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Introduction
The negative health effects of  obesity extend to every organ system and include elevated risk and worse 
prognosis for most cancers. Breast cancer is the most frequently diagnosed cancer in women and is the 
second leading cause of  cancer death. The majority of  breast tumors (>70%) express the estrogen receptor 
(ER) and are diagnosed after menopause. Women with obesity are more likely than their lean counterparts 
to face a poor breast cancer prognosis both before and after menopause (1–3). It is estimated that each 
5-unit increase in BMI translates to ~8% greater risk of  cancer recurrence or death (4). Furthermore, wom-
en with obesity frequently present with advanced disease, including larger tumors, higher tumor stage, and 
lymph node involvement (4, 5). Endocrine therapies, including selective ER modulators and aromatase 
inhibitors (AIs), are the standard treatment for most ER-positive breast cancers and act by blocking tumor 
ER activity or inhibiting adipose tissue aromatization of  androgens to estrogens (6, 7). Unfortunately, 
nearly half  of  ER-positive tumors become endocrine-therapy resistant and recur, and this occurs with even 
greater frequency in the obese population. Although AIs effectively reduce circulating estrogens by ~95% 
regardless of  adiposity level (8), women with obesity are less likely to benefit (9, 10).

Obesity increases breast cancer mortality by promoting resistance to therapy. Here, we identified 
regulatory pathways in estrogen receptor–positive (ER-positive) tumors that were shared between 
patients with obesity and those with resistance to neoadjuvant aromatase inhibition. Among 
these was fibroblast growth factor receptor 1 (FGFR1), a known mediator of endocrine therapy 
resistance. In a preclinical model with patient-derived ER-positive tumors, diet-induced obesity 
promoted a similar gene expression signature and sustained the growth of FGFR1-overexpressing 
tumors after estrogen deprivation. Tumor FGFR1 phosphorylation was elevated with obesity and 
predicted a shorter disease-free and disease-specific survival for patients treated with tamoxifen. 
In both human and mouse mammary adipose tissue, FGF1 ligand expression was associated with 
metabolic dysfunction, weight gain, and adipocyte hypertrophy, implicating the impaired response 
to a positive energy balance in growth factor production within the tumor niche. In conjunction 
with these studies, we describe a potentially novel graft-competent model that can be used with 
patient-derived tissue to elucidate factors specific to extrinsic (host) and intrinsic (tumor) tissue 
that are critical for obesity-associated tumor promotion. Taken together, we demonstrate that 
obesity and excess energy establish a tumor environment with features of endocrine therapy 
resistance and identify a role for ligand-dependent FGFR1 signaling in obesity-associated breast 
cancer progression.
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Various mechanisms are responsible for either acquired or de novo resistance to endocrine therapy, 
including mutations in ESR1, amplification and overexpression of  growth factor receptors (GFRs), 
and alterations in cell cycle machinery (11). Activated growth factor receptor pathways, such as human 
epidermal growth factor receptor-2 (HER2), insulin-like growth factor 1 receptor (IGF1R), and fibro-
blast GFR 1 (FGFR1), converge on the PI3K/Akt/mTOR and Raf/Mek/Erk pathways to support 
tumor cell proliferation and survival after estrogen deprivation and serve as current targets of  approved 
therapies for steroid hormone receptor–positive disease. It is currently unclear whether obesity impacts 
GFR expression and activation to influence breast cancer endocrine therapy resistance. A recent report 
showed that the prevalence of  obesity in women has increased to 40% (12). Despite these observations, 
obesity is not frequently included as a biological variable in preclinical breast cancer studies. One of  the 
likely reasons for this limitation is the difficulty in promoting obesity in transplant-competent mouse 
strains that can sustain ER-positive tumors.

