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Abstract

Multiple mechanisms are likely to account for the link between obesity and increased risk of post-
menopausal breast cancer. Two adipokines, leptin and adiponectin, are of particular interest due to
their opposing biological functions and associations with breast cancer risk. In the current study,
we investigated the effects of leptin and adiponectin on normal breast epithelial stem cells. Levels
of leptin in human adipose explant-derived conditioned media positively correlated with the size
of the normal breast stem cell pool. By contrast, an inverse relationship was found for adiponectin.
Moreover, a strong linear relationship was observed between the leptin/adiponectin ratio in
adipose conditioned media and breast stem cell self-renewal. Consistent with these findings,
exogenous leptin stimulated whereas adiponectin suppressed breast stem cell self-renewal. In
addition to local in-breast effects, circulating factors including leptin and adiponectin may
contribute to the link between obesity and breast cancer. Increased levels of leptin and reduced
amounts of adiponectin were found in serum from obese compared to age-matched lean post-
menopausal women. Interestingly, serum from obese women increased stem cell self-renewal by
30% compared to only 7% for lean control serum. Taken together, these data suggest a plausible
explanation for the obesity-driven increase in post-menopausal breast cancer risk. Leptin and
adiponectin may function as both endocrine and paracrine/juxtacrine factors to modulate the size
of the normal stem cell pool. Interventions that disrupt this axis and thereby normalize breast stem
cell self-renewal could reduce the risk of breast cancer.
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INTRODUCTION

Obesity is associated with an increased risk of post-menopausal breast cancer (1, 2). Several
mechanisms have been suggested to account for this increased risk including changes in
breast adipose tissue (3). Adipose tissue is a complex energy storage and endocrine organ
that secretes a wide range of biologically active factors including adipokines. The adipose-
rich stroma that makes up the stem cell niche in the human breast is thought to influence
ductal and alveolar morphogenesis during pubertal development, and again on a regular
basis throughout a woman’s reproductive years, possibly by altering stem cell activity (4).
Although obesity is associated with altered adipokine production (5), little is known about
whether either local or systemic changes in adipokine levels can affect stem cell self-
renewal in the normal breast.

Leptin and adiponectin, two of the most abundant adipokines, have been suggested to play a
role in breast cancer. In post-menopausal women, plasma levels of leptin increase in
association with BMI whereas levels of adiponectin decrease in obese subjects (6).
Concentrations of leptin and adiponectin are generally higher in normal breast tissue than in
blood, and may be part of an important paracrine or juxtacrine signaling system between the
adipose-rich stroma and breast epithelial stem cells (7). Leptin is a 16 kDa protein encoded
by the ob gene (8) that is primarily secreted from fat cells for the regulation of body weight.
At normal physiologic concentrations, leptin crosses the blood-brain barrier to activate the
ObR receptor in hypothalamic neurons which inhibit the drive to feed (9-11). In addition to
the hypothalamus, the leptin receptor is expressed in the human breast (12, 13) and is often
up-regulated in breast cancer cells. Notably, some studies have suggested that high levels of
leptin in the circulation are associated with increased breast cancer risk (14). In vitro studies
have demonstrated that leptin stimulates the proliferation and survival of tumor cells. Zheng
et al transplanted MMTV-Wnt1 mammary tumor xenografts into obese ob/ob mice, and
showed that leptin-deficiency suppressed tumor growth, while it was enhanced in obese
hyper-leptinemic db/db mice (15-17). In addition, silencing the leptin receptor in triple-
negative breast cancer cells leads to the loss of cancer cell stemness, as evidenced by
decreased expression of the stem cell self-renewal transcription factors NANOG, SOX2, and
OCT4 and reduced stem cell self-renewal (17). While these results in breast cancer are
intriguing, leptin’s role in the maintenance of the non-transformed stem cell population in
the healthy human breast is unknown.

