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Abstract

Intrauterine and perinatal factors have been linked to risk of
childhood leukemia, testicular cancer, and breast cancer in the
offspring. The pool of stem cells in target tissue has been
suggested as a critical factor linking early life exposures to
cancer. We examined the relation between intrauterine
hormone levels and measurements of stem cell potential in
umbilical cord blood. Cord blood donors were 40 women, ages
>_18 years, who delivered, from August 2002 to June 2003, a
singleton birth after a gestation of at least 37 weeks. We assayed
plasma concentrations of estradiol, unconjugated estriol,
testosterone, progesterone, prolactin, sex hormone binding
globulin, insulin-like growth factor-I (IGF-I), and IGF binding
protein-3. For stem cell potential, we measured concentrations
of CD34+ and CD34+CD38� cells and granulocyte-macrophage
colony-forming unit (CFU-GM). We applied linear regression
analysis and controlled for maternal and neonatal character-
istics. We found strong positive associations between IGF-I and
stem cell measures, 1 SD increase in IGF-I being associated with
a 41% increase in CD34+ (P = 0.008), a 109% increase in
CD34+CD38� (P = 0.005), and a 94% increase in CFU-GM (P =
0.01). Similar associations were observed for IGF binding
protein-3. Among steroid hormones, estriol and testosterone
were significantly positively associated with CD34+ and CFU-GM.
These findings indicate that levels of growth factors and
hormones are strongly associated with stem cell potential in
human umbilical cord blood and point to a potential
mechanism that may mediate the relationship between
in utero exposure to hormones and cancer risk in the offspring.
(Cancer Res 2005; 65(1): 358-63)

Introduction

It has long been established that many chemicals can lead to
prenatal carcinogenesis in several animal species (1, 2). In humans,
prenatal exposures to ionizing radiation have been shown to cause
leukemia and other tumors in children (3, 4), whereas intrauterine
exposure to diethylstilbestrol has been found to cause vaginal ad-

enocarcinoma in young women (5) and possibly testicular cancer in
men (6). Evidence linking endogenous, rather than exogenous,
perinatal factors to cancer risk in the offspring is more tenuous.
Animal studies have implicated intrauterine hormonal expo-
sures and maternal diet in breast cancer risk of the female rat
offspring (7, 8), whereas in humans most of the relevant evidence
concerns also breast cancer and stems from the fairly consistent
association between birth weight and the risk of this disease in
the offspring (9–14). Positive associations of birth weight, however,
have been reported with several other cancers in the offspring,
including childhood leukemia (15, 16), prostate cancer (17, 18),
and, indeed, cancer overall (19).
The indicated link between birth weight and cancer risk in

the offspring, as well as the strong positive association of insulin-
like growth factor-I (IGF-I) with birth weight (20–22) and the
relation of IGF-I with the risk of several forms of adult cancer (23–25),
brings forward a simple hypothesis that has been implicitly con-
sidered by several investigators searching for common conditions
or processes that may underlie cancer risk (26–29). According
to this hypothesis, articulated by Trichopoulos and Lipworth
(30), growth hormones in intrauterine life, such as IGF-I and ste-
roid hormones, are positively associated with total number of
stem cells and, by extension, total number of replicating im-
mature cells and eventually number of cells at risk for malignant
transformation.
Among stem cells, those with hematopoietic potential are the

only ones that are both identifiable and easily accessible in the
cord blood. We report here the findings on the relation between
measures of hematopoietic stem cell potential and plasma con-
centrations of estrogens, progesterone, prolactin, sex hormone bind-
ing globulin (SHBG), IGF-I, and IGF binding protein-3 (IGFBP-3) in
cord blood.

Materials and Methods

Study Subjects. Subjects were participants in the American Red Cross

(ARC) cord blood program that harvests and stores hematopoietic stem

cells from umbilical cord blood for transplantation purposes. Eligible

participants were pregnant women (ages z18 years) who delivered a
singleton birth (gestational age z37 weeks) at the University of

Massachusetts Memorial Medical Center and St. Vincent’s Hospital. Those

who reported drug use, blood diseases, cancer, AIDS, sexual diseases, or
serious infectious diseases were excluded. Each participant signed a Human

Subjects Committee–approved informed consent form before collection of

cord blood. Among the participants in the ARC program, our study subjects

were identified from those whose cord blood samples collected were not
accepted for storage in the cord blood bank mainly due to insufficient
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volume (<85 mL) or incomplete information on the label of the collection
bag (e.g., missing exact time of delivery).

