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Obesity is associated with an increased risk of, and a poor prognosis for, postmenopausal
(PM) breast cancer (BC). Our goal was to determine whether diet-induced obesity (DIO)
promotes 1) shorter tumor latency, 2) an escape from tumor dormancy, and 3) an
acceleration of tumor growth and to elucidate the underlying mechanism(s). We have
developed in vitro assays and PM breast tumor models complemented by a noninvasive
imaging system to detect vascular invasion of dormant tumors and have used them to
determine whether obesity promotes the escape from breast tumor dormancy and tumor
growth by facilitating the switch to the vascular phenotype (SVP) in PM BC. Obese mice
had significantly higher tumor frequency, higher tumor volume, and lower overall survival
compared with lean mice. We demonstrate that DIO exacerbates mammary gland hyper-
plasia and neoplasia, reduces tumor latency, and increases tumor frequency via an earlier
acquisition of the SVP. DIO establishes a local and systemic proangiogenic and inflamma-
tory environment via the up-regulation of lipocalin-2 (LCNZ2), vascular endothelial growth
factor (VEGF), and basic fibroblast growth factor (bFGF) that may promote the escape
from tumor dormancy and tumor progression. In addition, we show that targeting neovas-
cularization via a multitargeted receptor tyrosine kinase inhibitor, sunitinib, can delay the
acquisition of the SVP, thereby prolonging tumor latency, reducing tumor frequency, and
increasing tumor-free survival, suggesting that targeting neovascularization may be a poten-
tial therapeutic strategy in obesity-associated PM BC progression. This study establishes
the link between obesity and PM BC and, for the first time to our knowledge, bridges the
dysfunctional neovascularization of obesity with the earliest stages of tumor development.
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Over 75% of newly diagnosed cases of breast cancer (BC) occur in postmenopausal (PM)
women (https://seer.cancer.gov/) (1). Obesity is associated with an increased risk of BC in
PM women (2—4). In fact, after menopause (cessation of menstruation), the risk of BC is
~50% higher in obese women (5, 6). Obesity not only contributes to the risk of recur-
rence of both premenopausal (Pre-M) and PM BC (7) but is also associated with poorer
prognoses and worse treatment outcomes (8, 9) as well as with higher BC-specific and
overall mortality regardless of the BC subtype (10). Triple-negative breast cancer
(TNBC), which accounts for 10 to 15% of all BC (https:/seer.cancer.gov/), is a subtype
that lacks expression of the estrogen receptor (ER), progesterone receptor (PR) and epider-
mal growth factor 2 receptor (HER2). Recent reports have suggested that the incidence of
TNBC is higher in obese patients (11) and, in particular, obesity has been linked to an
increased incidence of TNBC in Pre-M and PM African-American women (12). Despite
these statistics, few studies have focused on the contribution of obesity to PM BC. Dysre-
gulated levels of adipose-related hormones and adipokines such as estrogens, adiponectin,
and leptin have been linked to an increased risk of BC in PM obese women (13-15). In
obese PM women, increased aromatase expression in adipose tissues converts androstene-
dione to estradiol, resulting in higher circulating estrogens and a concordant increase in
risk for estrogen receptor— and progesterone receptor—positive BC (14). Leptin levels are
elevated in obese individuals and may enhance BC cell proliferation via activation of the
STAT3 and Erk pathways (15) and, conversely, loss of adiponectin has been linked to
increased inflammation, insulin resistance, and increased BC risk (16). Obesity-associated
metabolic disease can lead to insulin resistance (17) and increased signaling through the
insulin receptor and insulin-like growth factor receptor, enabling activation of the Akt
and MAPK downstream pathways (18) and a suppression of lipolysis (19), mechanisms
that induce tumor growth. To date, the impact of obesity on BC has predominantly been
explored in the context of its contribution to progression, therapy resistance, and metasta-
sis (20, 21). However, the mechanisms underlying the role of obesity in the escape from
breast tumor dormancy as well as the acquisition of the switch to the vascular phenotype
(SVP), a process that drives early tumor progression, are not well-understood, and
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clinically relevant therapeutic strategies for obesity-associated PM
BC are currently nonexistent.

Tumor dormancy has been defined as the presence of fully trans-
formed cancer cells that do not cause disease (22) and that persist
below the threshold of detection (23). Proposed mechanisms for
primary tumor dormancy include cell-cycle arrest (24), balanced
proliferation and apoptosis (25), immune surveillance (26), and
arrested neovascularization (27, 28). It is now widely appreciated
that dormant, microscopic, and dlinically undetectable tumors exist
in various organs. For example, autopsy studies demonstrate that
~30 to 40% of women (40 to 50 y old) who died without
clinically detectable BC have dormant microscopic breast tumors
(29, 30). Importantly, however, less than 3% of the women in this
age group develop BC in their lifetime (29, 31). One of the key
mechanisms for the escape from tumor dormancy is the acquisition
of the vascular phenotype (28, 32-35). Multiple reports have
demonstrated that dormant human tumors, namely lesions of fully
transformed, proliferating neoplastic cells, remain in a dormant,
harmless state in the absence of a vascular system (32-41). The
escape from tumor dormancy has been shown to be required both
at the earliest stage of a tumor’s lifetime when it is ~1 to 2 mm in
diameter and not clinically detectable (“cancer without disease”)
(42), as well as during the activation of dormant metastatic lesions
(43). We and others have previously identified and characterized a
number of molecular determinants of the acquisition of the vascular
phenotype (32, 33, 39-41, 44) as well as the role of the microenvi-
ronment in regulating tumor angiogenesis (45—47).

