among rural pregnant women in Nepal
evaluated the effects of micronutrient supplementation
on serum retinol, folate, riboflavin, and 25-hydroxyvita-
min D concentrations (26). Assuming this population has
wide variation in individual PVE, as has been shown in
other populations, PVE may affect the perceived success
of this intervention in individual women. Furthermore,
variability in nutritional status and hydration across
individuals could influence the apparent concentrations
of nutrients of interest in this study via effects on PVE.

Measurement of PVE, Biomarker Concentrations,
and Relation to Outcomes

PVE also may be an important factor in studies focused
on understanding what biological features mediate
associations of pregnancy characteristics with subse-
quent development of chronic disease in either the
mother or offspring. For example, preeclampsia is
associated with decreased breast cancer risk for both
the mother and female offspring (27). Population-based
studies of circulating biomarkers in preeclamptic and
normotensive pregnancies have been conducted to
elucidate possible biological mechanisms. Serum andro-

gen concentrations at delivery are observed to be higher
in preeclamptic women than in those with normal
pregnancies (28). Progesterone concentrations also seem
higher in maternal serum during the 27th week of
pregnancy when comparing preeclamptic with normal
pregnancies (29). Could the lower PVE that preeclamptic
women experience relative to normotensive women
explain their apparently higher concentration of serum
hormones? And if so, are differences due to PVE of
etiologic importance if the target tissues are exposed to
the same total amount of the hormones?

Direct methods of measuring plasma volume are
labor intensive and not easily adapted to large studies.
Methods to approximate plasma volume involve labeling
of albumin, with Evan’s blue dye being the most com-
mon technique (11, 30). This method requires sampling
plasma after injecting the patient with Evan’s blue dye
and allowing time (a minimum of 10 min) for sufficient
mixing of the dye with plasma. The decay of Evan’s blue
dye is measured by the absorbance at 610 nm and plasma
volume in milliliters per kilogram can be calculated from
the absorbance measurement (30). In addition to patient
monitoring during the dye injection and sample collec-
tion, it also is recommended that the patient observe a
30-min rest period before injection and that women in
late pregnancy lay on their sides during injection to pro-
mote mixing of the dye (11, 30). Measuring Evan’s blue
dye at one point in time can approximate a measurement
of plasma volume; however, to measure the increase in
plasma volume, an individual would need to have the
Evan’s blue dye measurement completed more than once
during pregnancy. These measurements across time points
would then be used to determine the amount of PVE for
the individual. This technique involves significant patient
burden and is not practical for large studies.

In population-based studies, accounting for PVE in the
data analysis by adjustment for factors highly predictive
of PVE is more feasible. We reanalyzed data from a
published study comparing maternal hormone concen-
trations in women from Boston and Shanghai (31) to
determine if adjusting for correlates of PVE would affect
the observed differences in estradiol concentrations. The
women for this study were recruited from urban clinics
affiliated with Beth Israel Hospital in Boston and three
urban and one rural clinic in China affiliated with
Shanghai Medical University. The women were all under
the age of 40 years and were either Caucasian in Boston
or Chinese in Shanghai. The purpose of the published
study was to explore the hypothesis that fetal exposures,
such as high in utero hormone concentrations, may be
associated with the development of breast cancer in the
offspring, using two populations with different disease
incidence (31). Two serum samples, collected at 16 and 27
weeks of gestation, were used to evaluate estradiol,
estriol, prolactin, progesterone, growth hormone, albu-
min, and sex hormone binding globulin. Given that
women in Shanghai have approximately one fifth the
incidence of breast cancer of women in Boston (32), it
was hypothesized that the women from Shanghai would
have lower hormone concentrations. In contrast, for
every compound measured, the women from Shanghai
had significantly higher concentrations with the excep-
tion of progesterone at 27 weeks. The results from this
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Table 1. Percentage difference in maternal estradiol at 16 wks of gestation comparing Chinese with U.S.
concentrations by strata of pre-pregnancy BMI, uniparous subjects only

Adjusted for:

With further adjustment for:

Pre-pregnancy BMI ~ Boston (n) Shanghai ()  Maternal age, = Albumin  Albumin,  Albumin, Albumin, Albumin,
(kg/m?) gestational age pre-weight height pre-BMI  birth weight
<19.1 21 84 37.3* 39.5% 38.2* 35.2% 40.5* 40.8*
19.1-20.5 30 68 24.5* 31.0% 19.8 20.5 30.8* 31.0%
20.6-22.2 34 46 12.6 16.4 15.9 16.6 16.7 14.7
22.3+ 36 22 34.8% 35.6* 34.3* 37.7% 34.3* 35.8%
All subjects 121 200 26.7* 30.5* 27.7* 29.0* 29.4* 30.6*

NOTE: Adjusted for maternal age, pre-pregnancy weight, pre-pregnancy BMI, height, and albumin measured at week 16, and offspring birthweight and

gestational age.
*P < 0.05.

study were unexpected as Chinese women are known to
have lower circulating estradiol concentrations than
Caucasian women in the nonpregnant state (33-35).

We hypothesized that differences in PVE between the
Chinese and U.S. populations could explain the higher
estradiol concentrations observed among the Chinese.
Asian women have lower values for several correlates of
PVE, such as height, weight, and infant birth weight,
when compared with Caucasian women (31, 36, 37). To
assess whether the higher hormone concentrations
present in Asian women were a result of less PVE
compared with Caucasian women, we analyzed the data
set from Lipworth et al. (31) adjusting for or stratifying
on correlates of PVE. The analysis was restricted to
uniparous (i.e., first pregnancy) women because parity is
known to affect PVE (11). Regression analysis with log-
transformed estradiol as the dependent variable and
with adjustment for maternal age, pre-pregnancy weight,
height, pre-pregnancy BMI, birth weight, and albumin
concentration allowed calculation of percentage differ-
ence in estradiol concentrations between the Shanghai
and Boston populations for subjects with complete data
on covariates (131 subjects for Boston and 220 in
Shanghai). Similar to results in the original study, among
all uniparous women in our analysis, the estradiol
concentrations in the women from Shanghai were
26.7% higher than the estradiol concentrations in the
women from Boston, at 16 weeks of gestation, after
adjusting for maternal age and gestational week. Table 1
presents the percentage difference among women at 16
weeks of gestation within the same category of pre-
pregnancy BMI to attempt to further account for PVE.
The differences in estradiol concentrations between the
Boston and Shanghai populations were strongest at 16
weeks and adjustment for correlates of PVE, including
maternal pre-pregnancy BMI and birth weight, had no
effect. Results for analyses of estradiol concentrations at
week 16 were similar when all subjects from the
Lipworth study, uniparous and multiparous, were
included in the analyses (data not shown).

Conclusions and Comments for Future Analysis
of PVE

Our reanalysis of the estradiol data shows that the
difference in estradiol concentrations between the Boston
and Shanghai populations cannot be explained by
adjusting for currently accepted correlates of PVE.

Therefore, we have two possible conclusions. The differ-
ence in estradiol concentrations between these two
populations may be real and due to factors other than
differences in PVE. Alternatively, it is possible that pre-
pregnancy BMI may not be a sufficient marker of PVE. In
nonpregnant women, it may be possible to adjust for
differences in plasma volume by including BMI in the
model, as BMI is highly correlated with plasma volume in
healthy, nonpregnant individuals (8). Whereas pre-preg-
nancy BMI is currently an accepted correlate for PVE,
other factors (e.g., physiologic processes related to
adaptation to pregnancy and size of fetus) besides
maternal size can affect PVE, thus suggesting that pre-
pregnancy BMI may not be the most adequate correlate of
PVE, although it may be the best one in use at this time.

Although reanalysis of the data from the study by
Lipworth et al. did not support our hypothesis that pre-
pregnancy BMI would be a sufficient predictor to
account for PVE, it may be worth considering this type
of analysis in other studies with larger numbers or
among different ethnicities. In addition, to fully account
for any effects of PVE, it may be that new proxies or
methods to evaluate PVE need to be developed for
practical use in large studies. While new proxies or
methods are being explored, other avenues to measure
hormone exposure during pregnancy could be used to
circumvent the issue of PVE. For example, studies
focused on in utero hormone exposure and subsequent
disease risk in the offspring could also examine cord
blood samples for the measurement of hormones or other
biomarkers (38). These samples would be insulated
from variations in dilution present in the maternal
circulation and may be more relevant to fetal exposure
than conclusions based on maternal serum. In addition to
cord blood, saliva or urine may also provide a source for
hormone measurements that may be less influenced
by PVE. Future studies with samples to measure the
correlation of maternal serum hormone concentrations to
concentrations in cord blood, urine and saliva would be
helpful to determine if the magnitude increase in
hormone concentrations seen in serum is reflected in
the alternative method. It would also be necessary to
evaluate whether the alternative method may also be
influenced by PVE. Another approach would be to
evaluate changes in a biomarker over the course of a
pregnancy, perhaps elucidating different patterns in
those that develop a pregnancy condition from those
who remain normal.
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In conclusion, given the vast individual and group
differences in PVE, its implications for the interpretation
of results from biomarkers studies should be considered.
We hope this commentary begins a dialogue about the
implications of PVE and its evaluation for the types of
studies outlined above. Further evaluation of PVE is
necessary to determine its potential effect on the
interpretation of observed results with regard to etiology
and the degree to which it needs to be addressed in study
design and/or analysis.
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Correlation of umbilical cord blood haematopoietic stem and
progenitor cell levels with birth weight: implications for a prenatal