As a part of the protocol, extensive medical and family history data were

obtained from the participants before delivery. Specifically, women were

asked to self-report their age, race, education, number of prior pregnancies
and live births, and complications during pregnancy in addition to detailed

information of their family medical history. After delivery, a nurse collected

and reported labor and delivery data to the ARC, including the weight and

gestational age of the baby. We obtained information of these maternal and
neonatal characteristics from the ARC database.

The study protocol was approved by the institutional review boards
of the ARC, University of Massachusetts Medical School, University of
Massachusetts Memorial Medical Center, and St. Vincent’s Hospital.

Human Umbilical Cord Plasma and Stem Cell Samples. Umbilical
cord blood was collected from infants delivered according to standard
obstetric practices, while the placenta was still in utero . For infant births
requiring cesarean section, cord blood was collected after the delivery
of the placenta. Cord blood was drained from the umbilical vein using
a 16-gauge needle and was collected in a plastic bag containing 35 mL
citrate-phosphate-dextrose anticoagulant (Baxter Health Care, Deerfield,
IL). After collection, cord blood samples were stored at room tem-
perature and were processed within 24 hours from the time of blood
collection.

Nucleated cell counts were measured in the whole cord blood sample
with an automated Coulter STKS (Beckman-Coulter, Hialeah, FL). The cord
blood samples were centrifuged at 20jC for 30 minutes at 1,400 rpm, and
plasma from each sample was separated. Aliquots containing a total of 2 mL
plasma in each cryovial were prepared and stored at �70jC until the time
of analysis.

After withdrawing plasma, the remaining specimen was diluted 4-fold
with PBS-EDTA solution (Dulbecco’s PBS/5 mmol/L EDTA/2% FCS) and
layered onto lymphocyte separation medium (ICN Biomedicals, Inc., Aurora,
OH) density gradients to deplete RBC. Light-density (U < 1.077 g/mL)
mononuclear cells (MNC) were collected, diluted with PBS-EDTA solu-
tion, and centrifuged at 1,200 rpm for 10 minutes. After erythrocyte
lysis, the cell pellet was washed twice with PBS-EDTA solution and once
with PBS solution (Dulbecco’s PBS/2% FCS) and resuspended in PBS
solution. For flow cytometric analysis, stem cell samples were prepared
after dilution to a concentration between 1 � 106 and 2 � 106 cells per
microliter.

HormoneAssays. Hormone assays were conducted at the ILAT Steroid
RIA Laboratory, Department of Physiology, University of Massachusetts
Medical School, and hormone levels were measured in umbilical cord
plasma. Estradiol was measured by RIA using kits from Diagnostic Systems
Laboratories, Inc. (Webster, TX). Testosterone was measured by solid-phase
125I RIA using kits from Diagnostic Products Corp. (Los Angeles, CA).
Unconjugated estriol, progesterone, prolactin, and SHBG were measured
using chemiluminescent immunoassay methodologies from Diagnostic
Products. IGF-I and IGFBP-3 were measured by immunoradiometric assay
using kits obtained from Diagnostic Systems Laboratories.

Samples were assayed in three batches. For each assay run, two aliquots
from each of the three in-house control samples formed by pooled sera were
assayed. The interassay and intra-assay coefficient variations of the in-house
controls were 12.5% and 4.3% for estradiol, 5.2% and 1.6% for testosterone,
6.3% and 6.3% for estriol, 9.5% and 5.9% for progesterone, 6.6% and 1.7% for
prolactin, 9.1% and 4.8% for SHBG, 11.3% and 7.8% for IGF-I, and 6.3% and
12.7% for IGFBP-3, respectively. For each assay, control samples that
accompanied the kit were also examined; all results were within the
manufacturer’s specifications.

Flow Cytometric Analysis of Stem Cell Populations. We mea-
sured currently recognized, standard populations of hematopoietic stem
cells, notably CD34+ and CD34+CD38� (31, 32). Stem cell samples were
incubated with appropriate cocktails of antibodies including anti-CD34
FITC and anti-CD38 phycoerythrin (Becton Dickinson, San Jose, CA) for 30
minutes on ice. This staining process allows simultaneous multicolor
analysis to identify CD34+ and CD34+CD38� cell populations. Following
wash with PBS solution to remove unbound antibodies, the cells were fixed
in 10% paraformaldehyde, stored at 4jC overnight, and analyzed by a

multilaser flow cytometer (FACSCalibur, Becton Dickinson). Results are
expressed as density (concentration) of CD34+ and CD34+CD38� cells per
1,000 MNC.