Adiponectin is produced almost exclusively by adipocytes. In contrast to leptin, circulating
levels of adiponectin are inversely correlated with BMI. Multiple human studies have
demonstrated an inverse association between levels of circulating adiponectin and risk of
post-menopausal breast cancer (18-23). Adiponectin activates two different receptors,
AdipoR1 and AdipoR2; these receptors are expressed by most cells including normal
mammary epithelial cells and breast cancer cells (24). Binding of adiponectin to its receptors
activates AMPK, a nutrient-sensing enzyme, which regulates several key pathways involved
in protein synthesis and cellular energy metabolism. Adiponectin can induce apoptosis and
inhibit the growth of tumor cells (25). Adiponectin haploinsufficiency promotes mammary
tumor formation by down-regulation of PTEN activity and activation of PI3K/Akt signaling
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(26). Whether adiponectin modulates normal mammary stem cell self-renewal is uncertain
and could help to explain its anti-tumor activity.

While we recognize that the mammary tumor cell of origin has not been clearly determined,
increasing evidence including lineage tracing experiments support the concept that clonal
neoplastic epithelial transformation arises from a single stem cell or early progenitor,
resulting in a hierarchically organized tumor (27, 28). In the human breast, normal
mammary epithelial stem cells maintain the mammary gland throughout a woman’s
reproductive years. The stem cell theory argues that these long-lived and slowly self-
renewing cells may be exposed to genetic insults over their extremely long lifespans, thus
accumulating and harboring tumorigenic mutations, ultimately giving rise to cancer (29-31).
Despite this uncertainty in the literature, we have been able to use this model as a clinically
relevant tool to interrogate the underlying mechanisms of carcinogenesis and to establish
therapeutic efficacy. In this communication, we now address whether obesity-related factors
related to adipokine biology may lead to expansion of the normal mammary stem cell
population and increase the risk of cancer later in life by expanding the number of potential
targets for tumorigenesis.

Here, we tested the hypothesis that the increase in the leptin/adiponectin ratio that
commonly occurs in obese women promotes increased breast stem cell self-renewal leading
to a larger population of stem cells in vivo. We infer that a larger population of breast stem
cells provides more potential targets for transformation and carcinogenesis, increasing the
risk of breast cancer.

MATERIALS and METHODS

Normal human mammary tissue

Human mammary tissue was obtained from women undergoing elective reduction
mammoplasty surgery at the University of Michigan after giving informed consent
(University of Michigan IRBMED approved tissue collection protocol). Reduction
mammoplasty, tissue was obtained through a program collecting de-identified mammoplasty
tissue from all reduction mammoplasty procedures at the University of Michigan Medical
Center, was provided by 12 women, ranging in age from 18 to 48 years (X =328+95
years). The specimens were carefully reviewed by a pathologist through the Tissue
Procurement Service and the Department of Pathology at the University of Michigan
Medical School to ensure the absence of malignancy.

Epithelial cell separation and the mammosphere formation assay

Resected mammary tissue was minced with scalpels and digested with collagenase
overnight. The digested tissue was centrifuged at 40 xg to pellet the “organoids” containing
intact mammary glands, and the top fat layer and fibroblasts were discarded as previously
described (32, 33). The separated organoids were then digested in trypsin and dispase to
generate a single cell suspension. Cells were counted with a hemacytometer and viability
was assessed by trypan blue exclusion. 2x10° viable cells were plated into each well of a 24-
well ultra-low attachment culture plate (Corning) with 400 uL. of Mammocult Media (Stem
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Cell Technologies). Media was refreshed every 2—3 days. Resulting primary spheres were
counted with an inverted microscope at 10 days.

Primary cultures were treated with physiologic concentrations of recombinant leptin (100
ng/mL), adiponectin (25 pg/mL), adipose-conditioned media (standardized to 0.1 mg/mL
total protein) or human serum (2%), or empty carrier control during the period of primary
mammosphere formation. The baseline/negative control condition (basal Mammocult media
without recombinant adipokines) allowed determination of the baseline rate of mammary
stem cell self-renewal activity, and thereby calculation of the change in this activity due to
various stimuli. After 10 days, the spheres were counted and collected. The primary
mammospheres were dispersed with 0.25% trypsin and FACSmax (Genlantis) and all viable
cells were re-plated in new ultra-low adherent culture plates at a concentration of 2x10°
viable cells/well in fresh Mammocult media. Thus, all stem cells in the primary
mammospheres were available to produce secondary mammospheres. Media was refreshed
every 2 days, and secondary mammaospheres were counted after 10 days.