iInfluence on cancer risk
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We examined the relation with birth weight and umbilical cord blood concentrations of haematopoietic stem and progenitor
populations in 288 singleton infants. Across the whole range of birth weight, there was a positive relation between birth weight and
CD34"CD38" cells, with each 500 ¢ increase in birth weight being associated with a 15.5% higher (95% confidence interval: 1.6—
31.3%) cell concentration. CD34* and CD34 " c-kit* cells had J-shaped relations and CFU-GM cells had a U-shaped relation with
birth weight. Among newborns with >3000g birth weights, concentrations of these cells increased with birth weight, while those
below 3000 g had higher stem cell concentrations than the reference category of 3000—3499 g. Adjustment for cord blood plasma
insulin-like growth factor-1 levels weakened the stem and progenitor cell-birth weight associations. The positive associations
between birth weight and stem cell measurements for term newbomns with a normal-to-high birth weight support the stem cell

burden hypothesis of cancer risk.
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The in utero environment and perinatal factors may influence
cancer risk of the offspring later in life (Trichopoulos, 1990). One
parameter that reflects in utero/perinatal influences, that is birth
weight, has been positively correlated with subsequent risk of
childhood cancer (Schiiz and Forman, 2007) and, in adults, breast
(Michels and Xue, 2006), prostate (Eriksson et al, 2007) and
colorectal cancers (Nilsen et al, 2005) and, indeed, overall cancer
risk (Ahlgren et al, 2007). Mechanistically, a ‘stem cell burden’
theory (Adami et al, 1995) has been proposed to account for the
positive relationship between birth weight and the risk of certain
cancers, especially that of the breast. By this hypothesis, the levels
of in utero/perinatal mitogens and other factors determine the size
of the stem cell pools in the developing fetus; elevated tissue stem
cell numbers drive the formation of larger organs and hence might
be associated with larger birth weights. The greater the stem cell
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pool size, however, the greater the chance that one of the stem cells
will be mutated by a carcinogen, or undergo a DNA replicative
error, initiating oncogenic transformation. Hence, individuals with
high birth weights might be at greater lifetime cancer risk
(Trichopoulos et al, 2005).

The stem cell burden theory predicts (1) that the in utero levels
of particular mitogens should correlate positively with stem cell
population levels and (2) that the stem cell levels should correlate
positively with birth weight. In a previous study, we demonstrated
that the umbilical cord blood concentrations of various haemato-
poietic stem and progenitor populations correlated with cord
blood plasma levels of particular mitogens, especially insulin-like
growth factor-1 (IGF-1) (Savarese et al, 2007). Here, we determine
whether or not these measurable haematopoietic stem cell/
progenitor values, serving as surrogates of overall stem cell
potential, are positively associated with birth weight.

MATERIALS AND METHODS

The umbilical cord blood study protocol was approved by the
institutional review boards of the American Red Cross, the
University of Massachusetts Medical School, the University of
Massachusetts/Memorial Health Care System, St. Vincent’s


http://dx.doi.org/10.1038/sj.bjc.6604183
http://www.bjcancer.com
mailto:chung.hsieh@umassmed.edu
http://www.bjcancer.com

Birth weight and stem cells
WC Strohsnitter et al @

661

Hospital and Tufts-New England Medical Center (T-NEMC).
Consenting study subjects were recruited from one of two sources:
(1) participants in the Worcester, MA-based American Red Cross
cord blood program (ACBP), in which a haematopoietic stem cells
from umbilical cord blood were collected for possible transplanta-
tion, from August 2002 to June 2003, and (2) pregnant women
delivering at T-NEMC from October 2004 to April 2006. All the
cord blood samples were from full-term (gestational age >37
weeks) singleton infants. The processing of samples, which
includes the determination of cord blood volumes, the determina-
tion of initial levels of total nucleated cells (TNC) and mono-
nuclear cells (MNC) before centrifugations or manipulation, the
quantitation of haematopoietic stem/progenitor cell populations
and the determination of cord blood plasma hormone levels, have
been described (Savarese et al, 2007). The haematopoietic stem
and progenitor populations that were quantitated (1) CD34 " cells,
a heterogeneous population of early multipotent stem and
progenitor cells, committed progenitors and differentiating cells
(Xiao and Dooley, 2000); (2) CD34 " CD38™ cells, which represent
more primitive stem cells depleted of lineage-committed pre-
cursors (Xiao and Dooley, 2000); (3) CD34 " c-kit™ cells, which
also represent a more primitive stem cell population that has
relatively high cloning efficiencies in semisolid culture (Sharkey
et al, 1994; Mayani and Lansdorp, 1998); and (4) granulocyte-
macrophage colony forming units (CFU-GM), a functional
measure of the number of proliferative granulocyte/macrophage-
committed haematopoietic precursor cells (Abboud et al, 1992;
Hoffbrand et al, 2001).

Birth weight was first studied as a categorical variable (<3000,
3000-3499, 3500-3999 and >4000g). Geometric means for the
stem cell measurements were estimated within the indicated
categories of birth weight. Multivariate linear regression was used
to examine the association between natural log-transformed
measures of stem cell potential (dependent variable) and birth
weight (independent variable, using 3000-3499 g as the reference),
adjusting for maternal and neonatal characteristics (mother’s age,
race of parents, number of live births, gestation duration, baby’s
gender, delivery time and study site). To assess whether there was
an underlying linear trend, birth weight was next analyzed as a
continuous variable across the whole range of birth weight values
with the effect estimates expressed for each 500 g increase in birth
weight. The fitted coefficients from the regression analyses were
exponentiated to obtain the estimated proportional change in birth
weight associated with each independent variable. Statistical
significance was set at 0.05 (two-sided). Levels of IGF-1, which
had the strongest association with levels of stem cells among the
hormones and growth factors examined in a previous analysis
(Savarese et al, 2007), were further adjusted to explore its influence on
the association between birth weight and stem cell measurements.

RESULTS

The characteristics of the study subjects are shown in Table 1.
Subjects from the ACBP and T-NEMC patient groups had similar
age and gestation duration. Parental ethnicity was more varied in
the T-NEMC samples, while the ACBP subjects had higher parities,
more male newborns and lower birth weights.

The associations were analysed in multivariate analysis adjust-
ing for maternal age, parental race, parity, gestation duration,
gender, delivery time and study site (Table 2, upper panel). There
was a J-shaped association between birth weight categories and
concentrations of TNC (lymphocytes, monocytes and granulo-
cytes), as well as a J-shaped relation with MNC (lymphocytes and
monocytes), both including more differentiated cells. Among
the stem cell populations, there was a positive association with
CD34"CD38™ cells across the whole range of birth weight
categories, with each 500 g increase being associated with 15.5%
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Table I Characteristics of the study subjects by study site

ACBP (n=39) T-NEMC (n=249)

Characteristics Mean ts.d. or N (%) Meants.d. or N (%)
Mother's age (years) 29.7+5.1 30.1 £56
Parity

| 14 (35.9) 104 (45.0)

2 12 (30.8) 64 (27.7)

3 7 (18.0) 39 (16.9)

4 or more 6 (154) 24 (104)
Race/ethnicity of mother and biological father

Both Caucasian 36 (92.3) [11(52.4)

Both African-American I (26) 19 (9.0)

Both Asian 0 (0.0) 39 (184)

Both Hispanic 0 (0.0) 14 (6.6)

Mixed 2 (5.1) 29 (13.7)
Gestation duration (weeks) 396%14 396%12
Newborn gender

Male 21 (55.3) 113 (50.0)

Female 17 (44.7) 113 (50.0)
Birth weight (g) 3313.1 £4506 34164+4282

<3000 I'1(282) 40 (16.1)

3000-3499 15 (385) 110 (44.2)

3500-3999 I'1(282) 77 (30.9)

>4000 2 (5.1 22 (8.8)

Abbreviations: ACBP = American Red Cross Cord Blood Program; T-NEMC =
Tufts-New England Medical Center. Data on some variables were unavailable for
subjects with missing values.

higher levels of this cell population (95% confidence interval: 1.6,
31.3%). A J-shaped relation was observed for the CD34" and
CD34 " c-kit™ cells: for birth weights of 3000 g or greater, stem cell
concentrations increased with birth weight, while the lowest
category of <3000 g had higher levels than the category of 3000 -
3499g. For CFU-GM, an approximate U-shaped relation was
observed, with the lowest birth weight category having the highest
levels of this cell population (Table 2, upper panel).

Adjusting for cord blood plasma levels of IGF-1 in the
multivariate analysis weakens the association (Table 2, lower
panel). The association with CD34 " CD38~ remained positive but
was no longer statistically significant: each 500 g increase in birth
weight was associated with a 7.9% increase in this cell sub-
population (95% confidence interval: —6.2, 24.0%). The lowest
weight category continued to have the highest CFU-GM cells after
adjusting for IGF-1 levels.

We conducted further analyses adjusting for other hormones
and in samples from different ethnic groups. Adjusting for estriol
or insulin-like growth factor binding protein-3, which had
statistically significant but weaker associations with cord blood
levels of stem cells (Savarese et al, 2007), in place of IGF-1, had
much less effect on the association with birth weight (data not
shown). A linear relation between stem cell measurements and
birth weight was observed for newborns whose parents were
Caucasian, but did not have a consistent shape among samples in
the mixed non-Caucasian group (Table 3).