CD34+ Cell Isolation and Colony-Forming Assay. Primitive progen-

itor cells have the ability to form colonies in vitro in semisolid and liquid

Table 1. Summary of the maternal and newborn
characteristics and the laboratory measurements

Variables n (mean F SD or %) Range

Subject characteristics
Mother’s age (y) 40 (29.6 F 5.0) 18-39
Race of mother and
biological father
Both Caucasian 36 (90.0)
Both African American 1 (2.5)
Both Hispanic 1 (2.5)
Caucasian, Hispanic 1 (2.5)
Caucasian, Asian 1 (2.5)

No. previous live births
0 14 (35.0)
1 13 (32.5)
2 7 (17.5)
3 6 (15.0)

Gestation duration (wk) 40 (39.6 F 1.4) 36.5-41.6
Gender of the baby
Male 21 (53.9)
Female 18 (46.2)
Birth weight

of the baby (g)
39 (3,313.1 F 450.6) 2,500-4,570

Hormones
Estradiol (ng/dL) 40 (792.4 F 733.1) 40.6-3,271.0
Unconjugated

estriol (ng/mL)
40 (281.8 F 115.8) 18.1-516

Testosterone (ng/mL) 40 (1.4 F 0.6) 0.3-3.4
SHBG (nmol/L) 40 (24.7 F 9.0) 11.7-52.0
Progesterone (ng/mL) 40 (214.3 F 110.0) 77.2-525.7
Prolactin (ng/mL) 40 (236.8 F 108.4) 50.8-555.4
IGF-I (ng/mL) 40 (68.3 F 40.3) 10.2-170
IGFBP-3 (ng/mL) 40 (1,040.2 F 278.4) 640-1,644

Cord blood cell populations
TNC (counts/AL), �107 39* (86.0 F 47.3) 36.1-252
MNC (counts/AL), �107 39* (42.4 F 19.7) 16.6-112.1
CD34+ cell densityc 40 (34.5 F 17.1) 4.9-77.6
CD34+CD38� cell

densityc/103 MNC
40 (4.0 F 5.9) 0-19.7

CFU-GM colony counts
Mean in five plates 20 (56.1 F 20.8) 19.2-88.4
Density in
MNC/103 MNC

20 (0.84 F 0.47) 0.17-1.46

NOTE: One subject each had unknown information on birth weight

and gender of baby.

*Total blood volume was missing for one sample.
cCell density per 1,000 MNC.
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cultures on stimulation with specific growth factors. The growth of colonies
derived from granulocyte-macrophage colony-forming unit (CFU-GM) by

in vitro colony-forming cell assay characterizes proliferative potential of

stem cells (33, 34). Thus, we measured CFU-GM colonies by a semisolid

culture assay among CD34+ cells isolated from cord blood.
CD34+ cells were isolated on magnetic-activated cell sorting columns

using microbead-conjugated antibodies (MiniMACS system, Miltenyi Biotec,

Bergisch Gladbach, Germany). To determine the number of CFU-

GM colonies, 2,500 sorted cells were plated in 35-mm tissue culture plate

containing 1.5 mL methylcellulose medium (MethoCult GF H4535, Stem Cell

Technologies, Inc., Vancouver, British Columbia, Canada). Plates were incu-

bated at 37jC in humidified 5% CO2 for 14 days. Colonies that contained

z40 cells were enumerated using a dissecting microscope (Olympus,

Melville, NY) in five plates for each of 20 samples. Based on the mean

of colony counts from five plates, results are expressed first as density of CFU-

GMcolony counts among the CD34+ cells and then as number of CFU-GMper

1,000 MNC.

Statistical Analysis. Descriptive statistics on the characteristics of
study population and laboratory data were calculated. Spearman rank

correlation coefficients were estimated for bivariate analyses. Multivariate

linear regression was used to examine the association between hormones
(independent variable) and natural log-transformed measures of stem cell

potential (dependent variable), adjusting for maternal and neonatal

characteristics (mother’s age, race of parents, number of live births, gestation

duration, baby’s gender and birth weight, and delivery time). Maternal age,
gestational duration, and birth weight were treated as continuous variables.

The fitted coefficients from the regression analyses were exponentiated to

obtain the estimated proportional change in outcome associated with each

independent variable. Statistical significance was set at 0.05 (two-sided). To
conduct statistical analyses, the SAS program version 8.0 (SAS Institute, Cary,

NC) was used.