In the context of this study, we have tested the hypothesis
that obesity promotes the escape from breast tumor dormancy
and promotes tumor growth by facilitating the SVP. Utilizing
transgenic and xenograft breast tumor models, we report that
obesity exacerbates mammary gland hyperplasia and neoplasia,
reduces tumor latency, increases tumor frequency, and reduces
overall survival via a significantly accelerated SVP. Systemic
proangiogenic and inflammatory factors are increased in obesity
(48, 49). Adipose tissue expansion in chronic obesity leads to
abnormal vascularization and hypoxia in response to which
adipokines (including cytokines and chemokines) are released,
leading to further recruitment of proangiogenic and inflamma-
tory mediators (48, 49). We demonstrate that obesity promotes
an accelerated SVP via local and systemic overexpression of
angiogenic factors such as lipocalin-2 (LCN2; also known as
NGAL, neutrophil gelatinase-associated lipocalin), vascular
endothelial growth factor (VEGF), and basic fibroblast growth
factor (bFGF). In vitro studies conducted with dormant BC cells
and adipocytes (Ads) from obese PM women indicate that
secreted factors from obese Ads alter the angiogenic and invasive
phenotype of BC cells. We further show that targeting neovascu-
larization via sunitinib, a multikinase angiogenesis inhibitor,
delayed the obesity-mediated SVP, prolonged tumor latency,
reduced tumor frequency, and increased tumor-free survival in
obese PM mice. Our studies have the potential to lead to the
development of novel therapeutic, diagnostic, and prognostic
strategies that could result in significantly improved BC patient
survival and may ultimately be applicable to other human can-
cers as well. This study establishes the link between obesity and
PM BC and bridges the dysfunctional neovascularization of obe-
sity with the earliest stages of tumor development.

Results

Obesity Promotes Breast Tumor Growth and Angiogenesis.
To address our hypothesis that in PM BC, obesity drives the
escape from tumor dormancy via triggering the SVP, we have
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utilized two distinct tumor models, an inducible Wnt bitransgenic
mouse model (MTB-TWNT) that develops spontaneous mam-
mary tumors and an orthotopic MDA-MB-436P breast tumor
model. Mice were ovariectomized (ovx) to establish PM status and
placed on a DIO (diet-induced obesity) or NC (normal chow)
diet to create obese and lean groups, respectively, and the special
diets were continued throughout the study (Fig. 1A4). Severe com-
bined immunodeficient (SCID) mice (orthotopic model) main-
tained on the DIO versus NC diet attained ~1.5-fold higher body
weight (87 Appendix, Fig. S1 A and B). Baseline serum levels of the
proangiogenic adipokine LCN2 were significantly higher in SCID
DIO mice (~2.6-fold; P = 0.03) (SI Appendix, Fig. S1C). The
MTB-TWNT mice (50, 51) (FvB background; Materials and
Methods) maintained on the DIO versus the NC diet gained signif-
icantly more body weight, had increased mammary fat pad (MFP)
and visceral adiposity, as well as significandy higher body mass
index (BMI) (Fig. 1 Band Cand SI Appendix, Fig. S1 D and E).
The differences in body weight as well as BMI were maintained
until the end point (EP) of the study (Fig. 1 Band (). PM status
was confirmed via serum estradiol levels, which were significantly
lower in ovx DIO and NC mice as compared with baseline non-
ovx mice but did not differ between the DIO and NC cohorts
(ST Appendix, Fig. S1F). MFP from representative MTB-TWNT
DIO mice had hypertrophic Ads (87 Appendix, Fig. S2 A-C) as
well as a significanty higher microvessel density (MVD; CD31+
vessels) (SI Appendix, Fig. S2D). While the number of macro-
phages did not differ between the groups, DIO MFP had a signifi-
canty higher number of crown-like structures (S Appendix, Fig.
S2 E-G). These data indicate that the DIO regimen promoted
excess body weight, increased visceral and MFP adiposity, an
increase in systemic proangiogenic factors, as well as increased
angiogenesis in the MFP.

Following doxycycline treatment in the MTB-TWNT
model, >90% of the mice develop mammary adenocarcinomas
with a median latency of ~20 wk (51). Wnt-driven tumors
represent an excellent mouse model by which to study the asso-
ciation between obesity and PM BC because 1) they exhibit
long dormancy periods, which enables accurate monitoring of
early changes in tumor development, 2) the doxycycline-
inducible WNT transgene can be turned on at distinct time
points after DIO has been established, and 3) the expression of
luciferase enables monitoring of the SVP via bioluminescence
intensity (BLI) signal. WNT expression was induced in the
DIO and NC MTB-TWNT mice as indicated (Fig. 14). The
rate of BLI increase was significantly higher in the DIO group
(slope: unequal, P = 0.006) (Fig. 1 D and E). Mice were moni-
tored for ~25 wk in the EP study. At the EP, all mice in the
DIO group had tumors, whereas only 8/13 NC mice had
detectable (gross and histological examination) tumors even
though BLI signal was present in all NC mice. Palpable tumors
were detected in the MFP at an earlier time point (median:
DIO, 6 wk vs. NC, 10 wk, P=1 x 107) and at a signifi-
cantly higher frequency (DIO, 82 vs. NC, 8%, week 10, P <
0.0001) in the obese animals (Fig. 1F). Mice in the DIO group
had a significantly shorter tumor-free survival (median: DIO,
11 wk vs. NC, >22 wk, P < 0.0003) compared with the NC
group (Fig. 1G) and shorter tumor latency (median: DIO,
7 wk vs. NC, 13 wk, P = 0.017; Fig. 1H). Tumor weights
were significantly higher in DIO mice (Fig. 1J). Obese animals
had a higher incidence of multiple tumors in different
mammary glands compared with lean mice, which generally
had single tumors (87 Appendix, Fig. S34), and overall animal
survival was significantly shorter in the DIO group (median:
DIO, 11 wk vs. NC, >25 wk, P = 0.0008; Fig. 1)).
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Fig. 1. Obesity promotes tumor growth and
angiogenesis in the MTB-TWNT breast tumor
model. Timeline for tumor studies (A). Mice (FvB)
on DIO versus NC diet gained significantly more
body weight throughout the study (B; n = 21 per
group; paired t test, P < 0.0001). BMIs of DIO mice
were significantly higher than NC mice (C; week
21, n =10 per group; Welch's t test, **P < 0.0001).
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Histological analysis indicated that tumors from both groups
had features of an aggressive and malignant phenotype (87
Appendix, Fig. S3B). EP tumors were adenomyoepithelial and
characterized by both glandular and basaloid features. While
the general tumor phenotype and differentiation status did not
differ between the groups, DIO tumors tended to be more
aggressive and locally invasive. A significantly higher number of
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regression, unequal slopes, P = 0.0061). Tumor
incidence (%) in DIO and NC groups (F). Tumor-
free survival was lower in DIO mice (G; EP, median:
DIO, 7 wk vs. NC, undefined, log-rank Mantel-Cox
test, P = 0.0003). Tumor latency was shorter in
DIO mice (H; median: DIO, 7 wk vs. NC, 13 wk,
Student’s t test, *P = 0.017). Tumor burden was
higher in the DIO mice (/; Student's t test, **P =
0.009). Overall survival was lower in the DIO mice
(/; EP, median: DIO, 11 wk vs. NC, undefined, Wil-
coxon test, P = 0.008). MVD was higher in EP
tumors from DIO mice. Representative CD31+ sec-
tions from DIO and NC tumors (K, Left; tumor sizes
are indicated). MVD analysis in tumors stratified
by size (K, Right; n = 2 or 3 per group; Student's
t test, *P < 0.05). ns, not significant. All error bars
indicate mean + SEM.