DISCUSSION

The stem cell burden hypothesis has been invoked as an
explanation for the positive link between birth weight and risk
for both childhood and adult cancers (Adami et al, 1995). This
hypothesis proposes that in utero environments that promote
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Table 2 Multiple linear regression analysis for the association between measurements of haematopoietic stem cell populations and birth weight

Birth weight (g) in categories

Birth weight per

500g
3000-3499
<3000 % Reference 3500-3999 % >4000 %

Cell Difference (geometric Difference Difference % Difference
Analytic model measurements (95% CI) mean?®) (95% CI) (95% CI) (95% CI)
Adjusted for core TNC 2.1 (=85, 14.0) 0.0 (15.00) 78 (=17, 1823) 84 (—8.1,27.8) 0 (-25,89)
covariates” MNC _ 57 (—64,19.3) 0.0 (691) 6.5 (=39, 18.0) 12.5 (6.2, 349) 1 (=39, 84)

CD34" . 24 (—192,29.7) 0.0 (7.04) 125 (=8.1,37.7) 20.8 (—155, 72.8) 9.5 (=26,232)

CD34°CD38; — 1.1 (=236, 28.1) 00 (3.11) 19.1 (=43, 48.1) 47.9 (0.4, 117.8) 15.5 (1.6, 31.3)

CD34" c-kit" 13.7 (—14.0, 504) 0.0 (5.80) 18.9 (=55, 49.6) 342 (—104, 101.1) 10.0 (=40, 26.1)

CFU-GM® 37.0 (2.1, 83.8) 0.0 (4.04) 29.0 (=0.1, 66.6) 314 (=162, 106.1) 6.1 (-84, 23.0)
Adjusted for core TNC 0.6 (=100, 12.5) 0.0 (15.00) 9.7 (—04, 20.8) 12.3 (=55, 334) 45 (—=1.5 11.0)
covariates and IGF-I ~ MNC . 40 (=80, 177) 0.0 (691) 8.5 (=25, 20.6) 16.8 (=35, 41.4) 37 (=29, 10.8)

CD34" 1.0 (=123, 40.6) 0.0 (7.04) 25 (—165,25.8) —0.3 (—=31.0, 44.0) 06 (—11.4,142)

CD34" CD38’ 52 (=190, 36.6) 0.0 (3.11) 109 (—115, 38.8) 27.6 (—14.7,909) 9 (—6.2,24.0)

CD34" c-kit" 228 (=69, 62.1) 0.0 (5.80) 70 (=153, 352) 10.5 (=269, 66.9) 7 (=129, 164)

CFU-GM® 45.6 (8.6, 95.1) 0.0 (4.04) 155 (=116, 509) 1.5 (=29.8,77.1) —I7(—I62 15.3)

"Unadjusted geometric means. TNC, initial total nucleated cells x 10° per ml; MNC, initial mononuclear cells x 10° per ml; the unit for the stem cell populations (CD34",
CD34"CD387, CD34 c-kit", and CFU-GM) was per 1000 MNC. "Core covariates included mother's age, race of parents (both Caucasian or not), parity, gestation duration,
gender of baby (male or female), delivery time (night or day) and study site (ACBP or T-NEMC). “n = 233 with complete information on all the covariates. “Determined only in
the T-NEMC-derived samples. “Data from the T-NEMC-derived samples on which this assay was conducted. Statistical significance of P<0.05 are given in bold.

Table 3  Ethnic-specific, core covariate-adjusted® multiple linear regression analysis for the association between measurements of haematopoietic stem cell

populations and birth weight

Birth weight (g) in categories

Birth weight per

500g
3000-3499
<3000 % Reference 3500-3999 % >4000 %

Stem cell Difference (geometric Difference Difference % Difference
Ethnicity measurements (95% CI) mean”) (95% CI) (95% CI) (95% CI)
Both parents CD34" —139 (=372, 180) OO (7.73) 3 (—152,383) 375 (=112, 113.0) 16.6 (0.9, 34.7)
Caucasian CD34°CD38~ —18.0 (—430, 17.9) (34I) \43 (—13.7,51.4) 80.5 (9.1, 198.7) 23.8 (4.7, 46.4)

CD34 " c-kit" —11.5 (—408, 32.3) 0 (6.44) 184 (—11.0, 57.5) 634 (—1.0, 169.5) 22.9 (3.6, 45.8)

CFU-GM 19.3 (=259, 92.8) OO (4.01) 369 (=34, 94.1) 40.0 (=253, 162.5) 19.7 (=33,482)
Either parent non- CD34" 284(—12.1, 87.6) 0 (6.47) 19.9 (—16.6, 72.3) —0.6 (—46.6, 85.3) 05 (—18.1,235)
Caucasian CD34"CD38~ 232 (—162,81.2) OO (2.84) 282 (—108, 84.4) 135 (=39.1, I'11.7) 63 (—138,31.0)

CD34 " c-kit" 42.1 (—6.2, 1155) 5.39) 222 (=172, 804) 9.2 (=439, 112.6) —04 (—204, 24.7)

CFU-GM 68.4 (14.0, 148.6) OO (4.08) 21.0 (—18.1,78.6) 243 (=375, 147.1) —73 (=260, 16.1)

*Core covariates included mother's age, parity, gestation duration, gender of baby (male or female), delivery time (night or day) and study site (ACBP or T-NEMC). ®Unadjusted
geometric means. The unit for the stem cell measurements was per 1000 MNC. Statistical significance of P<0.05 are given in bold.

expansion of stem cell pools result in infants with high birth
weights; the larger the stem cell pool, the greater the risk that one
of these stem cells will undergo malignant transformation. In
support of the first tenet of this hypothesis, we have demonstrated
that the concentrations of stem and progenitor cell populations in
umbilical cord blood, serving as surrogates for overall stem cell
potential, correlate with cord blood plasma levels of certain
mitogens, notably IGF-1 (Savarese et al, 2007). The hypothesis also
predicts that newborns with high birth weights should have
elevated stem cell populations. Our findings indicate that there is a
positive association between birth weight and haematopoietic stem
cell measurements in the cord blood samples among newborns
with normal-to-high (>3000g) birth weights. This association is
strongest with CD34 " CD38 cells, a relatively primitive haema-
topoietic stem cell population. These data are in line with previous
studies, which showed a positive relationship between cord blood
CD34" or CFU-GM levels and birth weight (Shlebak et al, 1998;
Ballen et al, 2001; Aroviita et al, 2004).

However, in our study, newborns in the lowest birth weight
category (<3000g) can have higher levels of stem/progenitor cell
measurements than those with 3000-3499 g birth weight resulting
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in a J- or U-shaped relation between stem cell levels and birth
weight. This finding is intriguing, as J- or U-shaped relationships
have often been observed in childhood cancers (Schiiz and
Forman, 2007) and neurological (Schiiz et al, 2001; Von Behren
and Reynolds, 2003), prostate (Eriksson et al, 2007), colorectal
(Nilsen et al, 2005) and early-onset breast cancers (Sanderson et al,
1996; Innes et al, 2000; Mellemkjaer et al, 2003).

The possible elevated levels of stem cells at low birth weight
warrant further investigations. Using birth weight to define small-
for-gestation for full-term healthy infants, a majority (>86%) of
such infants undergo accelerated growth during the first 6-12
months after birth and attain normal height later in life (Karlberg
and Albertsson-Wikland, 1995). Premature infants (i.e., those born
before the 33rd gestational week, generally with low birth weights)
have been shown to have elevated foetal and cord blood CD34*
and CD34 " CD38" levels relative to full-term infants (most with a
normal birth weight) (Shields and Andrews, 1998; Wyrsch et al,
1999). Relevant to this phenomenon, it has been reported that
premature female newborns have an increased risk for breast
cancer later in life (Ekbom et al, 2000). It is not known whether
premature or small newborns harbour elevated stem/progenitor
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cell populations, because these populations have not had enough
developmental time to undergo a normal course of differentiation,
or if such infants build up a stem cell reserve for growth
compensation during the postnatal period. In any case, our
J-shaped relation observed between birth weight and stem cell
measurements requires further confirmation as ethnicity-specific
results showed a linear relation in the considerably larger group of
Caucasian cord blood samples.

Finally, we examined cord blood plasma IGF-1 levels in relation
to stem cell levels and birth weight. Insulin-like growth factor-1
had a positive association with stem cell measurements in our
samples (Savarese et al, 2007) and was strongly associated with
birth weight (geometric means were 41.18, 57.86, 78.45 and
102.77 ng ml ™, respectively, for the four categories of birth weight
in Table 2 and in the literature (Bennett et al, 1983; Fant et al, 1993;
Reece et al, 1994)). The growth hormone/IGF-1 axis has been
suggested to serve as a master developmental regulator, coordinat-
ing stem cells in multiple organs (Ginestier and Wicha, 2007).
When we controlled for cord plasma IGF-1 levels, the associations
were considerably weakened. This would be expected if IGF-1
regulates stem cell potential and this is, in turn, a determinant of
birth weight. To determine whether birth weight is an accurate
reflection of stem cell potential, the focus should be on the results
without adjusting for IGF-1.
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We conclude that there is a J- or U-shaped positive association
between birth weight and stem cell measurements, linear among
term newborns with normal-to-high birth weight and stronger
with the more primitive stem cell sub-population. The nonlinear
relationship, however, suggests that birth weight is not an
unequivocal indicator of stem cell potential in the context of a
prenatal origin of cancer risk. Quantitation of stem cell pools
might prove to be a more accurate predictor of cancer risk than
birth weight per se, in accordance with the stem cell burden
hypothesis.
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Risk factors for breast cancer—documented by intensive epidemi-
ological investigations and viewed in the context of general princi-
ples of carcinogenesis—can be integrated to an etiologic model
comprising 3 principal components: the likelihood of breast can-
cer occurrence depends on the number of mammary tissue-specific
stem cells, which is determined in early life; all growth-enhancing
mammotropic hormones affect the rate of expansion of initiated
clones; and while a pregnancy stimulates the replication of already
initiated cells, it conveys long-term protection through differentia-
tion of mammary tissue-specific stem cells. This perspective
accommodates much of what is known about the epidemiology
and natural history of breast cancer and highlights the role of
early life in the origin of this cancer.
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Breast cancer epidemiology

The incidence of breast cancer has apparently increased
throughout the world during the last century, even before the
widespread application of mammographic screening programs and
mortality from the disease in developed countries generally
exceeds that from other cancer sites.' Breast cancer epidemiology
has been 1ntenswely studied, perhaps more than that of any other
cancer.”™® Table I summarizes what are generally considered as
established epidemiological characteristics of breast cancer and
provides an indication of the strength of the respective associa-
tions in terms of the relative risk per natural contrasts or usual
increments.