Results

Among the cord blood samples collected by the ARC cord blood
program from August 2002 to June 2003, we assayed 40 samples.
With the exception of birth weight, the study samples were similar
to all ARC donors on all maternal and newborn characteristics.
Mean birth weight was lower in babies of the study donors than in
those of the ARC donors overall (mean F SD, 3,313 F 451 versus
3,524 F 464 g), because the study samples included cord blood not
accepted for banking by the ARC for volumes that were insufficient
for clinical purposes.
Summary statistics on maternal and newborn characteristics,

plasma concentrations of hormones, and measures of stem cell
potential in umbilical cord blood are presented in Table 1. The
majority (90%) of the cord samples were from neonates of parents
who were both Caucasian. One third of the samples were from the
first live birth. Birth weight ranged from 2,500 to 4,570 g, with a
slightly higher proportion (12.8%) of the subjects classified as
small-for-gestation age (<10th percentile for gestational age) and
only 1 (2.6%) subject as large-for-gestation age (>90th percentile)
based on U.S. singleton births by race and gender (35). Slightly
more than half (53.9%) of the samples were from male neonates.
Mean plasma concentration of estradiol, unconjugated estriol,
testosterone, progesterone, prolactin, and IGF-I were 792 ng/dL,
282 ng/mL, 1.4 ng/mL, 214 ng/mL, 237 ng/mL, and 68.3 ng/mL,
respectively. Mean SHBG and IGFBP-3 concentrations were 25
nmol/L and 1,040 ng/mL, respectively. As measures of stem cell
potential, mean density of CD34+ and CD34+CD38� per 1,000 MNC
were 34.5 and 4.0, respectively. CFU-GM assays were successfully
completed for 20 samples. Mean CFU-GM count in five plates was
56.1 and density of CFU-GM per 1,000 MNC was 0.84. Table 2
presents the results of mutual associations among total nucleated
cell counts (TNC), MNC, and measures of stem cell potential. TNC
and MNC were highly correlated, but neither TNC nor MNC were
associated with stem cell potential as evaluated through densities
of CD34+, CD34+CD38�, and CFU-GM. The three measures of stem
cell potential were, as expected, positively and significantly
intercorrelated (Table 2).
Bivariate analysis of associations between plasma hormone levels

and measures of stem cell potential is presented in Table 3. Among
the studied endocrine compounds, estradiol, estriol, testosterone,

Table 2. Spearman correlation coefficients (Ps)
among cord blood cell populations

Variables MNC CD34+ CD34+

CD38�
CFU-GM

TNC 0.77
(<0.0001)

0.18 (0.27) 0.07 (0.69) 0.20 (0.42)

MNC 0.18 (0.27) 0.20 (0.23) 0.06 (0.82)
CD34+ 0.43 (0.005) 0.77 (<0.0001)
CD34+CD38� 0.49 (0.03)

NOTE: TNC (cell counts/AL of cord blood); MNC (cell counts/AL of cord
blood); CD34+, CD34+CD38�, and CFU-GM: density per 1,000 MNC.

Table 3. Spearman correlation coefficients (Ps) between cord blood hormones and cell populations

Variables TNC MNC Measures of stem cell potential, counts/1,000 MNC

CD34+ CD34+CD38� CFU-GM

Estradiol 0.24 (0.13) 0.20 (0.21) 0.30 (0.06) 0.47 (0.002) 0.63 (0.003)
Estriol 0.32 (0.05) 0.31 (0.06) 0.36 (0.02) 0.23 (0.15) 0.63 (0.003)
Testosterone 0.20 (0.23) 0.20 (0.21) 0.30 (0.06) 0.15 (0.35) 0.69 (0.0008)
SHBG �0.03 (0.87) �0.04 (0.80) �0.08 (0.62) 0.30 (0.06) 0.27 (0.25)
Progesterone 0.20 (0.23) 0.14 (0.38) 0.15 (0.37) 0.34 (0.03) 0.39 (0.09)
Prolactin 0.35 (0.03) 0.32 (0.05) �0.13 (0.43) �0.16 (0.32) 0.34 (0.14)
IGF-I 0.24 (0.15) �0.05 (0.75) 0.33 (0.04) 0.20 (0.21) 0.61 (0.004)
IGFBP-3 0.50 (0.001) 0.27 (0.10) 0.37 (0.02) 0.36 (0.02) 0.64 (0.002)
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and the strongly intercorrelated IGF-I and IGFBP-3 (r = 0.70) seem
to be associated with measures of stem cell potential. These results
do not, however, take into account potential confounding influence
of maternal and neonatal characteristics.
The associations between measures of stem cell potential and

the studied hormones in cord blood after adjustment for maternal
and neonatal characteristics are presented in Table 4. Statistically
significant positive associations with all three measures of stem
cell potential are evident with respect to IGF-I and these positive
associations are reflected in similar associations with IGFBP-3.
Weaker associations of stem cell potential are also noted with
respect to estradiol, estriol, and testosterone, whereas for SHBG,
progesterone, and prolactin the evidence for a positive association
with stem cell potential is even weaker.