cancer-associated Ads (CAAs) were detected within DIO
tumors (SI Appendix, Fig. S3 B and (), and there was an
inverse correlation between CAAs and tumor size in the DIO
but not in the NC group (87 Appendix, Fig. S3D), suggesting
that increased CAAs within tumors may drive tumor prolifera-
tion in obese mice. Tumor angiogenesis plays an important role
in promoting neoplastic progression. We determined that the
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MVD for smaller tumors (<900 mm?>) was significantly higher
in the DIO group compared with tumors in NC mice
(Fig. 1K); however, for advanced tumors (>1,000 mm?), this
difference in MVD was largely lost between the groups. These
data indicate that during early stages of development, tumors
in DIO/obese mice have accelerated vascular development com-
pared with NC/lean animals. DIO tumors had significantly
higher numbers of tumor-infiltrating F480+ macrophages com-
pared with NC tumors (S Appendix, Fig. S3 E and F). DIO
tumor lysates had 4-fold higher levels of VEGF (2 = 0.003)
(ST Appendix, Table S1). Consistent with these findings, DIO
tumors displayed increased VEGF and LCN2 staining whereas
Tsp-1 levels were low in tumors from both groups
(ST Appendix, Fig. S3G). In DIO mice, LCN2 levels were
up-regulated ~14-fold in the serum compared with NC mice
(ST Appendix, Table S2). Other factors in the serum such as
VEGF, bFGF, and interleukin-6 (IL-6) did not differ between
the groups. These data suggest that factors produced by fat tis-
sues in the obese microenvironments induce proangiogenic
cues which play an important role in BC progression.

We utilized the human BC cell line MDA-MB-436P, which
has been derived from dormant breast tumors and has a pro-
longed dormancy period in vivo, for the orthotopic BC model
(27, 36, 40). PM mice in the DIO and NC groups were ran-
domized and breast tumors were established in the MFP via
injection of luciferase-labeled MDA-MB-436P (Fig. 1A4). At
the EP of the study (12 wk), tumor frequency (Fig. 2 A and B)
was significantly higher in the DIO group (P = 0.017). Tumor
volume (NC, 500 + 130 mm® vs. DIO, 784 + 142 mm?) and
tumor weight (NC, 0.61 + 0.14 g vs. DIO, 0.90 + 0.08 g)
trended higher in DIO mice. Tumor-free survival did not differ
in the two groups (P = 0.99; Fig. 2C); however, overall survival
was significantly shorter in the DIO compared with NC mice
(median: DIO, 13 wk vs. NC, >25 wk, P = 0.035; Fig. 2D).
Hematoxylin and eosin (H&E) analysis indicated undifferenti-
ated tumors embedded in the MFP (Fig. 2E). Increased fat/
lipid content was detected in DIO tumors via oil red staining
(Fig. 2F). Analogous to the MTB-TWNT model, we observed
that the MVD of smaller tumors (tumor sizes ranging from
250 to 500 and 500 to 600 mm?) was significantly higher in
the DIO group compared with similar-sized tumors in the NC
mice; however, for the larger tumors (>700 mm?®), this differ-
ence in MVD was largely lost between the groups (Fig. 2G).
These data suggest that during early stages of development,
tumors in the DIO/obese mice have accelerated vascular devel-
opment compared with NC/lean animals. While tumor vessel
diameter did not differ between the groups, tumors from DIO
mice had a higher proportion of mature and stable vessels with
increased aSMA and CD31 staining (pericyte coverage), sug-
gesting that EP tumors in obese mice have a more robust vascu-
lature (S Appendix, Fig. S4 A-C). Tumor proliferation
(Ki67+) and apoptosis rates (caspase3+) were not different
between DIO and NC tumors (S/ Appendix, Fig. S4 D-G).
While tumors in NC mice had regular margins, very little fat
pad invasion, and no muscle invasion, a majority of the DIO
tumors displayed significantly higher rates of local invasion,
expansive growth patterns, wavy/uneven margins, an increased
incidence of tumor-engulfed normal ducts and local muscle,
and increased MFP invasion (SI Appendix, Fig. S4 H and 1.
Gross and histological examination did not indicate liver or
lung metastases in either group. pSTAT3 and pErk levels were
higher in DIO tumors while pAkt levels remained unchanged
between the groups (SI Appendix, Fig. S4)). DIO tumors had
significantly higher levels of LCN2 (P = 0.005) (S/ Appendix,
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Table S3). At the EP, while serum VEGF and bFGF levels
were comparable between the two groups, serum IL-6 and
LCN2 levels trended 3- and 2.9-fold higher, respectively, in
DIO mice (8] Appendix, Table S4).

Taken together, these results indicate that DIO promotes
increased tumor frequency and tumor growth, reduced tumor
latency, and overall survival in both BC models. DIO also
resulted in increased tumor angiogenesis, increased tumor
LCN2 and VEGF expression, and significantly higher serum
LCN2 levels, suggesting that obesity may accelerate tumor pro-
gression by promoting the tumor vascular phenotype.