While in vivo transplantation is considered the gold standard assay for stem cell self-
renewal, the secondary mammosphere formation assay is a high-throughput, reliable, and
cost-effective in vitro assay that allows the relatively quick and simple interrogation of
changes in stem cell self-renewal activity in response to specific or novel agents. The
percent difference between primary (1°) and secondary (2°) mammosphere number is a
measure of changes in stem cell self-renewal activity:

(# 2° spheres—#1° spheres)
#1° spheres (34-36).

% change=

Imaging of Mammosphere Stem Cells

Whereas the secondary mammosphere formation assay is a quantifiable high-throughput
measure of stem cell self-renewal activity, we also used immunostaining and direct
visualization of mammosphere stem cells to demonstrate ALDH™* stem cell self-renewal
within the mammospheres, as previously described (37, 38). Briefly, primary mammary
epithelial cells were separated from reduction mammoplasty tissue and plated in non-
adherent culture dishes, as described above. Cultures were treated with physiologic
concentrations of recombinant leptin (100 ng/mL), adiponectin (25 pg/mL), or control basal
media during the period of primary mammosphere formation. After 10 days, the spheres
were collected, fixed in 5% formalin for 30 minutes at room temperature, and washed in
glycine buffer to quench background autofluorescence. The fixed mammospheres were
stained with a monoclonal antibody to ALDH1al (BD 611195) at 1:1000 dilution in goat
serum blocking solution overnight at 4°C. After washing in PBS, the mammospheres were
then stained with secondary antibody AlexaFluor#88 goat anti-mouse 1gG highly cross-
adsorbed (Molecular Probes A11029) for 45 minutes at room temperature. After washing
with PBS, the stained mammospheres were placed on Superfrost Excell Adhesion slides
(Fisher 22-037-247) with ProLong Gold containing DAPI to stain nuclei (Molecular Probes
P36935). The stained mammospheres were then visualized with a Leica Inverted SP5X
Confocal Microscope System (University of Michigan Medical School Biomedical Research
Core Facility).
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Human mammary adipose tissue explant cultures

Up to 20 grams of human breast adipose tissue was visually inspected and stripped of any
grossly visible blood vessels or connective tissue. The tissue was finely minced into pieces
less than 1 mm3 using scalpels. Minced adipose was partially digested with trypsin/EDTA
and dispase for 10 minutes in order to partially disrupt the extracellular matrix and allow
better nutrient and oxygen diffusion without completely disturbing tissue architecture as
demonstrated by confocal imaging. 500 mg of processed adipose tissue was placed in each
well of a 6-well tissue culture dish (Corning) containing a 40 micron cell strainer (BD
Falcon). The buoyant adipose tissue explants were suspended in 4.0 mL of culture media
(M199 base media supplemented with 1 pg/mL insulin, 400 ng/ml dexamethasone, and 1x
PCN/Strep) and incubated at 37°C with 5% CO,. Adipocyte viability was determined by
trypan blue exclusion at high magnification (39). Conditioned media was collected after 48
hours from outside the cell strainer to avoid disrupting the suspended tissue. Media was
centrifuged at 1000 xg to pellet any cells or debris. To specifically examine adipokine
activity without a confounding influence from smaller molecules such as free amino acids,
glucose, fatty acids, or insulin the conditioned media from the human mammary adipose
explants was filtered through a 10 kDa centrifugal filter unit (Amicon Ultra-10, Millipore).
Total protein concentration was measured with the Bradford assay and samples were
standardized to 1 mg/ml total protein.