Breast cancer is mostly, though not exclusively, a disease of
women. The incidence of the disease increases with age, with an
inflection around menopause, which is not evident for other forms
of cancer. It is generally more common among urban rather than
rural residents as well as among women of higher socioeconomic
status. In comparison to Asian women in China or Japan, Cauca-
sian women in the western world have a considerably higher
breast cancer risk.'

With respect to reproductive history, an earlier age at menarche
and a later age at menopause are associated with increased risk
whereas, for a given age at menopause, induced menopause con-
veys more protection than the naturally occurring one.®® The role
of pregnancies is complex. Irrespective of the woman’s age, a
pregnancy imparts a short-term increase of breast cancer risk~ fol-
lowed by a substantial long-term reduction of this risk, as was first
documented with respect to the first pregnancy some 40 years ago
in a classical international epidemiological study.'® Hence, the
earlier the age at first full-term pregnancy, the more prolonged is
the subsequent long-term protection. After the age of about
35 years, a first pregnancy actually increases breast cancer risk,
apparently because the short-term risk increase exceeds the sub-
sequent risk reduction. Addltlonal full-term pregnancies have sim-
ilar but much weaker effects,!’ while spontaneous or induced
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abortions do not affect breast cancer risk.'> Prolonged lactation
conveys at most modest protectlon which appears to be restricted
to premenopausal women.'*!* Current or recent use of oral con-
traceptives slightly increase the risk for breast cancer,'> whereas
long-term use of replacement estrogens with progestins may sub-
stantially increase breast cancer risk.'®™'®

High birth weight has been associated with increased breast can-
cer risk in the offspring.' Havmg been breastfed as an infant has
been investigated for its role in breast cancer under the assumption
that it could be responsible for the transmission of an infectious
agent, but the results did not support an association.” Early life
growth?! and factors that may increase it*> have also been positively
associated with breast cancer risk, as has height*>?* and post- (but
not pre-) menopausal obesity®>> 2] later in life.

A high-density mammogram (75% or more of the total breast
area with dense mammographic appearance) has been associated
with a more than 4-fold risk in comparison to a low-density mam-
mogram (10% or less or total breast area with dense mammographic
appearance).”® Atypical hyperplasia of the mammary 2%land has been
documented as an important breast cancer risk factor.

Family history among ﬁrst degree relatives is associated with
increased breast cancer risk.>’ BRCA1 and BRCA2, as well as
some highly penetrant mutations, explain a large part of familial
breast cancers, but account for a small proportion of all breast can-
cers.’® Many studies have examined low penetrance susceptibility
polymorphisms in candidate genes, but the associations reported
in some studies could not been replicated in subsequent investiga-
tions. This is an evolving field, in which large whole genome asso-
ciation investigations are providing new insight.*>* Breast cancer
in the contralateral breast is an established risk factor for develop-
ing the disease in the other breast, but the underlying pathogenetic
mechanisms are not clear.**

High levels of physical act1v1ty > and high intake of vegetables,
perhaps fruits*® and olive oil’” have been reported to be associated
with reduced breast cancer risk, possibly by reducing endogenous
estrogen levels. Nevertheless, the evidence is inconclusive
and suggests, at most, weak effects. Recent evidence points to
total and particularly saturated fat as been weakly, but signifi-
Cantly, positively associated with breast cancer risk.** Most stud-
ies indicate that consumption of alcoholic beverages may slightly
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TABLE I - FACTORS EVALUATED IN RELATION TO BREAST CANCER RISK

Risk factor Category/change Strength

Gender Women vs. men ++++
Age Increase ++++
Ethnic group Caucasian vs. Asian +++
Family history Yes vs. no +++
Specific genes Yes vs. no ++++
Cancer in other breast Yes vs. no +++
Height Increase ++
Postmenopausal obesity Increase ++
Birth weight Increase +
Having been breastfed No vs. yes 0
Growth in early life Increase +
Atypical hyperplasia Present vs. absent +++
Mammographic density High vs. low density +++

(mammary gland mass) (increasing mass)
Age at menarche Earlier ++
Age at menopause Later ++
Type of menopause Natural vs. artificial ++
Age at 1st full term Later +++

pregnancy
Age at other pregnancies Later +
Parity overall Lower ++
Pregnancy timing Proximal vs. distant +
Lactation No vs. yes +
Abortion No vs. yes 0
Oral contraceptive use Increase +

(recent)
Hormone replacement Increase ++
Plant foods and olive oil Reduced intake +
Saturated fat Increased intake +
Physical activity Reduced +
Ethanol intake Increase +
Ionizing radiation Increased +
Magnetic fields Increased 0
Organochlorines Increased 0

Association: ++++ very strong, +++ strong, ++ modest, +
weak, 0 null.

1ncrease breast cancer risk, possibly by increasing estrogen lev-
els.*! There is no conclusive ev1c‘i§ric3:e for an association between
tobacco smoking and the disease.

Ionizing radiation is an established cause of cancer of the breast
as well as of several other cancers, but it is of limited quantitative
1mp0rtance Exposure to organochlorines™ or electromagnetic
fields* has not been shown to be related to breast cancer.

It is generally believed that the association between endogenous
hormones and breast cancer risk should be studied in prospective,
rather than retrospective, investigations, under the undocumented
assumption that disease status, even prior to treatment, may affect
hormone levels. Among postmenopausal women, most hormones
examined—with the notable exception of adlponectln that has
been mostly evaluated through case-control designs*®*’—have
been positively associated with breast cancer risk. 4850 The st
includes total and free estradiol, estrone and estrone sulphate,
androstenedione, dehydroepiandrosterone and dehydroepiandros-
terone sulphate, testosterone and prolactin. Among premenopausal
women, case-control studies and a few cohort investigations pro-
vide some support for a positive association between estrogens
and breast cancer risk, but they also indicate that high levels of
androgens could increase this risk.®>! In both prospective and ret-
rospective studies among premenopausal women, significant posi-
tive associations have been reported between blood insulin like
growth factor 1 (IGF-1) and breast cancer risk.>?

The early life etiological model

The etiological model we have proposed for breast cancer
accommodates most of what we know about the epidemiology of
the disease. The model emphasizes early life events and conditions
as determinants of breast cancer risk and summarizes the distinct
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epidemiological characteristics of the disease on the basis of 3
major components’2>3-8;

e The likelihood of breast cancer occurrence depends on the
number of mammary tissue-specific stem cells, which is
determined early in life, including the intrauterine life,

e in early and later life, growth-enhancing mammotropic hor-
mones affect the replication rate of mammary tissue specific
stem cells, the likelihood of retention of cells with spontane-
ous somatic mutations as well as the rate of expansion of ini-
tiated clones, and

e while a pregnancy stimulates the replication of already initi-
ated cells, it conveys long-term protection through differen-
tiation of a large fraction of the mammary tissue-specific
stem cells.

It should be noted that several scientists?**? have postulated,
explicitly or implicitly, that early life influences may play a role in
breast cancer etiology and there have even been early studies
exploring birth weight as a breast cancer risk factor.®' Moreover,
the issue of pregnancy induced terminal differentiation of mam-
mary gland has been championed by Russo and Russo.%

Categorization of breast cancer risk factors according to
the 3 components of the early life etiological model

An etiological model should accommodate the epidemiological
profile of the disease it aims to explain. In this context, we have
categorized the established breast cancer risk factors according to
the 3 components of the early life etiological model, taking also
into account that certain breast cancer epidemiologic characteris-
tics reflecting general principles of carcinogenesis relevant to
many cancer sites (Table II). The empirical evidence in support of
the categorization has been presented in detail in earlier publica-
tions™ and is summarized below.

First component

Mammary gland mass, as distinct from breast size, is usually
assessed through mammographlc density and is an important breast
cancer risk factor.”® Mammary gland mass, which is likely to reflect
the pool of mamma cells and be correlated with the number of
mammary stem cells,”*®* can also accommodate several breast can-
cer risk factors, 1nc1ud1ng the higher incidence of the disease among
Caucasian compared to Asian women and women of higher rather
than lower socioeconomic class as well as the preponderance of
breast cancer in the slightly larger left, rather than right, breast.®®
The positive associations of breast cancer risk with birth weight,
growth in early life and adult height could also be explained in terms
of mammary gland mass. Finally, at the extreme, the strikingly
higher breast cancer risk among women than among men, even in
later life when estrogen production is not substantially different
between the 2 genders, is best explained by the correspondingly
higher mammary gland mass among women than among men.