Obesity Accelerates the Tumor SVP. DIO mice developed
tumors at a faster rate and with higher frequency compared
with the NC mice in both the BC models, suggesting that the
SVP and the accompanying escape from tumor dormancy as
well as tumor development may be occurring significantly ear-
lier in DIO mice. In order to determine the timetotumor
acquisition of the SVP, also known as the angiogenic switch,
we developed an innovative imaging approach (Materials and
Methods) and conducted an early time point (ETP) study.
Using the MTB-TWNT PM BC model, we conducted a sys-
tematic time course analysis of the MFP over a period of 3 to 9
wk post doxycycline-driven WNT expression (ETP). As noted
in the EP study, BLI in the ETP study increased in both
groups; however, the rate of BLI increase was significantly
higher in the DIO group (slope: unequal, P = 0.004) (S/
Appendix, Fig. S5A). In fact, signal intensity was significantly
higher at all weeks in the DIO MFP (87 Appendix, Fig. S5B).
H&E analysis of MFPs over the ETP duration (weeks 3 to 9)
of tumor development indicated a significantly higher incidence
of hyperplasia and abnormal growth in the DIO compared
with NC groups (Fig. 34). In addition, changes in the MFP
were correlated with the BLI signal detected (Fig. 34). In both
groups, at BLI <107, MFPs were normal with scattered ducts.
At BLI >10°%, there was an increased incidence of ductal dyspla-
sia and hyperplastic and proliferative ducts and lobules (Fig.
3A4). At BLI signal >2 X 10°, we observed a higher incidence
of DCIS (ductal carcinoma in situ) and MIN (mammary intra-
epithelial neoplasia) lesions in the MFP, whereas BLI of 7 to 9
X 10 represented early mammary carcinomas with robust
immune and angiogenic infiltration in this model. Finally, BLI
signal of 9.5 X 10” to 1 X 10'° represented advanced mam-
mary carcinoma and palpable tumors in the MFP (Fig. 3A).
Importantly, DIO MFP manifested higher BLI signal from
very early time points (weeks 3 to 6), whereas MFP in the NC
group initially displayed lower BLI (weeks 3 to 6) and higher
signals thereafter (weeks 7 to 9). Based on these data, we con-
cluded that the BLI signal associated with the SVP for the
MTB-TWNT BC model was >2 x 10 (Fig. 34).

Using this BLI signal as the threshold for acquisition of the
SVP, we observed that DIO mice acquired the vascular phenotype
at significantly earlier time points compared with NC mice
(median: NC, 8 wk vs. DIO, 5 wk, P < 0.001) (S/ Appendix, Fig.
S50). Tumor frequency was ~2-fold higher (SI Appendix, Fig.
S5D), and tumor-free survival was significantly shorter (median:
DIO, 7 wk. vs. NC, undetermined, P < 0.003) in the DIO mice
in the ETP study (SI Appendix, Fig. S5 E and F). Immunohisto-
chemistry (IHC) of ETP MFPs for cytokeratin 8 (CKS8; luminal
marker) and smooth muscle actin (SMA; basal marker) expression
indicated that while ducts in NC MFPs maintained normal ductal
architecture and discrete CK8 and SMA staining, DIO MFPs dis-
played hyperplastic proliferation, disintegration of the luminal and
basal monolayers, and loss of CK8 and/or SMA expression from
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Fig. 2. Obesity promotes tumor growth and angiogenesis in the xenograft MDA-MB-436P BC model. BLI signal in NC (n = 13) and DIO (n = 15) mice (A; EP).
All mice in the DIO group had tumors at EP; however, only 7/13 NC mice had palpable tumors at EP (A). Tumor frequency was higher in DIO mice
(B; Student's t test, P = 0.017). Tumor-free survival at EP was not significantly different between the groups (C; log-rank Mantel-Cox test, median: DIO, 10 wk
vs. NC, 12 wk, P = 0.99, ns). Overall survival was shorter in DIO compared with NC mice (D; log-rank Mantel-Cox test, median: DIO, 13 wk vs. NC, undefined,
P = 0.035). Representative H&E of DIO and NC tumors (E). Increased Ad infiltration in DIO tumors (oil red staining) (F; *P < 0.05). Representative CD31+
sections from DIO and NC tumors (G, Left). MVD analysis in tumors stratified by size (G, Right; n = 2 or 3 per group; Student's t test, *P < 0.05). All error bars
indicate mean + SEM.

weeks 7 to 9 (Fig. 3B). In mouse models of early BC progression,  glands of DIO mice showed a marked enhancement in hyperplasia
hyperplastic and MIN lesions can be direct precursors of invasive  (epithelial proliferation within the lumen), extensive lobuloalveolar
cancer which can progress at different rates (52). The mammary  development, and multilayered and disorganized ductal epithelium
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compared with those of NC mice (Fig. 3B). DIO MFP exhibited
an increased incidence of extensive hyperplasia and neoplasia from
early time points and up to 9 wk after WNT initiation (Fig. 3 B
and (). Overall incidence of DCIS/MIN was higher in DIO
MFPs which displayed extensive alveolobular proliferation begin-
ning from week 3, whereas NC MFPs had mainly immature duc-
tal growth at an ETP, suggesting that obesity promotes tumor
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DIO MFP was significantly higher than NC MFP at
all time points from 3 to 9 wk (D; n = 3 or 4 per
group per time point; Student's t test, *P < 0.05).
Hyperplastic ducts and microscopic neoplastic
lesions in DIO MFP have increased proliferation
(Ki67+) (E; n = 3 or 4 per group per time point;
Student's t test, *P < 0.05). All error bars indicate
mean + SEM.

development as well as progression in DIO mice (Fig. 3C). The
findings in the MTB-TWNT ETP studies were consistent with
our observations for the EP study suggesting that the SVP happens
at a significantly earlier time point in obese mice as compared with
lean mice. Moreover, MVD (intraductal and peripheral vessels) in
DIO ETP MFP was significantly higher than those in the NC
mice at all time points from 3 to 9 wk (Fig. 3D). Hyperplastic
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ducts and microscopic neoplastic lesions in DIO MFP displayed
increased Ki67 staining (Fig. 3F) and increased macrophage infil-
tration both intraductal and in the surrounding MFP (87
Appendix, Fig. S5G). Obesity has been reported to induce fibrosis
of adipose depots (52); therefore, we analyzed the MFPs at distinct
time points (weeks 5 and 8, # = 3 per group) via trichrome stain-
ing. MFPs in obese mice had increased fibrous stroma (Fig. 3C
and SI Appendix, Fig. S5H) with striking and excessive collagen
accumulation around the hyperplastic or neoplastic ducts in the
DIO mice which was not very evident in NC mice (87 Appendix,
Fig. S5H). These results suggest that obesity promotes an earlier
acquisition of the SVP and thereby may accelerate tumor growth
in vivo.