Adipokine measurements

Leptin concentration in adipose conditioned media and human serum was quantified with
the Leptin Quantikine ELISA kit from R&D Systems. Total adiponectin concentrations were
similarly measured with the Total Adiponectin Quantikine ELISA kit from R&D Systems.
Colorimetric determinations were made with a Powerwave XS plate reader (Bio-Tek).

Adipose explant conditioned media was assayed with the Proteome Profiler Human XL
Cytokine Array Kit from R&D Systems according the manufacturer’s protocol. Resulting
blots were exposed to film, which were scanned with a flatbed scanner and pixel intensity
was measured with ImageJ. The leptin concentration quantified by ELISA was used to
normalize pixel intensity to molar concentration in order to allow semi-quantitative
determination of other adipokine concentrations.

Confocal Imaging of Adipose Tissue

Minced breast adipose tissue was fixed overnight in 10% formalin. Tissue was then washed
three times in PBS/0.1 mol/L glycine and permeabilized with 0.2% Triton-X for 15 minutes
before blocking in PBS/1% BSA. With its nonpolar structure and long-wavelength
absorption and bright green fluorescence, BODIPY493/503 js commonly used as an adipocyte
stain for neutral fatty acids and other nonpolar lipids. Here, adipocytes were stained with
BODIPY493/503 (2 ug/mL, Life Technology), and actin filaments were stained with
phalloidin-AlexaFluor®#6, and DAPI to identify nuclei. Stained tissue was rinsed in PBS and
mounted onto a coverslip using a Nunc Labtek Il chamber system (Thermo Scientific) with
Prolong Gold. The stained tissue was then visualized with a Leica Inverted SP5X Confocal
Microscope System (University of Michigan Medical School Biomedical Research Core
Facility) (Figure 1).
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Human Serum

This study was approved by the Institutional Review Board of Rockefeller University.
Pooled human serum was prepared from lean (n=9, BMI 18-25) and obese (n=10, BMI >35)
post-menopausal women and lean (n=10) and obese (n=10) men. All subjects were paired by
age (x5 years).

STATISTICS and DATA ANALYSIS

RESULTS

Manual counts of primary and secondary mammosphere numbers and measured adipokine
concentrations were entered into Microsoft EXCEL. The population of normal mammary
stem cells in vivo was determined by counting the number of primary mammaospheres and
dividing by the number of total epithelial cells plated to generate a percentage to represent
the stem cell population. The rate of stem cell self-renewal was similarly determined by
counting the number of secondary mammaospheres formed and dividing by the number of
primary mammospheres to determine a percent change from baseline (negative control).
Percent changes in mammosphere formation were plotted against measured adipokine
concentrations, and correlation coefficients were calculated. An increased number of
secondary mammaospheres compared to primary spheres is an indicator of increased stem
cell self-renewal, while a decreased percentage of secondary mammospheres suggests
inhibition of self-renewal, possibly by promotion of stem cell quiescence, apoptosis, or
terminal differentiation.

Primary breast adipose explants can be maintained in culture

As seen in Figure 1, the stripped and partially digested adipose tissue is enriched for
adipocytes (stained green) with some remaining support cells (e.g. macrophages, endothelial
cells) and maintains its three-dimensional architecture. The inset image (Figure 1, right hand
panel) shows a representative breast adipocyte with a single large lipid droplet and a small
area of peripheral cytoplasm outlined by actin filaments and the nucleus pushed to the
periphery. After 48 hours in culture, >97% of the mature adipocytes remained viable, as
assessed by trypan blue exclusion (data not shown). Subsequent follow-up determined that
these explants can be maintained in culture with periodic media changes for at least 10 days
with >90% viability.

Locally-produced breast adipokine concentrations predict the stem cell population in the

breast

Adipose conditioned media contained a wide range of known adipokines and cytokines as
demonstrated by protein array, with adiponectin being among the most abundant (Figure
2A). We used an ELISA to quantify both the leptin and adiponectin concentrations in the
media; these data were used to normalize the blot intensity to generate semi-quantitative
measurements of the other factors (Figure 2B). Some of these factors would be expected to
come from macrophages and endothelial cells within the adipose tissue, while others are
made exclusively by adipocytes. Given the potential importance of leptin and adiponectin in
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both stem cell biology and obesity-related breast cancer, subsequent experiments focused on
these two adipokines.