To study the relationship between obesity and endocrine therapy resistance, we investigated similarities 
in primary tumors between women with elevated BMI (≥25 kg/m2) and women who were treated with 
neoadjuvant aromatase inhibition, with emphasis on GFR pathways. We then developed a graft-competent 
mouse model of  obesity to utilize the emerging breast cancer patient-derived xenograft (PDX) resources 
(13). Here, we describe a method to promote obesity in immune-compromised mice that takes advantage 
of  the high penetrance of  diet-induced obesity in the C57BL/6 background, the immune deficiency of  the 
Rag1-null model, and optimal housing and nutrient conditions for achieving maximal adiposity in mature 
female mice. By investigating well-characterized and potentially novel ER-positive breast cancer models in 
the context of  obesity, we found that breast cancers showed divergent responses to estrogen deprivation. 
Tumors that did not respond to treatment in the obese mice displayed evidence of  ligand-dependent FGFR1 
activation, which is a mediator of  endocrine therapy resistance (14, 15). In primary human breast tumors, 
high levels of  pFGFR1 associated with elevated BMI (≥25 kg/m2) and also with shorter disease-free and 
breast cancer–specific survival. We also identified estrogen withdrawal–induced (EWD-induced) weight 
gain as a driver of  FGF1 production by mammary adipose tissue, implicating the obese host environment in 
breast cancer progression through GFR pathway activation. Our model has applicability to a variety of  can-
cer types in which obesity is a negative prognostic factor. Moreover, our study suggests that obesity should be 
considered a unique variable in clinical breast cancer treatment.

Results
Obesity promotes activation of  pathways that associate with endocrine therapy resistance. To determine the relation-
ship between obesity-associated breast cancer and the response of  ER-positive breast tumors to endocrine 
therapy, we compared previously published tumor gene expression data from patients with elevated BMI 
(≥25 kg/m2) (16) to that from patients whose tumors responded or did not respond to short-term letrozole 
treatment (17, 18). Large-scale studies have shown little overlap in gene signatures across breast tumor 
datasets that predict response to therapy (19, 20); therefore, we analyzed the putative upstream regulators 
of  gene expression profiles to understand the potential extrinsic factors influencing tumor behavior. Using 
this approach, we identified activated GFR and kinase signaling pathways that were common to tumors 
from patients with a high BMI and either responders or nonresponders to letrozole (Figure 1A). Among 
the putatively activated pathways that were common to both obesity and a poor response to letrozole were 
IGF1R and FGFR1, which have been implicated in endocrine therapy resistance (14, 15, 21). Of  the 5 
upstream regulatory pathways shared by tumors from overweight patients and nonresponders, FGFR1 
and, to a lesser extent, IGFR1 were predicted to be decreased in tumors that did respond to letrozole 
(Figure 1B). To validate the association between activated FGFR1 and endocrine therapy response, we 
examined levels of  phosphorylated FGFR1 (pFGFR1; Figure 1C) in primary breast tumors from wom-
en treated with tamoxifen and found that high levels of  pFGFR1 (≥75% positive cells) associated with a 
shorter disease-free and disease-specific (overall) survival compared with low level expression (Figure 1D). 
Together, these data suggest that activation of  FGFR1 signaling may drive a gene expression program 
shared between obesity-associated breast cancer and endocrine therapy resistance.

Thermoneutral housing and high fat/high sucrose promote obesity in female Rag1-null mice. To investigate the 
mechanisms by which obesity promotes breast cancer progression, we developed a diet-induced obese murine 
model in which to grow breast cancer PDX. Although diet-induced and transgenic mouse models of obesity 
are routinely used, it has been challenging to develop an obese graft-competent model for breast cancer studies. 
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To overcome these challenges, we took advantage of the tendency for diet-induced obesity in the C57BL/6 
mouse strain (22, 23), the reduced immune function of the Rag1-null mutation (24), and thermoneutral hous-
ing conditions, which support obesity development in immune-compromised mice (25). Cages placed on 
warming blankets set at 40°C resulted in internal cage temperatures of ~30°C, which is within the mouse ther-
moneutral zone (26) (Figure 2A, red box). In contrast, cages housed at room temperature remained at ~23°C 
(Figure 2A, control). Body weights were measured in all mice beginning at 6 weeks of age (Figure 2B). The 
introduction of thermoneutral housing (Figure 2B, bold arrow) preferentially led to an accelerated weight gain 
in mice on the high-fat/high-sucrose (HFHS) diet. Mice on the low-fat/low-sucrose (LFLS) diet continued 
on a similar weight-gain trajectory, despite the same thermoneutral temperatures. Lean mass was increased 
in HFHS-fed compared with LFLS-fed mice (Figure 2C); however, the accelerated weight gain induced by 
warming led to higher fat accumulation (Figure 2D), which was significantly greater in HFHS-fed compared 
with LFLS-fed mice after 6 weeks of thermoneutral housing (Figure 2D). Although the C57BL/6 strain is 
inbred (isogenic), we observed a distribution in the range of body fat percentage across mice fed HFHS diets 
(Figure 2D), potentially due to pre- and/or postnatal programming effects of obesity susceptibility (27–29). 
We performed an equivalent study using NOD-Scid-Il2r-null (NSG) mice, which are commonly used as recip-
ients for human PDX tumors (30). NSG mice were fed LFLS or HFHS diets and housed at thermoneutral 
temperatures. Although body weight increased modestly with HFHS feeding and HFHS-fed NSG mice were 
heavier than those given the LFLS diet (Supplemental Figure 1; supplemental material available online with 
this article; https://doi.org/10.1172/jci.insight.120594DS1), the level of adiposity was not significantly differ-
ent between the 2 groups (Supplemental Figure 1).