In order to analyze the SVP in the MDA-MB-436P ortho-
topic model, we first analyzed the BLI data from our EP tumor
study. We observed that mean time-to-tumor detection using
the traditional approach, namely palpating the fat pads, was sig-
nificantly shorter in the DIO group (median: NC, 11 wk vs.
DIO, 9 wk, P = 0.029) whereas BLI signal intensity at the
time-of-tumor detection was not significantly different between
the groups (NC, 1.37 x 10® vs. DIO, 1.40 x 10%, P = 0.70).
We identified the start point for exponential BLI signal increase
for each tumor-bearing mouse and designated this as the signal
of the SVP. While the median BLI associated with the SVP
was not significantly different for the two groups (NC, 2.27 X
107 vs. DIO, 2.70 x 107, P = 0.91), the time taken to reach
the BLI signal associated with the SVP was significantly shorter
in the DIO group (median: NC, 9.5 wk vs. DIO, 6 wk, P =
0.001). To stringently establish the BLI signal and to character-
ize the acquisition of the SVP in the xenograft BC model, we
next conducted an ETP study. PM mice were placed on a
DIO/NC diet as described above (S Appendix, Fig. S51).
MFPs of PM mice in the DIO and NC groups were implanted

PNAS 2022 Vol. 119 No.41 e2204758119

Fig. 4. Obesity accelerates the SVP in the
MDA-MB-436P BC model. Correlation of BLI
signal and CD31+ vessel count in the nonpalp-
able MDA-MB-436P ETP study (A and B; Pear-
son r = 0.740, *P = 0.003). A BLI of ~2.3 x 107
was identified as the signal correlating with
the SVP (4; highlighted). DIO tumors acquired
the SVP at significantly earlier time points
compared with NC tumors (C; Mann-Whitney
U test, *P = 0.013). MVD (CD31+4) in DIO
ETP tumors was significantly higher than NC
tumors (D; n = 7 per group; Student’s t test,
*P = 0.023). DIO tumors displayed a signifi-
cantly higher number of intratumoral Ads
compared with NC tumors (E; n = 5 per group;
Student's t test, **P = 0.001). All error bars
indicate mean + SEM.

with luciferase-labeled MDA-MB-436P cells (1 x 10° and
subsequently BLI was monitored. After 5 wk, mice were sacri-
ficed and MFPs with positive BLI and tiny (<2-mm?) nonpalp-
able, nonmeasurable tumors were analyzed (S/ Appendix, Fig.
S5 Jand K). MVD (CD31+) analysis indicated that even these
tiny nonpalpable tumors had vessels and that an increase in
BLI signal correlated with higher MVD in these nascent ETP
tumors (Pearson r = 0.740, P = 0.003; Fig. 4 A and B). Based
on these data, we established that ETP MDA-MB-436P tumors
develop vasculature at a BLI signal of >2.3 x 107 and that
tumors in DIO mice acquire the SVP at significantly earlier
time points compared with those in NC mice (median: NC, 9.
5 wk vs. DIO, 7.0 wk, P = 0.013) (Fig. 40); therefore, the
findings in our ETP and EP studies were consistent. These data
suggest that the acquisition of the SVP occurs at a significantly
earlier time point in obese mice as compared with lean mice.
Moreover, MVD in DIO ETP tumors was significantly higher
than in NC tumors (Fig. 4D). Finally, ETP DIO tumors dis-
played a significantly higher number of intratumoral Ads com-
pared with NC tumors (P = 0.001) (Fig. 4£).

Taken together, our data suggested that in both the trans-
genic and xenograft BC models, PM obesity reduces breast
tumor latency and promotes escape from tumor dormancy via
an earlier acquisition of the SVP.

Adipocyte Secretome Alters the Angiogenic Profile of
Dormant BC Cells. Obesity is known to induce angiogenesis in
adipose tissues (53, 54), one of the hallmarks in the tumor micro-
environment that may promote BC progression. We next asked
whether Ads in the obese tumor microenvironment may induce
the acquisition of the SVP via secreted adipokines. We utilized an
in vitro model of Ad-BC cell interaction. Dormant MDA-MB-
436P cells, when treated with the conditioned medium (CM) of
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Ads from an obese PM female donor (ObAdCM), up-regulated
the expression of potent angiogenic factors, including VEGF-A,
Angjopoietin-1, Jagged 1, HIFl-a, and bFGF, some of which
have been shown by us and others to be associated with the angio-
genic switch (27, 32) (Fig. 54 and SI Appendix, Fig. S6 A-F).
ODbAdCM treatment induced the expression of proangiogenic reg-
ulators in the dormant MDA-MB-436P cells to levels similar to
those observed for the highly angiogenic line MDA-MB-436A (57
Appendix, Fig. S6 A-F). In contrast, Tsp-1, an established angjo-
genesis inhibitor, was significantly suppressed by ObAdCM treat-
ment in MDA-MB-436P and nonaggressive MCF-7 BC cells
(Fig. 5B). These results demonstrate that obese Ads modulate the
expression of key genes responsible for the vascular phenotype in
dormant BC cells.