As mentioned above, primary mammosphere formation reflects the size of the stem cell
population in breast tissue (34). Breast adipose explants were prepared from women
undergoing elective reduction mammoplasty. Levels of leptin and adiponectin in
conditioned media were correlated with the size of the stem cell population for each of these
women. As shown in Figures 3A and 3B, we found a direct linear relationship between
adipose-derived leptin and the estimated number of breast stem cells in vivo (X:_ 0.0029, r =
0.635), but an inverse linear relationship for adiponectin (X =-0.0174, 1 = -0.700). The
leptin/adiponectin molar ratio defined a better linear relationship with the number of stem
cells invivo (X = 1.466, 1 = 0.879) than either of these factors alone, suggesting that these
two hormones are sufficient to antagonistically modulate the size of the stem cell pool
(Figure 3C).

Leptin promotes expansion of ALDH™ cells during mammosphere formation

Wicha et al have previously identified aldehyde dehydrogenase (ALDH) as a marker of
actively self-renewing mammary stem cells (37). Because we saw a direct relationship
between the local leptin/adiponectin ratio and the in vivo mammary stem cell population
based on the primary mammaosphere formation assay, we hypothesized that leptin may
directly promote expansion of the ALDH™ cell population. We treated primary mammary
epithelial cells with leptin (100 ng/ml) during the period of primary mammosphere
formation, and stained them with a monoclonal antibody to ALDH1AL. Panel A in Figure 4
shows a representative mammosphere grown in basal media (with vehicle control) with a
single ALDH™* cell, while Panel B shows a representative mammosphere grown with basal
media supplemented with recombinant leptin. The frequency of distribution of ALDH™ cells
in the mammaospheres are shown in Panels C and D. While not all mammospheres retained
an ALDH™ cell after 10 days in culture and some untreated mammospheres had more than 1
ALDH* cell, there was a trend toward multiple ALDH™* cells in the mammospheres treated
with leptin compared to the control mammospheres (Figure 4C-D). This direct observation
strengthens the hypothesis that leptin can directly stimulate mammary stem cell self-
renewal.

Leptin promotes, while adiponectin inhibits, breast epithelial stem cell self-renewal

While direct visualization of ALDH+ cell replication in treated primary mammospheres
lends strength to the argument that leptin promotes stem cell self-renewal, measurement of
secondary mammaosphere formation provides a high-throughput assay of stem cell self-
renewal activity. Because a correlation was found between levels of leptin and adiponectin
in adipose explant-derived conditioned media and primary mammosphere formation,
additional explants were used to directly evaluate the effects of these adipokines on breast
stem cells. When epithelial stem cells from 5 different human mammoplasty samples were
grown in the presence of leptin, the number of secondary mammospheres formed increased
by 7-25% (X =155+ 7.5%) over the negative control (Figure 5A). This suggests that leptin
was sufficient to expand the primary stem cell population in vitro. Conversely, treatment
with adiponectin reduced the number of secondary mammospheres by 4-13% (X =-77%
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3.4%) in these same 5 human subjects suggesting that this hormone promotes either
apoptosis, quiescence, or symmetric division/differentiation of the primary stem cells.

In a separate series of experiments, a standardized pool of primary breast epithelial cells
representing 12 random human specimens was treated with adipose conditioned media from
15 different human samples during primary mammosphere formation. Primary
mammospheres were dissociated and re-plated to form secondary mammaospheres to assess
stem cell self-renewal. Leptin and adiponectin concentrations in the conditioned media were
measured by ELISA and plotted against the change in stem cell self-renewal over the
negative control. There was a linear relationship between the leptin/adiponectin molar ratio
and breast stem cell self-renewal (X =76.049, r = 0.859) (Figure 5B).