Discussion

In this study, we have found that IGF-I and IGFBP-3 are
significant predictors of stem cell potential in cord blood. Cord
blood estrogens and testosterone were also positively associated
with stem cell potential, although the respective relations seemed
to be weaker than those of IGF-I and IGFBP-3. We interpret
these findings as indicating that growth hormones during the
perinatal period tend to increase the number of stem cells and, by
extension, the total number of replicating immature cells
susceptible to malignant transformation. Thus, the findings of this
study, which explores an issue that has not been evaluated
previously in humans, point to potential mechanisms that may
underlie prenatal origin of cancer risk at several sites in the
offspring (36).
The working hypothesis for this research is that the size of the

pool of stem cells, which is largely determined during the perinatal
period, is associated with cancer risk (26–28, 37–39). Methodologic
and ethical complexities do not allow a direct testing of the pos-
tulated mechanism in human subjects, as it is difficult to examine
the effects of fetal exposure to pregnancy hormones on stem cell
quantity and on the subsequent occurrence of cancer in the off-
spring. It is also not feasible in a study in humans to use specimens

from fetal organs to study the association between hormone levels
and stem cell quantity. To overcome these constraints, we have
exploited the unique accessibility of cord blood as a human fetal tissue
to examine the relation between intrauterine hormone levels and
measurements of stem cell potential.
Levels of various hormones in the cord blood have been ex-

amined in earlier research (40, 41). Among the hormones examined
by Shibata et al. (40), the geometric mean was 662 ng/dL for
estradiol, 65.0 ng/mL for IGF-I, and 696 ng/mL for IGFBP-3 in the
cord blood plasma from 57 Caucasian subjects. In another study,
the mean was 26 ng/dL for testosterone, 12,420 pg/mL for estradiol,
and 249 ng/mL for estriol in the cord blood sera from 86 subjects of
different races (f60% Caucasian; ref. 41). Our results on estradiol
and IGF-I were very similar to that found in Shibata et al. (40),
but our findings on testosterone, estradiol, and estriol were
not directly comparable with that in Troisi et al. (41) due to the
difference in type of samples (plasma versus sera) and in racial
composition of the subjects.
Although hematopoietic stem cells may not share all properties

of organ-specific stem cells, they are by definition largely
undifferentiated. CD34 antigen is an integral membrane glycopro-
tein of 90 to 120 kDa and is considered as one of the defining
hallmarks of hematopoietic stem cells (42). However, the CD34+

population is heterogeneous and includes differentiating cells,
committed progenitor cells, early multipotent progenitors, and
stem cells, whereas CD34+CD38� and CFU-GM cells are more
primitive subpopulations (31, 33, 34, 42). It is of interest to note
that the regression coefficients linking cord blood estrogens,
testosterone, and IGF-I to stem cell potential tend to be smaller for
CD34+ cells that include more differentiated cells.
We consider it important that the strongest associations with

cord blood stem cell potential were found with IGF-I and its
strongly correlated binding protein IGFBP-3. IGFs and their
binding proteins are recognized as important factors in carcino-
genesis (43). IGF-I and IGFBP-3 have been shown in a recent meta-
analysis to be associated with increased risks of non-smoking-
related cancers in epidemiologic studies (44). It may also be of
importance that IGF-I in the fetus is regulated by metabolic factors
rather than being significantly influenced by growth hormone as in

Table 4. Multiple linear regression analysis for the association between measures of stem cell potential and
hormone levels in cord blood

Hormones % Change (95%
confidence interval)

P % Change (95%
confidence interval)

P % Change (95%
confidence interval)