Second component

Most investigators agree that oestrogens in general, or specific
categories of oestrogens, or prolactin, or other hormones, including
IGF, are important in the etiology of breast cancer. Our view is that
all growth enhancing and mammotropic hormones are involved in
one or more stages in the long process leading to clinical breast can-
cer. An important issue that has not been sufficiently explored in em-
pirical research is the way these hormones interact in the causation
of the disease. A small study presented evidence that mammotropic
hormones may act as permissive factors for breast cancer occurrence
and that values of any one of these above a certain level may suffice
for sustaining growth of a developing tumor®®—the finding is in-
triguing but requires confirmation in larger datasets. The second
component of the etiologic model accommodates our knowledge
about the role of reproductive factors in the etiology of the disease
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TABLE II - GROUPING OF BREAST CANCER RISK FACTORS ACCORDING TO THE GENERAL PRINCIPLES OF CARCINOGENESIS
AND THE POSTULATED PATHOGENIC PROCESS

Number of mammary tissue

General principles of carcinogenesis .
P P & specific stem cells

Growth enhancing

B Terminal differentiation
mammotropic hormones

Age Mammographic density (gland mass)
Ionizing radiation Atypical hyperplasia
Family history Gender
Specific genes Birth weight
Growth in early life
Height
Ethnic group

Gender

Age incidence pattern
Age at menarche

Age at menopause
Type of menopause
Oral contraceptives
Hormone replacement
Pregnancy timing
Postmenopausal obesity
Ethanol intake
Physical activity
Adult life diet

Age at 1st full term pregnancy
Age at other pregnancies
Parity overall

Lactation

as well as that of alcohol drinking (which tends to increase oestrogen
levels), physical activity and adult life diet.>”

Third component

Terminal differentiation of the mammary gland takes place
mostly after the occurrence of the first full-term pregnancy, and to
a lesser extent, after the occurrence of subsequent pregnancies and
lactation.” The later the age at first full term pregnancy, the
higher the number of already initiated cells and the more limited
the protection conveyed by pregnancy. Beyond the age of 35 or
so, the transient increase of breast cancer risk that accompanies a
pregnancy (due to the effect on already initiated clones of the
many-fold increases of mammotropic and growth enhancing hor-
mones) overshadows the protection conveyed by the terminal dif-
ferentiation of immature mammary cells. The 3rd component of
the etiologic model also accommodates what was largely thought
to be an enigma, namely why breast cancer risk is higher among
parous than among nulliparous women of premenopausal age.

The ecological challenges

One of the most challenging characteristics in breast cancer epi-
demiology is the sharp ecological contrast in breast cancer inci-
dence between women in western Europe and North America and
women in China and Japan,' which fades in Asian women migrat-
ing to the west after 2 or more generations. Neither reproductive
nor dietary factors in adult life can explain the 4-fold difference in
incidence observed in these populations,®®® nor can they explain
the subsequent incidence assimilation. On the contrary, diet in
early life could provide an explanation for the ecological contrast
in the context of the early life etiological model: reduced energy
intake in early life is associated with smaller body size in adult
life and smaller body size constrains birth weight and subsequent
development of offspring. Increased energy intake, on the other
hand, facilitates growth and removes constrains on birth weight
and eventual body size. This cycle tends to repeat over consecu-
tive generations of Asian migrants in western countries and is
associated with a gradual increase in body size and breast cancer
incidence among them.?*%’

The early life etiological model is not refuted by the fact that
populations at low risk for breast cancer have hi%her levels of
most pregnancy—or possibly adult life—hormones.® It is plausi-
ble that in striking ecological contrasts (e.g. between native Chi-

nese and Caucasian populations), pregnancy growth hormones
tend to increase in order to compensate for physically constrained
fetal growth®®’? and the perinataly programmed higher levels of
these hormones could track through adult life.

Avenues of future research

Future research assessing the early life aspects of the etiology
of breast cancer could follow many directions and some of them
are outlined here. Hsieh and coworkers®>’"7? are evaluating how
pregnancy mammotropic and growth hormones affect cord blood
stem cell populations. In their recent work, they reported that cord
blood plasma levels of IGF-1 were strongly correlated with all the
hematopoietic stem and progenitor concentrations examined,
whereas estriol and insulin-like growth factor binding protein-3
levels were positively and significantly correlated with some of
these cell populations. Hilakivi-Clarke and her coworkers have
used rodent models to explore the ways through which diet and
otherwise induced epigenetic changes in target genes might lead
to strategies to prevent breast cancer.””’* Critically important
results may also emerge from a unique follow-up of women born
to mothers who have taken diethylstilbestrol (DES) during their
pregnancies. Two recent publications indicated that in utero DES
exposure may substantially increase breast cancer risk in the off-
spring.”>”’® Moreover, it would be important to firmly document
what has already been reported in previous publications, that is,
that perinatal characteristics predictive of high breast cancer risk
in adult life are also predictive of high breast cancer risk mammo-
graphic patterns.””’®

Conclusion

The early life etiologic model we have outlined accommodates
the existing epidemiological evidence. Its 3 components refer to
stages of a single biological process that points to the number of
mammary tissue-specific stem cells as a core determinant of breast
cancer risk. The first component focuses on the perinatal period,
when stem cells are generated. The second component concen-
trates on preinitiation and postinitiation growth factors that modu-
late the number of mammary stem cells at risk and the growth of
the initiated clones. The third postulate explains how cells at risk
are removed through terminal differentiation.
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Abstract

Markedly lower breast cancer incidence rates in
Asians than Caucasians are not explained by estab-
lished adult risk factors. Migration studies suggest
the importance of early-life exposures, including
perhaps the in utero period. Concentrations of steroid
hormones and insulin-like growth factors (IGF) were
measured in umbilical cord sera from pregnancies in
Shanghai, China (# = 121) and Boston, MA (n = 111).
Pregnancy characteristics were ascertained by inter-
view and medical records. Means and percent differ-
ences in hormone concentrations comparing Chinese
with Caucasians and 95% confidence intervals were
estimated from linear regression models. Cord con-
centrations of androstenedione (91.9%), testosterone
(257%), estriol (48.6%), and IGF binding protein-3
(21.1%) were significantly higher in the Chinese than
U.S. samples, and cord prolactin was lower (—14.9%).
Cord estradiol and IGF-I concentrations did not differ
by race/ethnicity. With adjustment for gestational

length, maternal age, pre-pregnancy weight, and
weight gain, androstenedione (60.5%), testosterone
(185%), and IGF binding protein-3 (40.4%) remained
significantly higher in the Chinese, whereas the
higher estriol and lower prolactin concentrations
were attenuated. In addition, estradiol levels became
lower in the Chinese (—29.8%) but did not reach
statistical significance. Results were generally similar
when restricted to first full-term pregnancies, with
reduced estradiol concentrations in the Chinese
reaching statistical significance after adjustment.
These data are consistent with the hypothesis that
elevated prenatal androgen exposure could mediate
reductions in breast cancer risk. The meaning of the
change in findings for estrogens after controlling for
factors related to the pregnancy is unclear with
regard to explaining international breast cancer
differences. (Cancer Epidemiol Biomarkers Prev
2008;17(1):224-31)

Introduction

The most pronounced variation in breast cancer rates is
observed internationally. Incidence in East and Southeast
Asia is nearly one-fifth of that in northern and western
Europe (1), but rates gradually increase among Asian
migrants to western countries (2). Breast cancer incidence
rates in the first generation born in the west, however,
may be substantially elevated when compared with
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migrants who were born in Asia but lived decades in
the west (2). Furthermore, differences in incidence rates
by migration status are not fully explained by established
menstrual and reproductive risk factors for breast cancer
(3, 4). These observations are consistent with environ-
mental factors early in life explaining at least some of the
variation in breast cancer rates across populations (5-7),
and with mother’s environment during pregnancy
influencing the in utero environment.

Whereas the full range of hormones involved in breast
carcinogenesis is unclear, evidence indicates the impor-
tance of estrogens, androgens, and progesterone (8), all of
which rise significantly during pregnancy. Trichopoulos
(9) hypothesized that exposure to lower in utero estrogen
concentrations affords protection against subsequent
breast carcinogenesis. In the nonpregnant state, circulat-
ing estrogen concentrations are generally lower in
premenopausal and postmenopausal Asian women
compared with Caucasian women (10, 11). Although
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androgens also have been generally lower in Asian
women (10), a recent study showed an inverse correla-
tion with increasing westernization in Asian migrants
to the West (12). An investigation of maternal mid-
pregnancy serum hormone concentrations, however,
showed higher estradiol and estriol levels in Chinese
women compared with American women (13) as well
as elevations in several other compounds, including
prolactin, progesterone, human growth hormone,
albumin, sex hormone-binding globulin, and possibly
a-fetoprotein levels (14). However, maternal hormone
concentrations may or may not be representative of fetal
exposure, and investigating hormone differences in the
fetal circulation is warranted.

These are the first reported data on neonates born in
China and in the United States to address whether cord
concentrations of several estrogens and androgens,
insulin-like growth factor (IGF)-I, and IGF binding
protein (IGFBP)-3 differ between countries with low
and high breast cancer incidence rates.

Materials and Methods

The study has been described previously (13). Pregnant
women were recruited at their first prenatal visit to
collaborating maternity clinics at the Beth Israel Hospital
(Boston, MA) and from hospitals affiliated with the
Shanghai Medical University (Shanghai, China). All U.S.
women were urban residents, whereas women from
Shanghai were recruited from three urban clinics and one
rural clinic. The institutional review boards in Boston
and Shanghai approved the study, and informed consent
was obtained from all study participants.