Circulating obesity-related adipokines modulate human breast stem cell self-renewal

Obesity-related changes in circulating levels of both leptin and adiponectin have been
suggested to contribute to the pathogenesis of breast cancer. Hence, to complement our
studies of locally produced leptin and adiponectin, we next evaluated the effects of
circulating leptin and adiponectin. Concentrations of leptin and adiponectin were measured
in pooled serum from lean and obese post-menopausal women. As previously reported (40),
obesity in women is associated with a marked increase in the circulating leptin level, but a
decrease in adiponectin. Comparable measurements were carried out on pooled sera from
obese vs. age-matched lean men. Shifts in leptin and adiponectin molar concentration was

calculated as: foldzdzﬁerencez%- In obese men, leptin levels rose >12-fold,
adipokine]lcan
while adiponectin levels were essentially unchanged. Driven mostly by differences in leptin
levels, the leptin/adiponectin ratio in serum was dramatically higher in obese than lean

women (8.0-fold) and men (13.2-fold) (Figure 6A).

When pooled primary human mammary epithelial cells were treated with human serum
during primary mammosphere formation, stem cell self-renewal was increased over the
negative control by about 7% for lean women and lean men (Figure 6B). By contrast, serum
from obese women caused about a 30% increase in stem cell self-renewal, while serum from
obese men produced a nearly 19% increase. These results suggest that factors enriched in the
serum of obese humans stimulate breast epithelial stem cell self-renewal. Similarly,
treatment with pooled breast adipose explant-derived conditioned media caused an almost
9% increase in stem cell self-renewal. Given the strong evidence that both leptin and
adiponectin can modulate breast epithelial stem cell self-renewal, we also used these five
treatment conditions to determine if a correlation existed between the leptin/adiponectin
ratio and stem cell self-renewal. Interestingly, the leptin/adiponectin ratio had a very strong
linear relationship with breast stem cell self-renewal, as indicated by secondary
mammosphere formation (X =950.529, r = 0.989) (Figure 6C). Taken together, these data
also strongly support the antagonistic roles of leptin and adiponectin in breast stem cell self-
renewal.

DISCUSSION

Obesity is an independent risk factor for the development of breast cancer, but the
mechanisms underlying this are uncertain (41). The leptin-adiponectin axis has been of
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particular interest due to these hormones’ opposing direct effects on cancer cells in vitro.
While those results support the role of these factors in cancer progression, they do not
address the question of how obesity might promote cancer initiation. Here, we demonstrate
that locally-produced adipokines, including leptin and adiponectin, modulate the normal
breast stem cell pool. Evidence is also presented that circulating adipokines may also be
determinants of breast stem cell self-renewal.

A growing body of data supports the concept that normal stem cells can potentially undergo
a carcinogenic event to become the cell of cancer origin (37, 42, 43). Assuming that stem
cells or a stem cell progenitor is indeed the target cell of carcinogenesis, then it follows that
increases in the size of the stem cell pool would increase risk of transformation by
increasing the number of potential targets for mutation and tumor formation (32). Moreover,
interventions that reduce the number of stem cells might protect against the increased
incidence of breast cancer in obese post-menopausal women. Here, we have shown that
among a variety of locally-acting adipokines coming from adipose directly adjacent to breast
epithelium, the leptin/adiponectin ratio is directly proportional to the size of the stem cell
population in vivo. We have also provided evidence that leptin alone is sufficient to
stimulate human breast epithelial stem cell self-renewal, leading to significant increases in
the stem cell population. In contrast, un-opposed adiponectin decreases the size of the
mammary stem cell pool in vitro. Based on these findings, future studies are warranted to
elucidate the signal transduction pathways that mediate these effects of leptin and
adiponectin.