P

CD34+ cells/103 MNC CD34+ CD38� cells/103 MNC CFU-GM counts/103 MNC

Estradiol 9.5 (�11.8 to 35.9) 0.40 38.0 (�9.8 to 111.2) 0.13 31.3 (�9.6 to 90.3) 0.14
Estriol 30.5 (8.8, 56.4) 0.006 34.4 (�10.4 to 101.4) 0.15 39.6 (1.3, 92.4) 0.04
Testosterone 22.6 (1.6, 47.9) 0.04 30.5 (�12.4 to 94.4) 0.18 37.2 (1.6, 85.1) 0.04
SHBG �1.4 (�22.0 to 24.5) 0.90 53.1 (�1.8 to 138.7) 0.06 66.8 (8.4, 156.8) 0.02
Progesterone 7.4 (�14.2 to 34.3) 0.52 51.1 (�1.6 to 132.1) 0.06 11.2 (�24.9 to 64.7) 0.56
Prolactin �4.0 (�25.2 to 23.3) 0.74 �21.1 (�52.1 to 29.9) 0.34 46.3 (�4.3 to 123.7) 0.07
IGF-I 40.9 (10.0, 80.5) 0.008 108.8 (27.6, 241.7) 0.005 93.6 (19.6, 213.4) 0.01
IGFBP-3 32.3 (5.0, 66.7) 0.02 97.3 (26.3, 208.1) 0.004 47.6 (�0.5 to 119.0) 0.05

NOTE: Frommultiple regression model, adjusting for mother’s age, race of parents, number of live births, gestation duration, gender of baby, delivery time,

and birth weight of baby. % Change: expected proportional change in dependent variable associatedwith 1 SD increase per independent variable. Ps for the

estimated coefficients.
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adult life (45), that IGF-I cannot cross the placenta (46), and that
cord blood levels of IGFBP-3 are positively correlated with those
of IGF-I (47).
In addition to questions concerning the degree of similarity

between blood and organ-specific stem cells and to considerations
regarding sample size, particularly with respect to CFU-GM, our
study has another limitation stemming from the cross-sectional
ascertainment of hormone levels and cell populations. Experimental
evidence, however, points to quiescent stem cells proliferating on
stimulation by IGF-I, estrogens, and growth-enhancing hormones
(48–50), so that the directionality of the positive associations
between hormone levels and stem cell potential can reasonably be
inferred. Results from the Dutch Famine Study suggest that caloric
restriction in the third rather than the earlier trimesters reduces
birth weight (51). Thus, it is possible that hormones and growth
factors in late pregnancy influence a subject’s cancer risk through
their effect on birth weight, whereas organogenesis interlinked with
stem cell potential in early gestation might involve a distinct
pathway. A positive correlation between birth weight and CD34+ cell
density (Spearman correlation g = 0.12) was observed in this study,
but sample size constraint did not allow informative analyses that

adjusted properly for covariates in the relation between stem cell
measurements and birth weight.
In conclusion, we have found evidence that IGF-I and IGFBP-3

and, to a lesser extent, estradiol, estriol, and testosterone in the
umbilical cord are positively associated with measures of hema-
topoietic stem cell potential. These findings support a possible link
between increased in utero exposure to IGF-I, estrogens, and
testosterone and increased proliferative potential of stem cells and
suggest a plausible biological mechanism underlying the early life
roots of human cancer. The number of samples in the current
analysis is relatively small, however, and the results should be
replicated in studies with larger samples.

Acknowledgments

Received 1/7/2004; revised 10/22/2004; accepted 10/27/2004.
Grant support: National Cancer Institute, NIH grant R01CA90902.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank the reviewers for helpful comments.

Cancer Research

Cancer Res 2005; 65: (1). January 1, 2005 362 www.aacrjournals.org

References
1. Law LW. The production of tumours by injection of a
carcinogen into the amniotic fluid of mice. Science
1940;91:96 – 7.

2. Tomatis L. Prenatal exposure to chemical carcinogens
and its effect on subsequent generations. J Natl Cancer
Inst Monogr 1979;51:159– 84.

3. MacMahon B. Prenatal x-ray exposure and childhood
cancer. J Natl Cancer Inst 1962;28:1173 –91.

4. Petridou E, Trichopoulos D, Dessypris N, et al. Infant
leukaemia after in utero exposure to radiation from
Chernobyl. Nature 1996;382:352 –3.

5. Herbst AL, Ulfelder H, Poskanzer DC. Adenocarcinoma
of the vagina. Association of maternal stilbestrol
therapy with tumor appearance in young women. N
Engl J Med 1971;284:878 –81.

6. Strohsnitter WC, Noller KL, Hoover RN, et al. Cancer
risk in men exposed in utero to diethylstilbestrol. J Natl
Cancer Inst 2001;93:545 – 51.

7. Hilakivi-Clarke L, Cho E, RaygadaM, Onojafe I, Clarke R,
Lippman ME. Early life affects the risk of developing
breast cancer. Ann N Y Acad Sci 1995;768:327 –30.