Included were neonates of women less than 40 years
old, with at most one previous still or live-born child.
Only Caucasians in the United States and Chinese in
Shanghai were included, and in both places, the mothers
had to be proficient in the local language. Neonates born
to women who had taken any hormonal medication
during the index pregnancy or who had a previous
diagnosis of diabetes mellitus or thyroid disease were
excluded from the study, as were those neonates with a
known major anomaly.

Between March 1994 and October 1995, 402 eligible
women were identified at Beth Israel Hospital. Of these
women, 77 (19.2%) declined to participate. An additional
9 (2.2%) women were excluded at a later date because of
early spontaneous or induced pregnancy termination,
2 (0.5%) because of a twin birth, and 10 (2.5%) were lost
to follow-up after the initial meeting. In Shanghai, 424
eligible women were identified between April 1994 and
May 1995. Of these, 73 (17.2%) declined to participate,
2 (0.5%) were later excluded because of induced abortion,
2 (0.5%) because of a twin birth, 5 (1.2%) because of
implied gestation durations of <30 or >50 weeks, and
7 (1.7%) were lost to follow-up after the initial meeting.
In total, 304 and 335 pregnant women were enrolled in
the study from Boston and Shanghai, respectively.

Umbilical cord blood collection started in December
1994. At delivery, the placenta was weighed, with the
cord cut at the insertion site and the extra blood and clots
minimized. Mixed cord blood was collected in sterile
tubes without preservatives and refrigerated at 4°C for
up to 24 hours until centrifugation. Samples were

transported in a cooler from the rural clinic in China to
a laboratory near Shanghai Medical University where
they were centrifuged on the same day and the serum
was aliquoted. The aliquots were stored at —20°C for
about 5 to 7 days in the laboratory before being
transported to Shanghai Medical University and stored
at —80°C with the samples collected at the Shanghai
hospitals. At the end of the study, all samples were
shipped by air on dry ice to Boston where they were
stored at —80°C. In total, 246 (115 from Boston and 131
from Shanghai) cord blood samples were collected.

Analytes were measured in cord serum at the Repro-
ductive Endocrine Research Laboratory of the University
of Southern California Keck School of Medicine under the
direct supervision of one of us (F.Z.S.). Levels of estradiol,
testosterone, and androstenedione were measured by RIA
following extraction with organic solvent and purification
by Celite column partition chromatography (15-17).
Estriol was measured by RIA after a dual organic solvent
extraction procedure (18). Prolactin, IGF-I, and IGFBP-3
were quantified by direct chemiluminescent immunoas-
say using the Immulite analyzer (Siemens Medical
Solutions Diagnostics, Los Angeles, CA).

Because some of the samples showed signs of
hemolysis (34%), measurements were prioritized with
the direct assays (that is, prolactin, IGF-I, and IGFBP-3)
done in samples with the least hemolysis. After this
prioritization, when volume was insufficient to accom-
modate assays for all of the hormones, samples were
randomly assigned based on groupings that optimized
the number of assays that could be done. Blinded aliquots
of pooled cord sera were included with the study samples
and the laboratory technicians were blinded to country of
origin. The coefficients of variation for the blinded
replicates were 8.5% for androstenedione, 9.4% for
testosterone, 10.5% for estradiol, 11.6% for estriol, 8.2%
for prolactin, 3.2% for IGF-I, and 5.0% for IGFBP-3.

Information on maternal, gestational, and perinatal
characteristics was obtained from the medical record and
pediatric chart and from an interview with the mother.
Gestational age was defined as the time since the first
day of the last menstrual period.

Hormone values that were more than three interquar-
tile ranges above the mean were excluded as outliers. The
nonparametric Wilcoxon rank-sum test was applied in
univariate comparisons of the maternal, gestational, and
perinatal factors between the two study sites (19). Linear
regression models with logarithm-transformed hormones
as the dependent variable and an indicator variable
representing the comparison of Chinese versus Caucasian
(and urban versus rural Chinese) were used to generate
means for and percent differences in hormone concen-
trations. Percent difference was calculated as (expﬁ - 1) x
100, where f§ pertains to the ethnic/racial comparison, and
95% confidence intervals (95% CI) were calculated
as exp!# — 1+ L9ISEDD 100, Means are geometric (expo-
nentiated from the logarithmic scale). Statistical signifi-
cance was defined as P < 0.05 (two-sided test).

Results

The mothers of Chinese neonates were substantially
different from the U.S. mothers on a large number
of characteristics. Chinese mothers were significantly
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Table 1. Maternal, gestational, and perinatal characteristics among Caucasian women (Boston, MA) and Chinese
women (Shanghai, China)

United States China P

n Mean (range) or % n Mean (range) or %

Maternal characteristics
Age(y) 111 31.2 (19-39) 121 24.9 (20-37) <0.0001
Weight before pregnancy (kg) 109 60.3 (43-95) 120 51.2 (38-72) <0.0001
Height (cm) 111 164 (150-183) 121 160 (149-174) <0.0001
BMI (kg/m?) 109 22.4 (18-36) 120 20.0 (14-26) <0.0001
Multiparous 48 43.2 3 2.5 <0.0001
Primiparous 63 56.8 118 97.5

Gestational characteristics
Gestational length (wk) 106 40.1 (37-44) 119 39.8 (34-46) 0.31
Weight gained at week 27 (kg) 106 11.5 (3.2-25) 118 9.0 (-3.0 to 22) <0.0001
Nausea and/or vomiting during pregnancy 87 78.4 77 63.6 0.02
Neither nausea or vomiting during pregnancy 24 21.6 42 34.7

Perinatal characteristics
Birth weight (g) 111 3,552 (2,625-4,970) 121 3,463 (1,900-4,800) 0.18
Birth length (cm) 111 50.6 (44-56) 121 49.8 (33-56) 0.10
Head circumference (cm) 109 34.8 (32-38) 119 34.7 (30-51) 0.11
Placenta weight (g) 105 586 (340-1,020) 116 633 (360-1,000) 0.005
Female 58 52.3 51 422 0.12
Male 53 47.7 70 57.8

NOTE: Mean (range) for continuous variables; % for categorical variables.

younger than the U.S. mothers and, on average, were
shorter, weighed less before pregnancy, had a lower body
mass index (BMI), and gained less weight by the end of
the second trimester (Table 1). Chinese mothers were
significantly more likely to be primiparous and to have
had a C-section (43.3% versus 26.1%, respectively;
P =0.009) compared with U.S. mothers and less likely
to have completed high school (7.4% versus 97.3%;
P < 0.0001). In addition, during the pregnancy, Chinese
mothers were less likely to experience nausea and/or
vomiting (63.6% versus 78.4%; P = 0.02), to have drunk
coffee (2.5% versus 62.2%; P < 0.0001) or tea (12.4%
versus 55.9%; P = 0.0001), or to have taken antibiotics
(3.3% versus 22.5%; P < 0.0001). Alcohol consumption

during pregnancy was rare among Chinese and U.S.
mothers (0.8% versus 3.6%, respectively; P giterence = 0.20).
There were no statistically significant differences in
gender or birth size, including weight, length, and head
circumference by race/ethnicity, but placental weight
was significantly higher in the Chinese pregnancies.
None of the 111 U.S. infants had a birth weight less than
2,500 g or a gestational length less than 37 weeks, and
only 3 and 6, respectively, of the 121 Chinese infants were
in these categories. There were no statistically significant
differences between the Chinese and the U.S. infants,
comparing the proportions in the lowest quartiles for
anthropometric measurements (based on the distribution
in the entire study group). The proportion of Chinese

Table 2. Distributions of cord serum hormone concentrations in U.S. Caucasians (Boston, MA) and Chinese
(Shanghai, China)

Hormone n Mean 5% 25% Median 75% 95%
Estradiol (nmol/L)

US. 87 344 11.7 18.7 28.1 42.3 80.2

Chinese 110 449 3.6 15.9 36.6 57.7 125.2
Estriol (nmol/L)

UsS. 96 541 195 354 460 664 1,135

Chinese 120 829 304 566 814 1,022 1,554
Androstenedione (nmol/L)

U.S. 88 18.2 7.9 12.7 16.5 21.4 34.3

Chinese 114 434 10.9 18.4 28.0 54.9 141
Testosterone (nmol/L)

uUs. 88 1.1 0.47 0.70 0.92 1.2 2.5

Chinese 115 55 0.63 1.5 3.8 79 17.3
Prolactin (ug/L)

US. 81 334 145 249 312 436 553

Chinese 47 293 124 200 283 400 487
IGF-I (nmol/L)

uUs. 51 10.0 4.1 6.0 10.6 13.2 16.2

Chinese 22 11.8 44 7.0 113 15.4 19.2
IGFBP-3 (nmol/L)

uU.s. 52 32.0 22.3 26.9 31.6 36.3 43.7

Chinese 21 42.7 21.8 27.8 30.5 51.5 89.1
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Table 3. Unadjusted means for and percent differences (95% CI) in cord hormone concentrations between U.S.
Caucasians (Boston, MA) and Chinese (Shanghai, China)