A limitation in this study is the use of mammary stem cells from de-identified women,
whose menopausal status is unknown. Epidemiologic data demonstrate a possible protective
effect of obesity in regard to pre-menopausal breast cancer, whereas it is an independent risk
factor for breast cancer in post-menopausal women. In our study, we used reduction
mammoplasty tissue from a convenience population of self-selected and de-identified
women presenting for elective surgery. The women who’s tissue was used in this study
ranged in age from 18 to 48 years (X =32.8+95 years), while the median age of
menopause in the United States is 51 years. One could reasonably expect that the majority of
these women are pre-menopausal based on their age, but we are unable to confirm
menopausal status in these women. While one would expect that differences in circulating
hormones and other factors between pre- and post-menopausal women might impact breast
epithelial stem cell biology, no data to date have addressed this question. Our data, using
mammary stem cells from presumably pre-menopausal women, may partially explain the
increased risk of breast cancer associated with obesity seen in post-menopausal women.
Obesity, and its associated aberrant adipokine signaling, earlier in adult life may allow
expansion of the mammary stem cell pool during a critical period and creating an
environment rich in potential targets for carcinogenesis after menopause.

As a functional assay of stem cell activity, one limitation of the primary mammosphere
formation assay is that it can only measure the actively cycling stem cells and does not
measure those in a quiescent state. However, if the stem cell hypothesis of cancer origin is
correct, the cycling sub-population is expected to be of clinical importance, making the
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functional mammaosphere assay clinically meaningful with the ability to directly test the
efficacy of targeted agents on stem cell activity (44, 45).

A recent population-based nested case-control study of risk factors for breast cancer in post-
menopausal women found that elevated serum leptin levels account for 10% of the obesity-
related breast cancer risk, while low adiponectin levels contribute 9% of the risk (19). Our
study provides mechanistic insights that can explain these population-based findings. Our
findings are also consistent with the results of a small prospective clinical trial by Santillan-
Benitez et al, who measured serum leptin, adiponectin, CA15-3, and BMI in women prior to
undergoing a routine screening mammogram (46). They calculated that a tetrad of factors
including total leptin concentration and the leptin/adiponectin ratio was predictive of breast
cancer with 83.3% sensitivity, 80% specificity, a positive predictive value of 83.3%, and a
negative predictive value of 80%. This is in accordance with a nested case-controlled study
from the MultiEthnic Cohort (MEC) study, which demonstrated that circulating leptin and
the leptin/adiponectin ratio is associated with post-menopausal breast cancer risk (OR 1.94
and 1.91, respectively), and these associations remained after adjustment for BMI (14).
Future studies are warranted to determine whether circulating factors in addition to leptin
and adiponectin can modulate breast stem cell self-renewal. While the leptin/adiponectin
ratio may be a surrogate marker for body mass, one shortcoming of the current study using
de-identified tissue is the lack of information regarding our subjects’ body mass index and
other anthropometric data. Future studies are warranted and should include identified
subjects, anthropometric data including body mass index (BMI) and waist-hip ratios, as well
as direct measurement of body fat percentage.

Based on published reports, an elevated leptin/adiponectin ratio may be a reasonable
surrogate measure of obesity (47). Here we tested the hypothesis that obesity, through
alteration in the leptin/adiponectin ratio, promotes increased breast stem cell self-renewal
leading to a larger number of stem cells. Based on our findings, long-term prospective
studies should be carried out to determine if the size of the stem cell population is also a
marker for breast cancer risk. Taken together, the findings from this study and others
strongly support the notion that the leptin/adiponectin ratio is a significant marker for post-
menopausal breast cancer risk, and may indeed be a driving factor through direct actions on
normal breast stem cells. This raises the intriguing possibility that interventions (e.g. weight
reduction) that modulate the leptin/adiponectin ratio in vivo may effectively decrease breast
cancer risk, especially in the obese subpopulation. Importantly, efforts are underway to
develop pharmaceutical leptin antagonists and adiponectin receptor agonists to overcome
some of the effects of obesity, including cancer progression (48-50). Behavioral, dietary or
pharmacological interventions that modulate the leptin/adiponectin ratio or related signaling
pathways may prove to be useful in reducing the risk of breast cancer.
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Figure 1. Human breast adipose explant cultures
Adipose was harvested from primary reduction mammoplasty tissue and grown in explant