After determining that the Rag1-null mice were obesity prone, we performed all subsequent tumor studies 
using this mouse strain and ER-positive breast cancer lines. To demonstrate the utility of the model, mice were 

Figure 1. FGFR1 activation associates with obesity and a poor response to endocrine therapy. (A) Venn diagram of unique 
and shared activated regulatory pathways between tumors from those who did not respond to letrozole (Nonresponders, 
blue, n = 57 pathways), those who did respond (Responders, green, n = 86 pathways), and estrogen receptor–positive 
(ER-positive) tumors from women with elevated BMI (red, n = 83 pathways). (B) Z scores of activated upstream regula-
tors reported by Ingenuity to be common to nonresponders and patients with elevated BMI (P < 0.05). (C) Representative 
images of primary human breast tumors stained for pFGFR1. Top panel, negative tumor (0% positive); bottom panel, > 75% 
positive. Magnification, 20×. (D) Kaplan Meier survival curves showing disease-free (left) and breast cancer–specific (right) 
survival in patients based on pFGFR1 staining. n = 39, <75% positive; n = 7, ≥75% positive.
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ovariectomized (OVX) and supplemented with estradiol (E2) to achieve serum levels that approximate the fol-
licular phase in premenopausal women (Figure 2E, high, 1 mg E2/pellet; ref. 31), postmenopausal (Figure 2E, 
low, 0.25mg E2/pellet; ref. 8) conditions, or postendocrine therapy (Figure 2E, EWD). Here, each tumor study 
followed a similar design (Figure 2F), where juvenile female Rag1-null mice were matured to either lean or obese 
adults on LFLS or HFHS diets, respectively. At maturity, mice were OVX, implanted with 0.25 mg E2 pellets, 
and breast cancer cells or PDX tumor fragments were injected orthotopically in the inguinal mammary fat pads. 
Once tumors were established, we either performed EWD treatment to mimic estrogen deprivation by AIs or 
mice were maintained on supplemental E2 for the duration of the study, which lasted 3 additional weeks.

Diet-induced obesity influences the metabolic response to EWD. Estrogen deprivation therapy and the 
menopausal transition each impact metabolic function and adipose accumulation in women (32–35). To 
monitor these changes, we measured several parameters in LFLS- and HFHS-fed Rag1-null mice that 

Figure 2. Development of obesity in Rag1-null mice. (A) Surface temperature of warming blanket (open bar), internal temperature of cages housed on blan-
kets (black bar), and cages housed at control room temperatures (gray bar). n = 3. Red box indicates mouse thermoneutral temperature zone. (B) Body weight 
of LFLS (lean) and HFHS (obese) fed Rag1-null mice. n = 15 lean, 16 obese. Arrow indicates start of thermoneutral housing (***P < 0.001, unpaired t test). (C) 
Lean mass before and 6 weeks after warming. Adiposity effect P < 0.0001, warming effect P = 0.0008, interaction P = 0.4. n = 16 mice per group. (D) Percent 
body fat before and 6 weeks after warming. Adiposity effect P = 0.0014, warming effect P = 0.0005, interaction P < 0.0001. n = 16 mice per group. (E) Diagram 
of Rag1-null tumor studies. OVX, E2 supplementation, and tumor implantation are performed on mature lean and obese mice. Estrogen withdrawal (EWD) is 
used as treatment, with maintenance on E2 as a control. (F) Serum E2 levels measured by ELISA in OVX female mice supplemented with 1 mg (high) or 0.25 
mg (low) E2 pellets or after EWD. Dashed line indicates lowest limit of detection. Means denoted by red bars. (G–N) Effects of EWD or E2 maintenance on (G) 
body weight (adiposity P < 0.0001, treatment P = 0.03, interaction P = 0.13), (H) body fat (adiposity P = 0.0001, treatment P = 0.07, interaction P = 0.15), (I) 
mammary fat mass (adiposity P < 0.0001, treatment P = 0.03, interaction P = 0.06), (J) gonadal fat mass (adiposity P < 0.0001, treatment P = 0.02, interaction 
P = 0.05), (K) serum insulin (adiposity P = 0.0001, treatment P = 0.07, interaction P = 0.14), (L) serum glucose (adiposity P = 0.01, treatment P = 0.56, interac-
tion P = 0.9), (M) HOMA-IR (adiposity P = 0.002, treatment P = 0.3, interaction P = 0.3), and (N) lean mass (adiposity P = 0.45, treatment P = 0.76, interaction P 
= 0.99). Data were analyzed by 2-way ANOVA with test for interaction. n = 5 lean E2, n = 5 lean EWD, n = 6 obese E2, n = 7 obese EWD.