To examine the ability of BC cells to recruit endothelial cells
(ECs), an indispensable step in tumor angiogenesis (33, 55), a
modified Boyden chamber assay was performed (56, 57). Dor-
mant MDA-MB-436P cells pretreated with ObAACM were
seeded in the lower chamber and human microvascular endothe-
lial cells in the upper chamber. Under basal conditions, angiogenic
MDA-MB-436A cells displayed significantly higher EC recruit-
ment compared with MDA-MB-436P (Fig. 50). ObAdCM-
treated MDA-MB-436P increased EC recruitment to levels
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equivalent to the highly angiogenic BC cells (Fig. 5C), consistent
with their proangiogenic profile upon ObAdCM treatment (Fig.
5A and SI Appendix, Fig. S6 A-F). Similarly, MCE-7 cells pre-
treated with ObAdCM exhibited significantly enhanced EC
recruitment (Fig. 5D). To determine the mechanism(s) of
Ad-induced modulation of angiogenic factors and EC recruit-
ment, we compared secreted adipokines and cytokines in
ObAdCM with AdCM (nonobese Ads) using a protein array and
found that IL-6, IL-8, MCP-1, adiponectin, and leptin were
highly expressed in the secretome of ObAdCM. Therefore, we tar-
geted each of these adipokines with neutralizing antibodies in the
ObAdCM-mediated EC recruitment assay. Of the five factors
tested, only IL-6 inhibition resulted in a significant decrease of
EC recruitment (Fig. 5£) in BC cells. Taken together, our results
demonstrate that Ads from obese patients are sufficient to stimu-
late the acquisition of the vascular phenotype in dormant BC cells
as well as induce the angiogenic phenotype that is necessary for
the escape from tumor dormancy.

Adipocyte Secretome Increases BC Cell Invasion, Migration,
and Proliferation. ObAdCM significantly stimulated migration
of both MDA-MB-436P and MCF-7 BC cells (S Appendix,
Fig. S6 G and H). Importantly, neutralizing IL-6 significantly
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inhibited this Ad-induced invasive phenotype in both BC cell
lines (Fig. 5 Fand G). These data indicate that ObAdCM pro-
motes the invasion and migration of BC cells and that these
effects are partially abrogated by IL-6 inhibition. We next asked
whether ObAdCM promotes increased proliferation of BC
cells. While dormant estrogen receptor—negative (ER—) MDA-
MB-436P cells did not display increased proliferation upon
ObAdCM treatment, ER+ MCEF-7 cells did have significantly
higher proliferation rates (SI Appendix, Fig. S6 I and J), sug-
gesting that Ad-secreted factors may affect BC cell proliferation
via an ER-dependent mechanism.

Sunitinib Delays the SVP in PM BC. Since obesity significantly
accelerated the SVP in PM BC models in the current study, we
asked whether targeting angiogenesis at the ETP in DIO mice
could delay the acquisition of the SVP, delay the escape from
tumor dormancy, prolong tumor latency, and reduce tumor
growth. Sunitinib is a multityrosine kinase inhibitor targeting
VEGEFRI to 3, PDGFRa/, stem cell factor (KIT), and tyrosine
protein kinase receptor (Fle3) (58, 59). Targeting these pathways
results in antitumor and antiangiogenic activity. MTB-TWNT
DIO mice were treated with sunitinib or vehicle starting 1 wk after

PNAS 2022 Vol. 119 No.41 e2204758119

and 25% in the sunitinib-treated mice (B; Stu-
dent's t test, P = 0.069, ns). MFPs of sunitinib-
and vehicle-treated groups are indicated (C; MFP
4x magnification; ET, early tumor; H, hyperplasia;
LN, lymph node). Acquisition of the SVP was
significantly delayed in the sunitinib-treated mice
compared with vehicle-treated mice (D; median:
sunitinib, 11.5 wk vs. vehicle, 2 wk, Mann-Whitney
U test, P = 0.02). Tumor-free survival was higher
in the sunitinib-treated as compared with the
vehicle-treated group (E; median: sunitinib, unde-
fined vs. vehicle, 8.6 wk, Wilcoxon test, P < 0.05).
MVD in the sunitinib-treated MFP was significantly
lower than the vehicle-treated mice (F;, n = 5 per
group; Student’s t test, **P = 0.0006). All error
bars indicate mean + SEM.

100 150
Days

doxycycline-induced WNT expression and for the duration of the
study. BLI was monitored using our luciferase BLI signal detection
system and MFPs were harvested after 10 wk. There was no effect
of sunitinib treatment on mouse body weight (SI Appendix, Fig.
S7A). Tumor latency was considerably prolonged in sunitinib-
treated DIO mice (median: vehicle, 7 wk vs. sunitinib, 14 wk,
P = 0.016) (Fig. 6A4). Tumor frequency was 70% (7/10) in the
vehicle-treated group, whereas it was 25% (2/8) in the sunitinib-
treated mice (Fig. 6 B and C). The SVP (BLI signal > 2 X 10°)
was significantly delayed in the sunitinib-treated groups (median:
sunitinib, 11.5 wk vs. vehicle, 2 wk, P = 0.05) (Fig. 6D). Tumor-
free survival was significantly higher in the sunitinib-treated mice
as compared with the vehicle-treated controls (median: sunitinib,
undefined vs. vehicle, 8.6 wk, P = 0.05) (Fig. 6E). To determine
whether the prolonged latency, reduced tumor frequency, and
delayed SVP were due to inhibition of angiogenesis, we investi-
gated the MVD in the nascent tumors (<2 mm?>) and MEFPs from
both the sunitinib- and vehicle-treated groups. MVD in the
sunitinib-treated ETP tumors was significantly lower than in the
vehicle-treated mice (Fig. 6F). Fat pads in sunitinib-treated
mice showed multiple incidences of lesions arrested at hyperplastic
or in situ stages (S/ Appendix, Fig. S7B). Serum levels of the
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proangiogenic adipokine LCN2 were significantly lower in the
sunitinib-treated mice compared with vehicle-treated mice (57
Appendix, Fig. S70), suggesting LCN2 could be a marker for
breast tumor progression. Taken together, these data suggest that
antiangiogenic therapy can delay the SVP during breast tumor
development, prolong tumor latency, and reduce tumor frequency
in obese PM BC.