Hormone Us, Chinese, n (mean) Chinese vs U.S., Chinese rural vs urban,
n (mean) % difference (95% CI) % difference (95% CI)
Total Urban Rural
Estradiol (nmol/L) 87 (285) 110 (29.1) 50 (28.7) 60 (29.4) 2.0 (—21.3, 32.3) 2.3 (—32.5, 55.0)
Estriol (nmol/L) 96 (477) 120 (709) 54 (663) 66 (749) 48.6 (23.6, 78.6) 13.0 (—15.3, 50.6)
Androstenedione (nmol/L) 88 (16.7) 114 (32.0) 48 (29.6) 66 (33.8) 91.9 (61.1, 128) 14.3 (—13.5, 50.9)
Testosterone (nmol/L) 88 (0.96) 115 (34) 51 (26) 64 (4.4) 257 (184, 349) 70.7 (19.4, 144)
Prolactin (ug/L) 81 (311) 47 (265) 14 (244) 33 (274)  —14.9 (-27.0, —0.92) 12.4 (-16.3, 50.8)
IGF-I (nmol/L) 51 (9.1) 22 (105)  8(142) 14 (8.8) 14.7 (=9.6, 45.4) —37.8 (=58.3, —7.2)
IGFBP-3 (nmol/L) 52 (31.2) 21 (37.8) 8 (50.2) 13 (31.8) 21.1 (3.5, 41.8) —36.6 (=56.5, —7.6)

NOTE: From linear regression models with logarithm-transformed hormones as the dependent variable and Chinese versus U.S. sample (or rural
versus urban) as an indicator variable. Percent difference is calculated as (exp” — 1) X 100, where f§ pertains to ethnic/racial comparison. Geometric means

are presented.

infants in the lowest quartile of birth weight was 28.1%
versus 21.6% for U.S. infants (P = 0.29 for difference in
proportions), of head circumference was 15.1% versus
22.9% (P = 0.18), and of birth length was 22.3% versus
30.6% (P = 0.17), respectively.

The distributions of the hormones are presented in
Table 2. Cord serum estriol, androstenedione, testoste-
rone, and IGFBP-3 concentrations were significantly
higher in the Chinese than in the U.S. samples (Table 3),
whereas prolactin levels were significantly lower. There
was no appreciable difference in estradiol concentrations
by race/ethnicity, and higher IGF-I levels in the Chinese
were not statistically significantly different from U.S.
values. Repeating the hormone comparisons between
the U.S. and the Chinese samples using Wilcoxon rank-
sum tests, the results were similar, except for IGFBP-3,
which did not show a statistically significant difference.
The patterns of results for percent differences in cord
estrogen and androgen concentrations between rural and
urban Chinese were in the same direction but of lesser
magnitude than those between the U.S. and all Chinese
samples combined. However, only the percent difference
in testosterone was statistically significant. The sample
sizes, especially for prolactin, IGF-I, and IGFBP-3, were
small and the 95% Cls were wide.

To determine whether differences in cord hormones
between Chinese and U.S. samples were independent
of the other hormones, we repeated the analyses adding
each of the hormones individually to the models. With
adjustment for androgen concentrations, the higher
estriol and IGFBP-3 levels observed in the Chinese were
attenuated. For example, with androstenedione in the
model, the percent difference in estriol decreased from
~49% higher in the Chinese to only 2.2%, and adjusting
IGFBP-3 for androstenedione decreased the percent
difference from 21% to ~0%. In contrast, the higher
androgen levels in the Chinese compared with Cauca-
sians were not affected by adjustment for either of the
estrogens or IGFBP-3. Estradiol levels did not differ
between Chinese and Caucasians regardless of whether
they were unadjusted or adjusted for the other hormones
(data not shown).

With adjustment for gestational length, maternal age,
pre-pregnancy BMI, and pregnancy weight gain through
the second trimester, the androgens and IGFBP-3
remained elevated in the Chinese, but the differences in
estriol and prolactin no longer remained statistically
significant (Table 4). Percent differences in estriol,

prolactin, and the androgens were influenced by adjust-
ment for maternal age, and further adjustment for weight
gain also affected percent differences in estriol, prolactin,
and IGFBP-3 (data not shown). Estradiol concentrations,
which did not differ by race/ethnicity in the unadjusted
comparisons, became lower in the Chinese with adjust-
ment (mainly from maternal age), although the racial/
ethnic difference did not reach statistical significance.
IGF-I levels did not differ by race/ethnicity in either
unadjusted or adjusted comparisons. Additional adjust-
ment for maternal height did not change the estimates
(data not shown). Adjustment for maternal age was
difficult because the Chinese women were quite young
and the U.S. women were considerably older with the
only appreciable overlap between 24 and 35 years old.

Table 4. Adjusted means for and percent differences
(95% CI) in cord serum hormone concentrations
between U.S. Caucasians (Boston, MA) and Chinese
(Shanghai, China)

Hormone n (Mean) % difference*

Estradiol (nmol/L)
us. 79 (34.7) —29.8 (-52.3, 3.5)
Chinese 105 (24.4)

Estriol (nmol/L)
us. 87 (510) 27.7 (3.1, 68.3)
Chinese 115 (651)

Androstenedione (nmol/L)
u.s. 80 (18.3) 60.5 (23.5, 109)
Chinese 109 (29.4)

Testosterone (nmol/L)
uUs. 80 (1.1) 185 (101, 304)
Chinese 110 (3.2)

Prolactin (ug/L)
us. 73 (301) —10.1 (-30.6, 16.3)
Chinese 47 (270)

IGF-I (nmol/L)
uUsS. 45 (9.0) 11.7 (—23.6, 63.2)
Chinese 22 (10.0)

IGFBP-3 (nmol/L)
us. 46 (29.4) 404 (7.8, 82.9)
Chinese 21 (41.3)

NOTE: From linear regression models with logarithm-transformed
hormones as the dependent variable and Chinese versus U.S. samples
as an indicator variable. Percent difference is calculated as (exp/f - 1) x
100, where f pertains to ethnic/racial comparison. Geometric means are
presented.

*Model includes gestational length, maternal age, pre-pregnancy BMI,
and weight gain as independent variables.
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Repeating the analyses in this age range (24-35 years) and
controlling for age as a continuous variable, the results
were similar to those observed in the overall group
(data not shown). Additional adjustment for placental
weight did not change the results, although the higher
estriol concentrations among Chinese neonates increased
from ~28% to 38% (95% CI, 2.5%, 85%). Furthermore,
adding offspring gender to the adjusted models did not
change the percent differences in the overall analysis
(estradiol, —31.8% with offspring gender versus —29.8%
without offspring gender; estriol, 24.4% versus 27.7%;
androstenedione, 53.8% versus 60.5%; testosterone, 166%
versus 185%; prolactin, —10.7% versus —10.1%; IGF-I,
14.3% versus 11.7%; IGFBP-3, 41.7% versus 40.4%).
Nearly all of the Chinese women were primiparous;
therefore, we restricted analyses to neonates born to
women with no previous live or still births. The pattern
of unadjusted and adjusted results was generally similar
to the overall differences with significantly elevated
estriol, androstenedione, testosterone, and IGFBP-3 con-
centrations in the Chinese. For example, the unadjusted
and adjusted (for maternal age, pre-pregnancy weight,
and weight gain) percent differences in estriol in all
women were 48.6% and 27.7% versus 47.5% and 22.0% in
primiparous women. The corresponding values were
91.9% and 60.5% versus 78.5% and 56.4% for androste-
nedione and 257% and 185% versus 225% and 162% for
testosterone. For estradiol, the unadjusted values were
similar, whereas the adjusted differences became some-
what greater and achieved statistical significance [unad-
justed percent difference, —10.4% (95% CI, —35.4%,
24.2%); adjusted percent difference, —45.2% (95% CI,
—65.2%, —13.6%)]. As the results for hormones by race/
ethnicity were in the same direction and remained
statistically significant regardless of parity, we included
multiparous women in the overall analysis to increase
statistical power. When stratified by offspring gender,
the magnitude of the percent differences was generally
greater in males than females, but these comparisons
were limited by the reduction in sample sizes. For
example, the percent differences were 98.3% (95% CI,
53.7%, 156%) for androstenedione and 276% (95% CI,
178%, 408%) for testosterone in the male infants and
74.5% (95% CI, 38.8%, 120%) and 213% (95% CI, 123%,
339%) among the females, respectively. None of the
interactions of the associations of hormones and race/
ethnicity by offspring gender were statistically signifi-
cant, ranging from 0.20 for IGF-I to 0.91 for prolactin.

Discussion

The data presented here are the first to directly address
differences in fetal hormone concentrations between
pregnancies occurring in geographic regions character-
ized by relatively low (China) and high (United States)
breast cancer incidence rates. The elevated cord androgen
concentrations we observed, however, are consistent
with previous studies of pregnancies occurring in North
America showing higher dehydroepiandrosterone sulfate
(DHEAS) concentrations in Chinese Canadians compared
with Caucasians (20), as is the pattern of higher cord
estriol concentrations that we observed in the Chinese
(20). In contrast, estradiol concentrations were not
elevated in the Chinese neonates in our study. In a

previous study, cord estradiol concentrations were higher
in Chinese American than in Caucasian pregnancies (21)
with or without adjustment for several pregnancy factors,
although the study was small and consisted of women
recruited from clients of a cord blood registry, suggesting
relatively high acculturation. We found no difference in
IGF-I by race/ethnicity in our data, whereas IGFBP-3
levels were elevated in the Chinese. The study cited above
(21) reported no differences in unadjusted IGF profiles,
including IGF-I and IGFBP-3 levels, comparing Chinese
American with U.S. pregnancies.