https://doi.org/10.1172/jci.insight.120594
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were either maintained on E2 or that underwent EWD treatment. There was a significant effect of  diet 
on body weight (Figure 2G), body fat (Figure 2H), mammary (Figure 2I) and gonadal (Figure 2J) fat 
masses, serum insulin (Figure 2K) and glucose (Figure 2L), and the homeostatic model assessment of  
insulin resistance (HOMA-IR), a measure of  insulin sensitivity (Figure 2M). EWD treatment significant-
ly increased body weight, as well as mammary and gonadal fat masses. By pairwise comparison, gonadal 
and mammary fat masses significantly increased with EWD only in HFHS-fed mice. Lean mass was 
unaffected by diet or treatment (Figure 2N). Overall, the negative metabolic effects of  EWD were worse 
in HFHS compared with LFLS Rag1-null mice.

Distinct effects of  obesity on ER-positive tumor growth. We have previously shown in a rat model of  chemi-
cally induced mammary cancer that diet-induced obesity promotes the survival and growth of  ER-positive 
tumors after the loss of  ovarian estrogen production (36–38). To extend our work, we implanted MCF7 
cells or a potentially novel ER-positive PDX (UCD12; ref. 39) into mature, OVX female Rag1-null mice 
that were supplemented with low-dose E2. Tumor growth in the presence of  E2 was greater in HFHS 
versus LFLS mice (Figure 3, A and C). Both MCF7 and UCD12 tumors exhibited a variable response to 
EWD in LFLS and HFHS mice (Figure 3, B and D). Similar to MCF7 tumors, some UCD12 tumors in 
LFLS mice continued to grow, while others regressed after EWD (Figure 3D, left). In contrast, all UCD12 
tumors in HFHS mice continued to grow after EWD (Figure 3D, right). Overall, in the presence of  E2, 
obesity potentiated the growth of  ER-positive MCF7 and UCD12 tumors; however, excess adiposity only 
sustained the growth of  UCD12 tumors after EWD. In this regard, these tumor types model the responders 
(MCF7) and nonresponders (UCD12) to estrogen deprivation therapy in the context of  obesity.

The prevailing explanation for the obesity-breast cancer link centers on excess estrogen production; how-
ever, progesterone receptor (PR), which is commonly used as an indicator of  estrogenic activity, was unde-
tectable after EWD in either MCF7 or UCD12 tumors (Figure 3, E and F). Similarly, there was no effect of  
obesity on UCD12 tumor expression of  well-known ER target genes Greb1 and Tff1 after EWD (Figure 3G). 
In Rag1-null mice, mammary adipose E2 was below detection (Figure 3H), and differences were not found 
in circulating E2 between LFLS- and HFHS-fed mice (13.9 ± 3.7 pM vs. 10.5 ± 2.1 pM, respectively). This is 
consistent with our previous report in female rats after OVX, where plasma levels did not differ with obesity 
and adipose tissue levels were below detection limits, simulating an environment of  aromatase inhibition (38); 
however, levels of  estrogen below detectable amounts may still sufficiently activate ER in cancer cells (40).