Discussion

There are now clear epidemiological data to show a link
between obesity and the risk of developing BC as well as com-
pelling evidence demonstrating that obesity is associated with
worse prognosis and poorer outcomes for both Pre-M and PM
women (8, 9). However, mechanistic evidence to establish a
direct causal role for obesity in BC development is not well-
established. Most studies to date have focused on the role of
obesity in breast tumor growth, metastasis, and tumor resis-
tance to therapies (20, 21). Very few reports have investigated
the effects of obesity on PM BC and none have addressed the
impact of obesity on the escape from tumor dormancy, initia-
tion of the tumor growth program, or the acquisition of the
tumor vascular phenotype (SVP), the earliest stages of tumor
progression. In the current study, we have used a combination
of in vitro studies with dormant BC cells and Ads from obese
PM women as well as transgenic and orthotopic breast tumor
models complemented by a noninvasive imaging system that
we have developed for the detection of the initial vascular inva-
sion of dormant tumors to test our hypothesis that obesity pro-
motes the escape from breast tumor dormancy and promotes
tumor growth by facilitating the acquisition of the SVP in PM
BC. We demonstrate that DIO exacerbates mammary gland
hyperplasia and neoplasia, reduces tumor latency, increases
tumor frequency, and reduces overall survival via an accelerated
acquisition of SVP. In addition, we show that targeting neovas-
cularization via a small-molecule, multitargeted receptor tyro-
sine kinase inhibitor, sunitinib, can delay the SVP, thereby
prolonging tumor latency, reducing tumor frequency, and
increasing tumor-free survival.

In the EP study for both BC models, DIO promoted increased
tumor frequency, increased tumor burden, and reduced overall
survival. Breast tumors in DIO mice had higher Ad content and
significantly higher tumor angiogenesis. In the transgenic MTB-
TWNT BC model, tumor latency was reduced by ~47%
(median: DIO, 7 wk vs. NC, 13 wk), a notable reduction given
that the average latency for this model is ~22 wk (50, 51). DIO
mice appeared to develop tumors at a much faster rate and with
higher frequency compared with the NC group (Fig. 1F). Impor-
tantly. while previous reports have demonstrated that DIO and
obesity may promote tumor growth or metastasis (21, 48), find-
ings from our studyactually indicate that tumor development in
DIO mice occurs significantly earlier.

In both the BC models using our innovative imaging approach,
we observed a clear association between BLI increase and the
acquisition of SVP and BC development and progression. In both
the xenograft MDA-MB-436P model and the MTB-TWNT BC
model, DIO mice acquired the BLI signal associated with the
SVP significantly earlier compared with the NC mice, suggesting
that obesity promotes an earlier acquisition of the SVP in vivo. In
accordance with these data, MVD, an indicator of tumor-
associated angiogenesis, in these tiny (<2-mm’), nonpalpable
ETP tumors was found to be higher in the DIO compared with
NC mice in both the BC models. Hyperplastic ducts, DCIS/
MIN, and neoplastic lesions in DIO MFP had increased
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proliferation (Ki67+ nuclei) as well as increased infiltration of
macrophages. Interestingly, we observed an increase in stroma in
MEFP of DIO mice (SI Appendix, Fig. S5H) in the vicinity of the
hyperplastic and neoplastic ducts. Stroma-associated extracellular
matrix can, in turn, serve as a reservoir for a variety of proteases
and resident pro- and antiangiogenic factors that can initiate and
regulate tumor angiogenesis (60). While it has been previously
reported that PM obesity may promote breast tumor angiogenesis
(61) and conversely dietary restriction may reduce MVD in the
MFP microenvironment (62), the current study demonstrates that
underlying obesity drives an earlier acquisition of the SVP, pro-
motes the escape from tumor dormancy, and initiates aggressive
tumor growth.

Secretome from obese PM Ads promoted a proangiogenic phe-
notype in BC cells and promoted BC cell proliferation, migration
and invasion. IL-6 neutralization resulted in a partial reduction of
these activities, suggesting that these ObAdCM-induced functions
in vitro may be driven in part by IL-6. Systemic growth factors
secreted in the context of obese Ads have been implicated as
mediators of obesity-induced tumor proliferation and invasion
(20, 21) and to promote cancer growth and metastasis (48). In
the current study, we show that circulating LCN2 and VEGF
levels were elevated in DIO mice compared with NC mice at
baseline, and that LCN2 levels were significantly higher at EP in
the MDA-MB-436P BC model (87 Appendix, Table S4). In the
MTB-TWNT BC model, DIO tumor-bearing mice had 1.6-,
1.4-, and 14-fold higher serum levels of the proangiogenic factors
VEGF, bFGF, and LCN2, respectively, whereas the antiangio-
genic factor Tsp-1 was reduced by 40% in the DIO mice
(SI Appendix, Table S2). LCN2 is a proangiogenic adipokine and
a marker closely associated with obesity (63, 64). We have previ-
ously reported that LCN2 plays a key role in BC angiogenesis and
regulates VEGF expression in a HIF1-o—dependent manner (65),
and promotes breast tumor growth and metastasis by inducing
the epithelial-to-mesenchymal transition (EMT) (57). Baseline
DIO animals also had significant Ad hypertrophy, higher MVD,
and increased crown-like structures. Taken together, our findings
show that DIO establishes a local (MFP) and systemic proangio-
genic and inflammatory environment that may promote an earlier
acquisition of the SVP and an earlier escape from tumor dor-
mancy, and thereby impact tumor development and progression.

We and others have shown that STAT3/Erk is activated in
BC proliferation and angiogenesis (56, 66), and that IL-6
expression by Ads promotes BC proliferation and EMT via
activation of STAT3 (67). While our in vitro studies demon-
strated that IL-6 from obese Ads may contribute to BC cell
invasion and EC recruitment, circulating or tumor IL-6 levels
were not significantly different between NC and DIO groups,
suggesting that LCN2 and/or VEGF levels may instead con-
tribute to DIO-induced tumor proliferation and angiogenesis
in vivo. EP tumors in DIO mice in the current study had
increased activation of pSTAT3 and pErk (S Appendix, Fig.
S4)), suggesting that Ad-secreted factors such as LCN2 or IL-6
may activate STAT3/MAPK signaling pathways to promote
tumor proliferation.