8. Hilakivi-Clarke L, Clarke R, Onojate I, Raygada M, Cho
E, Lippman M. A maternal diet high in n -6 poly-
unsaturated fats alters mammary gland development,
puberty onset, and breast cancer risk among female rat
offspring. Proc Natl Acad Sci U S A 1997;94:9372 –7.

9. Ekbom A, Trichopoulos D, Adami H-O, Hsieh C-c,
Lan S-J. Evidence of prenatal influences on breast cancer
risk. Lancet 1992;340:1015 –8.

10. Michels KB, Trichopoulos D, Robins JM, et al.
Birthweight as a risk factor for breast cancer. Lancet
1996;348:1542 –6.

11. Stavola BL, Hardy R, Kuh D, Silva IS, Wadsworth M,
Swerdlow AJ. Birthweight, childhood growth and risk of
breast cancer in a British cohort. Br J Cancer 2000;83:
964 – 8.

12. Kaijser M, Lichtenstein P, Granath F, Erlandsson G,
Cnattingius S, Ekbom A. In utero exposures and breast
cancer: a study of opposite-sexed twins. J Natl Cancer
Inst 2001;93:60 – 2.

13. Vatten LJ, Maehle BO, Lund Nilsen TI, et al. Birth
weight as a predictor of breast cancer: a case-control
study in Norway. Br J Cancer 2002;86:89 – 91.

14. Ahlgren M, Sorensen T, Wohlfahrt J, Haflidadottir A,
Holst C, Melbye M. Birth weight and risk of breast
cancer in a cohort of 106,504 women. Int J Cancer 2003;
107:997–1000.

15. Cnattingius S, Zack MM, Ekbom A, et al. Prenatal and
neonatal risk factors for childhood lymphatic leukemia.
J Natl Cancer Inst 1995;87:908– 14.

16. Ross JA, Potter JD, Shu XO, Reaman GH, Lampkin B,
Robison LL. Evaluating the relationships among mater-
nal reproductive history, birth characteristics, and
infant leukemia: a report from the Children’s Cancer
Group. Ann Epidemiol 1997;7:172 – 9.

17. Tibblin G, Eriksson M, Cnattingius S, Ekbom A. High
birthweight as a predictor of prostate cancer risk.
Epidemiology 1995;6:423 – 4.

18. Ekbom A, Hsieh CC, Lipworth L, et al. Perinatal
characteristics in relation to incidence of and mortality
from prostate cancer. BMJ 1996;313:337–41.

19. Andersson SW, Bengtsson C, Hallberg L, et al. Cancer
risk in Swedish women: the relation to size at birth.
Br J Cancer 2001;84:1193 –8.

20. Yang SW, Kim SY. The relationship of the levels of
leptin, insulin-like growth factor-I and insulin in cord
blood with birth size, ponderal index, and gender
difference. J Pediatr Endocrinol Metab 2000;13:289– 96.

21. Vatten LJ, Nilsen ST, Odegard RA, Romundstad PR,
Austgulen R. Insulin-like growth factor I and leptin in
umbilical cord plasma and infant birth size at term.
Pediatrics 2002;109:1131 –5.

22. Skalkidou A, Petridou E, Papathoma E, Salvanos H,
Trichopoulos D. Growth velocity during the first
postnatal week of life is linked to a spurt of IGF-I
effect. Paediatr Perinat Epidemiol 2003;17:281– 6.

23. Chan JM, Stampfer MJ, Giovannucci E, et al. Plasma
insulin-like growth factor-I and prostate cancer risk: a
prospective study. Science 1998;279:563 –6.

24. Hankinson SE, Willett WC, Colditz GA, et al. Cir-
culating concentrations of insulin-like growth factor-I
and risk of breast cancer. Lancet 1998;351:1393 –6.

25. Ma J, Pollak MN, Giovannucci E, et al. Prospective
study of colorectal cancer risk in men and plasma levels
of insulin-like growth factor (IGF)-I and IGF-binding
protein-3. J Natl Cancer Inst 1999;91:620– 5.

26. Nordling CO. A new theory on the cancer-inducing
mechanism. Br J Cancer 1953;7:68 – 72.

27. Moolgavkar SH, Day NE, Stevens RG. Two-stage
model for carcinogenesis: epidemiology of breast
cancer in females. J Natl Cancer Inst 1980;65:559– 69.

28. Albanes D, Winick M. Are cell number and cell
proliferation risk factors for cancer? J Natl Cancer Inst
1988;80:772– 4.

29. Loeb LA. Mutator phenotype may be required for
multistage carcinogenesis. Cancer Res 1991;51:3075–9.

30. Trichopoulos D, Lipworth L. Is cancer causation
simpler than we thought, but more intractable? Epi-
demiology 1995;6:347 – 9.