FGFR1 associates with obesity-associated tumor growth after estrogen loss. The lack of  elevated tumor ER 
target gene expression with obesity and the low levels of  E2 in the adipose tissue of  mice indicated that 
estrogen-independent mechanisms may be responsible for UCD12 tumor progression after EWD. We per-
formed RNA-sequencing analysis of  tumors from LFLS and HFHS mice, with and without E2 supplemen-
tation. Overall, 785 genes were differentially expressed across all 4 groups (FDR ≤ 0.01; Abs log FC = 1; 
Figure 4A). In LFLS mice, 355 genes increased following EWD, while 430 genes decreased (Figure 4A). 
Many of  the genes that were decreased by EWD in LFLS mice were elevated in HFHS mice, regardless of  
EWD treatment, and vice versa (Figure 4A). We characterized the pathways and functions associated with 
obesity after EWD using Ingenuity Pathway Analysis. Networks involving apoptosis, necrosis, and cell 
death were all predicted to be inactive in tumors from HFHS versus LFLS, while metastasis, invasion, and 
migration of  cancer cells were predicted to be active (Figure 4B). Among the differentially affected path-
ways was FGF/FGFR1 signaling, which was putatively active in the context of  obesity after EWD. We 
confirmed overexpression of  FGFR1 in UCD12 compared with MCF7 cells (Figure 4C and Supplemental 
Figure 2), suggesting signaling through this pathway may be responsible for the differential tumor progres-
sion. Furthermore, pFGFR1 was elevated in tumor lysates from HFHS versus LFLS mice after EWD in 
an unbiased phospho–receptor tyrosine kinase array screen (Supplemental Figure 3). Among the genes 
elevated in tumors from EWD-treated HFHS mice were those encoding extracellular matrix remodeling 
enzymes, such as matrix metalloproteinases 1 and 3 and hyaluronic acid synthase 2 (Figure 4D, left), as 
well as structural proteins, including collagen 1A2 and fibronectin 1 (Figure 4D, right). Consistent with a 
recent report (41), analysis of  trichrome-stained tumors suggested increased collagen deposition in HFHS-
fed mice compared with LFLS-fed mice after EWD (Figure 4E), raising the possibility that obesity may 
influence tumor progression through modulation of  the extracellular matrix.

FGFR1 phosphorylation associates with poor patient outcomes and with obesity. FGFR1 is amplified and/
or overexpressed in 15%–20% of  ER-positive breast cancers and supports endocrine therapy resistance 
(15, 42). Compared with UCD12 PDX tumors from LFLS mice, those from HFHS mice had higher 
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Figure 3. Responders and nonresponders to EWD in the context of obesity. (A) Total tumor volume in lean (n = 9) and obese (n = 12) E2-treated 
mice. Dashed line indicates tumor size at treatment. (B) Change in tumor volume in lean (left) and obese (right) mice from the time of EWD treat-
ment (Pre) until 3 weeks after (Post), represented as a percent of tumor volume at treatment. (C) UCD12 PDX tumor volume in lean (n = 17) and obese 
(n = 16) E2-treated mice. Dashed line indicates tumor size at treatment. (D) Tumor burden per mouse prior to (Pre) and after (Post) EWD treatment, 
in obese (n = 8) and lean (n = 8) mice. Data calculated as percent change from treatment volume. **P = 0.002. Paired t test. (E) Percent ER- and 
PR-positive nuclei in post-EWD MCF7 and UCD12 tumors. n = 7 tumors per group. (F) Representative images of ER and PR IHC from MCF7 tumors. 
Inset shows PR-positive control slide (E2-treated tumor). Scale bar: 100 μm. (G) Expression of GREB1 and TFF1 in post-EWD tumors. (H) Tissue estra-
diol levels from human breast or mouse mammary adipose.

https://doi.org/10.1172/jci.insight.120594
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levels of  pFGFR1 (Figure 5, A and B) with similar levels of  total FGFR1 (Figure 5B). This difference 
was confirmed in a separate study using a cell line derived from the UCD12 tumor, referred to as PT12, 
injected into the inguinal mammary gland (Figure 5, C and D), indicating that this characteristic of  the 
tumor persisted after multiple passages in vitro. We further investigated the relevance of  FGFR-driven 
endocrine resistance in the context of  obesity in a cohort of  postmenopausal women with newly diag-
nosed ER-positive/HER2-negative breast cancers who were preoperatively treated with 4 months of  
neoadjuvant exemestane. In these postmenopausal women treated with AI, pFGFR1 — but not total 
FGFR1 — was significantly higher in tumors from women who were overweight or obese (BMI ≥ 25 
kg/m2) compared with those that were lean (BMI < 25; Figure 5, E and F). To further elucidate the 
respective contributions of  FGFR and ER signaling to tumor progression in this model, HFHS-fed mice 