Taken together, these data indicate that DIO accelerates tumor
development, promotes tumor proliferation, and reduces overall
survival. Our findings suggest that obesity results in a systemic
increase in circulating proangiogenic factors as well as increased
angiogenesis in the mammary tumor microenvironment. Upon
tumor development, this proangiogenic milieu in turn promotes
an accelerated acquisition of the SVP in PM BC. This is sup-
ported by our findings in the ETP study for the MDA-MB-436P
and the MTB-TWNT BC models, where nascent tumors in DIO
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mice had significanty higher MVD (Figs. 3 and 4) and markedly
increased proliferation. Therefore, we next asked whether targeting
neovascularization in DIO mice may abrogate the effects of obe-
sity on PM BC development. Sunitinib treatment in the MTB-
TWNT DIO model resulted in prolonged tumor latency, reduced
tumor frequency, and delayed SVP. Consistent with these find-
ings, MVD in nascent ETP tumors as well as serum LCN2 levels
were significantly lower in the sunitinib-treated compared with
vehicle-treated DIO mice, suggesting that sunitinib therapy may
delay the SVP via a reduction in proangiogenic factors in DIO
mice.

Future studies that identify circulating and noninvasive bio-
markers of the tumor SVP which can enable us to identify escape
from tumor dormancy in preclinical models as well as human
patients will be important. While we have used sunitinib as an
angiogenesis inhibitor in our current proof-of-principle study,
other approaches can be utilized for the same goal. For example,
we have previously reported the successful delivery of targeted
nanomedicines for BC therapy (68) and for targeting the tumor
vasculature (69). Additional studies will determine whether
approaches such as targeting LCN2 or other obese Ad-associated
factors may be beneficial to delay and/or prevent the escape from
tumor dormancy and tumor development in PM women.

While there is now clear epidemiological and clinical evi-
dence that associates obesity with an increased risk of BC and a
poorer prognosis, very little is known about the mechanisms
underlying this association and methods to improve outcomes
in obese BC patients are currently lacking. Our study indicates
that obesity alters the local and systemic microenvironment and
accelerates the BC vascular phenotype leading to an escape
from dormancy. We report that obesity promotes mammary
gland hyperplasia and neoplasia, a significant reduction in
tumor latency, and an acceleration in BC onset and develop-
ment and that targeting neovascularization has the real poten-
tial to delay the acquisition of the SVP and thereby reduce
tumor frequency and progression. In conclusion, our study
establishes the link between obesity and PM BC and, for the
first time to our knowledge, bridges the dysfunctional neovas-
cularization of obesity with the earliest stages of tumor develop-
ment. Given the rising incidence of obesity worldwide, the
results from this study may have important translational impli-
cations for BC patients.

Materials and Methods

study Design. The main objective of this study was to determine whether DIO
promotes an escape from tumor dormancy and an acceleration of PM BC growth
and to elucidate the underlying mechanism(s). Two mouse models (orthotopic
and transgenic) were used. DIO (high-fat diet) was used to induce obesity and
mice fed with NC were used as controls. All mice were ovx to establish PM status.
EP tumor studies were used to monitor tumor development and progression in
the two groups. BLI was used to monitor tumor development in vivo as well as
to detect the tumor SVP. Serum levels of angiogenic factors were determined at
baseline and at EP of study for both groups. ETP studies were conducted (weeks
3 to 9, transgenic model and week 5, orthotopic model) to monitor early breast
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tumor development. MFPs were harvested at each time point (n = 4 per group)
and analyzed via IHC for hyperplasia, neoplasia, proliferation (Ki67+), MVD
(CD31+), and other aspects of early tumor development. DIO induced an accel-
erated SVP in breast tumors; therefore, we treated DIO mice with the pharmaco-
logical inhibitor sunitinib in the ETP study to determine whether inhibiting
angiogenesis could significantly delay the SVP, prevent escape from tumor dor-
mancy, reduce tumor frequency, and increase tumor-free survival. All mice were
randomly assigned to treatment groups and all in vivo experiments were con-
ducted with at least three replicates per group. In vitro, the effect of obese Ad
secretome was determined on BC cell angiogenic phenotype, invasion, migra-
tion, and proliferation.

Breast Tumor Models. Female mice were ovx to establish PM status. Mice
were maintained on an NC (D12450B, 10% kcal fat, Research Diets) or DIO
(D12492, 60% keal fat) diet. Two BC models were utilized: 1) the orthotopic
MDA-MB-436P model, and 2) the transgenic MTB-TWNT model. Details of animal
studies have been provided in S/ Appendix, Materials and Methods.

Common for In Vivo Studies. Tumor acquisition of the vascular phenotype
(SVP) was monitored via our luciferase BLI signal detection system that we have
developed. BLI was measured using Xenogen Systems, VIS200. Using this
approach, the time to acquisition of the SVP in the 1) orthotopic MDA-MB-436P
model was measured as the lowest BLI signal correlated with MVD detection in
<2-mm? ETP tumors, and in the 2) MTB-TWNT model was measured as the BLI
associated with MVD detected in CIS/MIN tumors in the ETP MFP. Tumors, asso-
ciated MFPs, and metastatic organs were collected at the EP of study 1 when
tumors reached 1 cm (EP) or weeks 3 to 9 post WNT gene induction (ETP) and
were paraffin-embedded or flash-frozen for analysis. Tissues were collected for
RNA and lysate preparation. Tumor latency was measured as the time (wk) from
implantation of tumor cells or induction of WNT expression to detection of palpa-
ble tumors in the MFP of mice as previously described (70). In the ETP study,
tumor latency was measured as the time (wk) from induction of WNT expression
to detection of BLI signal associated with the SVP.

Statistical Analysis. All in vitro experiments were repeated at least three times
with consistent results and statistically analyzed using GraphPad Prism 8 soft-
ware. Results from breast tumor cell proliferation, migration, and invasion and
EC-recruitment assays are reported as mean + SD of at least three independent
experiments. For experiments with two groups, statistically significant differences
were determined using Student's unpaired two-tailed t test or Mann-Whitney
U test, where P < 0.05 (two-tailed) was considered to be statistically significant.
Overall or tumor-free survival was analyzed by Wilcoxon or Mantel-Cox test,
where P < 0.01 was considered statistically significant. For experiments with
more than two groups, an ANOVA multiple-comparison test was performed.
Detailed materials and methods are included in S/ Appendix.

Data, Materials, and Software Availability. All study data are included in
the article and/or S/ Appendix.
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