Our findings for differences in cord estrogen and
prolactin levels between Chinese and U.S. neonates were
not entirely similar to hormone differences observed in
the maternal data for these same pregnancies. Whereas
androgen and IGF concentrations were not assessed in
the study of serum hormones in the mothers of these
infants (13), maternal levels of estradiol and prolactin as
well as estriol were elevated in the Chinese. The vast
majority (over 90%) of estradiol and estriol enter the
maternal compartment from the placenta (22). Most
studies have measured hormones and other biomarkers
in the maternal circulation due to the difficulty in directly
sampling the in utero environment and based on the
assumption that maternal hormones and other endocrine
factors reflect those in the fetal circulation because of the
highly integrated maternal-placental-fetal unit. However,
the degree of correlation between, for example, estrogen
and androgen concentrations in the maternal and fetal
circulations is modest (23) and may explain the differ-
ences in the direction of results for the maternal and cord
samples in the present data.

We are not aware of studies that have measured fetal
androgen concentrations at multiple points throughout
the pregnancy. Whether hormone levels in the fetal
circulation reflect levels in breast tissue is not known and
is an issue in any study that uses such proxies for fetal
exposure. In epidemiologic studies, umbilical cord
sampling is only feasible after delivery; thus, the differ-
ences we observed between groups may not represent
real differences earlier in pregnancy. In particular,
androgen concentrations may be higher after vaginal
deliveries than after C-sections. However, the proportion
of C-sections was actually greater in the Chinese than
U.S. women (41.3% versus 26.1%) and thus would not
explain the higher androgen concentrations we observed
in the Chinese cord samples.

We observed elevated androgen and estriol con-
centrations but either no difference (unadjusted) or
reductions (adjusted) in estradiol in the Chinese. In
uncomplicated pregnancies, nearly comparable amounts
of DHEAS from the maternal and fetal adrenal glands are
enzymatically converted in the placenta to androstene-
dione and testosterone, which are then aromatized to
estrone and estradiol, respectively (22). The conversion
rate of androgens to estradiol is a function of placental size
and capacity as well as of aromatase enzyme levels. Estriol
is synthesized by the placenta from 16a-hydroxy-DHEAS,
which is formed in the fetal liver from DHEAS. Over 90%
of urinary estriol are ultimately derived from the fetal
adrenal gland (22). As pregnancy estriol is derived from
androgen substrate, these hormones are necessarily
correlated (r = 0.39 for androstenedione and estriol and
r = 0.30 for testosterone and estriol in the present study).
Thus, the higher estriol concentrations in the Chinese that
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we observed could merely be due to higher androgen
concentrations, which were also noted in the Chinese.
When androstenedione was added to the regression
model for estriol, the higher estriol concentrations in the
Chinese infants were markedly attenuated, whereas
androstenedione remained significantly higher in the
Chinese. This suggests that the elevated estriol levels in
the Chinese are probably due to their greater amounts of
estrogen precursor (that is, fetal androgens). The attenu-
ation in the group differences for estriol with androstene-
dione in the model could also result if androstenedione
was measured with less laboratory error than estriol.
However, the coefficients of variation were fairly similar
for the two hormones.

The similar or reduced estradiol levels in the presence
of elevated testosterone concentrations are more difficult
to explain. This implies less aromatization in the Chinese,
but it does not appear to be explained by placental size as
average placental weight was higher in the Chinese
pregnancies. Incomplete aromatization in the placental
compartment could also explain the higher testosterone
concentrations in the Chinese. Alternatively, or in addi-
tion to this explanation, the higher androgens in the
Chinese may be due to greater concentrations in the fetal
compartment. In this regard, the hormone results by
offspring gender may add to the understanding of the
biology of the higher androgen levels in the Chinese.
Given the values are higher in the Chinese regardless of
gender implies that placental differences (that is, in
aromatization) between Chinese and U.S. pregnancies
may be responsible.

Our unadjusted data would not appear to support the
hypothesis that exposure to lower estrogen levels in utero
are responsible in part for the lower breast cancer risk in
Chinese women. Other prenatal factors related to breast
cancer risk have been proposed to be mediated through
differences in pregnancy estrogen exposure, including
high birth weight (24) and dizygotic twinning (25-30) as
well as the reduced risk observed for women born of
preeclamptic pregnancies (31). Birth weight has been
positively associated with maternal estrogens in several
studies (32-34). However, data validating the associations
of preeclampsia (34, 35) and birth weight (21, 36-38) with
estrogen levels, particularly in the cord, are conflicting,
and data for dizygotic twinning are lacking (39).

We hypothesize that a difference in fetal androgen
exposure at a critical period during pregnancy may
explain the lower breast cancer rates in Asians compared
with Caucasians. Androgen concentrations in the cord
circulation of the Chinese neonates were two to three
times greater than in the U.S. neonates. Elevated fetal
androgen concentrations have been proposed as mediat-
ing the associations of prenatal exposures with breast
cancer risk (40) possibly through reduction of the initial
breast stem cell population. Suppression of embryonic
mammary gland development by androgens in males
supports this hypothesis (41). In the mouse model,
destruction of mammary gland anlagen (the initial
clustering of cells destined to become breast tissue)
by testosterone occurs in early pregnancy, and this
androgen sensitivity is expressed in male as well as
female mammary glands (42). Female fetuses are pro-
tected from sterilization through rapid placental metab-
olism of androgens to estrogens (43). Given that the
prohibitive effects of androgens on breast anlagen

formation occur in female as well as male mammary
glands and the empirical evidence that women undergo
breast development whereas men generally do not, we
believe rapid androgen metabolism plays a protective
role in allowing female breast development as well as in
preventing virilization. Androgen variability below the
level of sterilization, however, may have significant
biological consequences. Thus, it is possible that limited
androgen transfer back to the fetus in cases in which
androgen levels are high could influence anlagen
formation, as it does in males. Whether the magnitude
of the difference in androgen concentrations between
Chinese and U.S. infants that we observed is sufficient to
protect the breast is unknown. Elevated androgen
concentrations are observed for other prenatal exposures
that are associated with a reduced breast cancer risk, such
as preeclampsia (34, 35). These observations would be
consistent with a protective effect of fetal androgens but
the data, particularly for cord concentrations, are sparse.

Associations of the hormones studied with other
maternal and pregnancy factors could explain the
differences observed by race/ethnicity. In particular,
the Chinese mothers tended to be younger and physi-
cally smaller with lower pre-pregnancy weight, height,
and BMI and less pregnancy weight gain. The differences
in androgens and IGFBP-3 remained with adjustment for
these factors, and those for estriol and prolactin were
attenuated. In contrast, the estradiol concentrations
became lower than in Caucasians following adjustment.
The similar estradiol concentrations in the two racial/
ethnic groups in unadjusted comparisons were largely
due to younger maternal age in Chinese women.

We presented both unadjusted means and those
adjusted for maternal and pregnancy factors shown
previously to be associated with cord hormone levels and
which were related to race/ethnicity in these data. We
believe the unadjusted results address whether cord
hormones explain the international difference in breast
cancer rates in offspring, rate differences that are
unadjusted for maternal characteristics. For example, if
estradiol concentrations are similar in the Chinese and
U.S. mothers because the Chinese mothers tend to be
younger and smaller, then (assuming our population
samples are representative and Chinese women are
indeed generally younger and smaller) estradiol seems
unlikely to explain the international rate differences. The
unadjusted results also could be more relevant to the
actual pregnancy exposure of the fetus. In subsequent
analyses, we adjusted for maternal factors, including age,
pre-pregnancy BMI and weight gain, and length of the
gestation.

The adjusted results more appropriately address
whether the hormone differences we observed between
Chinese and U.S. infants are due to differences in
maternal age and size. Some but not all of the higher
androgen levels in the Chinese appear to be due to their
younger maternal age. For estriol and prolactin, the
higher levels in the Chinese appear to be due to their
younger maternal age and to less pregnancy weight gain.
The lack of difference in the crude data for estradiol
seems to be driven by the younger maternal age of the
Chinese. If either androgen or estrogen levels are
causally responsible for the international differences in
breast cancer risk, it would seem that their correlates
(that is, maternal age) would be risk factors for breast
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cancer. However, until now, this has not been consis-
tently observed (44). Regardless of which results are
used, the unadjusted or adjusted, and focusing only on
fetal exposure, higher androgens and IGFBP-3 are
consistent with protective effects on breast cancer risk,
whereas prolactin is consistent with adverse effects.

The samples of women from China and the United
States were not population based, and as such, the data
may not be representative of pregnancies occurring
in each country. The Chinese women, however, were
mainly from Shanghai and likely had a more western
lifestyle than would be typical in China. Thus, any
observed hormone differences that were due to environ-
mental factors may be underestimated. In fact, the
hormone profile for the urban Chinese, although closer
to the rural Chinese, was between that of the Caucasians
and that of rural Chinese. Some of the cord sera showed
signs of hemolysis and could not be used for the direct
assays (that is, prolactin, IGF-I, and IGFBP-3), resulting in
smaller sample sizes for these analytes and less power to
detect differences by race/ethnicity.

In conclusion, we found higher concentrations of
estriol, androstenedione, testosterone, and IGFBP-3 and
lower prolactin in cord serum from Chinese compared
with U.S. neonates, whereas levels of estradiol and IGF-I
were not different. These data are consistent with the
hypothesis that elevated prenatal androgen exposure
may be protective against subsequent breast carcinogen-
esis. Whereas the focus of this paper is on breast cancer,
these results may be relevant for other endocrine cancers
that have been suggested as being associated with fetal
hormone exposure, including testicular and prostate
cancer. Given that cultural and lifestyle practices are
changing in parts of Asia, studying populations, for
example, that have moved from rural to urban areas to
address whether changes in lifestyle factors affect
pregnancy-maternal and umbilical cord-hormone con-
centrations could be useful.
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