culture for 48 hours to collect conditioned media. Adipocyte lipid droplets were stained with
BODIPY493/503 (green), actin was stained red with phalloidin-AlexaFluor>#6, and DAPI
stained nuclei blue.
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Figure 2. M easurement of adipocytokinesin breast adipose conditioned media
A. The Proteome Profiler Human Cytokine XL Array was exposed to adipose conditioned

media to measure relative molar concentrations of secreted proteins. B. Leptin was
quantified by ELISA and used to normalize pixel intensity to generate semi-quantitative
measurements for the other secreted proteins. N=15 + STD.
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Figure 3. Leptin and adiponectin in human breast adiposereflect the stem cell population in vivo
A. Leptin concentration is positively correlated with the percentage of epithelial cells with

stem-like features in vivo, whereas adiponectin is inversely correlated (B). C. The best linear
relationship was seen between the leptin/adiponectin ratio and the stem cell population. A
total of 15 subjects were evaluated.
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Figure 4. Leptin promotes expansion of ALDH™ cell in mammospheres

Primary human mammary epithelial cells were grown to form mammospheres in the

presence of leptin (100 ng/ml), or vehicle control. After forming for 10 days,
mammospheres were fixed and stained for ALDH1al (AlexFluor#88, green) and DAPI to
identify nuclei (blue). A. Representative mammosphere grown with vehicle control showing
the presence of 1 ALDH?" cell. B. Representative mammosphere grown in the presence of
leptin showing symmetric self-renewal of an ALDH* cell. C-D. Frequency of distribution of
number of ALDH™ cells per mammosphere in both conditions.
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Figure 5. Locally-produced leptin and adiponectin modulate mammary stem cell self-renewal in
vitro

A. Primary mammospheres from 5 subjects were grown in the presence of recombinant
leptin (100 ng/mL) or adiponectin (25 pg/mL) and counted. Spheres were dissociated and re-
plated to form secondary mammospheres. The percent change from baseline is a measure of
the rate of stem cell self-renewal. Leptin is sufficient to increase the rate of mammary stem
cell self-renewal by 7-25%, whereas adiponectin inhibits self-renewal and decreases the
stem cell population. N=4 replicates + STD. B. Pooled primary mammaospheres representing
12 random samples were grown in the presence of adipose conditioned media from 15
human specimens. Spheres were dissociated and re-plated to form secondary
mammospheres. There was a strong linear relationship between the leptin/adiponectin ratio
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in adipose-conditioned media and human mammary stem cell self-renewal. Cultures were
grown in quadruplicate, and the mean % change over negative control is shown.
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Figure 6. Circulating leptin and adiponectin modulate mammary stem cell self-renewal in vitro
A. Leptin and adiponectin concentrations were measured by ELISA in pooled serum from

lean (N=9) and obese (N=10) women, and lean (N=10) and obese (N=10) men and shown
with the leptin/adiponectin molar ratio and the fold difference between lean and obese
samples. Obese serum is enriched for leptin compared to lean samples, whereas adiponectin
is decreased in obese women but not men. Mostly driven by changes in leptin concentration,
the leptin/adiponectin ratio is dramatically increased in obese women and men. Pooled
breast adipose conditioned media was used as a control. B. Primary human mammospheres
were grown in the presence of 2% pooled serum from lean (N=9) and obese (N=10) post-
menopausal women, and lean (N=10) and obese (N=10) men. Pooled breast adipose explant
conditioned media was used as a control. Primary mammaospheres were counted,
dissociated, and re-plated to form secondary mammaospheres. The percent change from
baseline is a measurement of stem cell self-renewal. Cultures were grown in quadruplicate
and the mean + STD is shown. Circulating factors present in serum from obese women and
men more strongly increased mammary stem cell self-renewal than serum from lean humans
C. Leptin and adiponectin concentrations in the serum and conditioned media were
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measured by ELISA and plotted against the changes in stem cell self-renewal. There was a
strong linear relationship between the circulating leptin/adiponectin ratio and mammary
stem cell self-renewal in these samples.
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