31. Xiao M, Dooley DC. Cellular and molecular aspects of
humanCD34+CD38� precursors: analysis of a primitive he-
matopoietic population. Leuk Lymphoma 2000;38:489–97.

32. Ballen KK, Wilson M, Wuu J, et al. Bigger is better:
maternal and neonatal predictors of hematopoietic
potential of umbilical cord blood units. Bone Marrow
Transplant 2001;27:7 – 14.

33. Abboud M, Xu F, LaVia M, Laver J. Study of early
hematopoietic precursors in human cord blood. Exp
Hematol 1992;20:1043 –7.

34. Hoffbrand AV, Pettit JE, Moss PAH. Essential
haematology. 4th ed. Oxford: Blackwell Science Ltd.;
2001, p. 1 – 11.

35. Alexander GR, Kogan MD, Himes JH. 1994-1996 U.S.
singleton birth weight percentiles for gestational age by
race, Hispanic origin, and gender. Matern Child Health
J 1999;3:225– 31.

36. Baik I, Becker PS, DeVito WJ, et al. Stem cells and
prenatal origin of breast cancer. Cancer Causes Control
2004;15:517– 30.

37. Peto R. Epidemiology, multistage models and short-
term mutagenicity tests. In: Hiatt HH, Watson JD,
Winsten JA, editors. The origins of human cancer. Cold
Spring Harbor Symposium on Cell Proliferation. Vol. 4.
Cold Spring Harbor (NY): Cold Spring Harbor Labora-
tory; 1977. p. 403 – 30.

38. Adami HO, Signorello LB, Trichopoulos D. Towards
an understanding of breast cancer etiology. Semin
Cancer Biol 1998;8:255 – 62.

39. Shibata A, Minn AY. Perinatal sex hormones and risk
of breast and prostate cancers in adulthood. Epidemiol
Rev 2000;22:239– 48.

40. Shibata A, Harris DT, Billings PR. Concentrations of
estrogens and IGFs in umbilical cord blood plasma: a
comparison among Caucasian, Hispanic, and Asian-
American females. J Clin EndocrinolMetab 2002;87: 810–5.

41. Troisi R, Potischman N, Roberts J, et al. Associations of
maternal and umbilical cord hormone concentrations
with maternal, gestational and neonatal factors (United
States). Cancer Causes Control 2003;14:347– 55.

42. Mayani H, Lansdorp PM. Biology of human umbilical
cord blood-derived hematopoietic stem/progenitor
cells. Stem Cells 1998;16:153– 65.

43. Grimberg A, Cohen P. Role of insulin-like growth
factors and their binding proteins in growth control
and carcinogenesis. J Cell Physiol 2000;183:1 – 9.



Stem Cells and Prenatal Origin of Cancer

www.aacrjournals.org 363 Cancer Res 2005; 65: (1). January 1, 2005

44. Renehan AG, Zwahlen M, Minder C, O’Dwyer ST,
Shalet SM, Egger M. Insulin-like growth factor (IGF)-1,
IGF binding protein-3, and cancer risk: systemic review
and meta-regression analysis. Lancet 2004;363:1346 –53.

45. Styne D. Growth. In: Greenspan FS, Gardner DG,
editors. Basic and clinical endocrinology. 6th ed.
New York: Lange Medical Books/McGraw-Hill; 2001,
p. 163– 200.

46. Holmes RP, Holly JM, Soothill PW. Maternal serum
insulin-like growth factor binding protein-2 and -3
and fetal growth. Hum Reprod 1999;14:1879 –84.

47. Ong K, Kratzsch J, Kiess W; ALSPAC Study Team. Size
at birth and cord blood levels of insulin, insulin-like
growth factor I (IGF-I), IGF-II, IGF-binding protein-1
(IGFBP-1), IGFBP-3, and the soluble IGF-II/mannose-6-
phosphate receptor in term human infants. J Clin
Endocrinol Metab 2000;85:4266 –9.

48. Frostad S, Bjerknes R, Abrahamsen JF, Olweus J,
Bruserud O. Insulin-like growth factor-1 (IGF-1) has a
costimulatory effect on proliferation of committed
progenitors derived from human umbilical cord
CD34+ cells. Stem Cells 1998;16:334– 42.

49. Long E, Huynh HT, Zhao X. Involvement of insulin-like
growth factor-1 and its binding proteins in proliferation
and differentiation of murine bone marrow-derived
macrophage precursors. Endocrine 1998;9:185 – 92.
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