Figure 4. Obesity promotes endocrine therapy resistance phenotype after EWD. (A) Heatmap of differentially expressed genes in tumors (n = 4 per group) 
from lean or obese E2- or EWD-treated mice. FDR < 0.01, absolute log fold change = 1. (B) Pathways predicted to be active or inactive in the obese based on 
gene expression profiles. All P < 0.05. (C) Immunoblot of FGFR1 and β-tubulin in control (MDA134 and SUM44) cells and UCD12 and MCF7 tumors. (D) Expres-
sion of ECM remodeling enzymes (left) and structural proteins (right) in tumors from lean and obese mice after EWD. (E) Representative images of trichrome 
staining in tumors from lean and obese mice after EWD and quantification with Aperio Digital Pathology System (right panel); magnification, 10×. ‡P < 0.1.

https://doi.org/10.1172/jci.insight.120594
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bearing UCD12 PDX tumors were treated with EWD and either the FGFR inhibitor BGJ398 or the AI 
letrozole. Compared with control tumors, which continued to grow after EWD, tumors from those treat-
ed with BGJ398 regressed after EWD treatment (Figure 5G). In Rag1-null females, the UCD12 PDX 
tumors continued to grow after EWD in the presence of  letrozole (Figure 5G), consistent with evidence 
suggesting estrogen-independent tumor progression (Figure 3).

Weight gain in the obese supports FGF1 ligand production by adipose tissue. FGFR signaling can be activat-
ed through ligand-independent (e.g., receptor amplification or activating mutation) or ligand-dependent 
(e.g., paracrine, autocrine, or endocrine FGF production) mechanisms. The lack of  differences in total 
FGFR1 levels between tumors from LFLS and HFHS mice suggested that the obese environment was 
not selecting for a tumor cell population with FGFR1 amplification. Instead, this observation indicated 
a possible influence of  obesity on ligand-dependent signaling. To investigate this, we analyzed expression 
of  FGF ligands within the tumors and in mammary adipose tissue adjacent to the tumors. In adipose 
tissue, FGF1 and FGF2 in particular act through paracrine or autocrine mechanisms to initiate FGFR1 
signaling, are produced during adipose tissue expansion (weight gain), and are elevated with obesity 
(43, 44). FGF2 expression was not different between LFLS and HFHS mice (Supplemental Figure 4A); 
however, FGF1 expression was significantly increased in mammary adipose tissue after EWD only in 
HFHS mice (Figure 6A). EWD promoted weight gain (Figure 6B) and expansion of  mammary adipo-
cytes (Figure 6, C and D), with the largest adipocytes seen in HFHS mice (Figure 6D). FGF1 expression 
directly correlated with the rate of  weight gain following EWD (Figure 6E, left) and mammary fat mass 
(Figure 6E, middle), and with the average adipocyte diameter (Figure 6E, right). A previously published 
study was analyzed to determine whether FGF1 expression associated with weight gain in human adi-
pose tissue (45). In paired biopsies of  s.c. adipose tissue collected from obese subjects before and after 
intentional weight gain, FGF1 expression increased significantly only in those obese individuals that 
were classified as metabolically abnormal (Figure 6F; unhealthy) by intrahepatic triglyceride content and 
insulin sensitivity (45). This indicates an impaired response to a positive energy balance in adipose tissue 
growth factor production. Finally, in human breast adipose tissue, FGF1 expression was significantly 
elevated in patients with BMI ≥ 30 kg/m2 compared with <25 kg/m2 (Figure 6G, left; Supplemental 
Table 1) and correlated with BMI (Figure 6G, middle), as well as breast adipocyte diameter (Figure 6G, 
right). The effect of  obesity on FGF1 expression appears to be specific to adipose tissues, as tumor levels 
of  FGF1 and FGF2 did not differ between treatment groups (Supplemental Figure 4, B and C). Taken 
together, these results suggest that a positive energy balance (i.e., weight gain) in the context of  obesity 
and/or metabolic dysfunction promotes FGF ligand production by adipose tissue, which may activate 
receptors in nearby breast cancer cells to promote growth after estrogen deprivation (Figure 7).

Discussion
This study is the first to our knowledge to leverage a diet-induced obese graft competent model with human 
tumors and a series of clinical studies to reveal how obesity-related extrinsic and intrinsic factors converge to 
promote ER-positive breast tumor growth in the absence of estrogen. These experiments are particularly rele-
vant to the important clinical problem of endocrine therapy resistance, which occurs with greater frequency in 
women with obesity (3, 5). Our observations present a scenario in which overnutrition under isothermic condi-
tions increases the expression of FGF1 in adipose tissues in women with obesity and/or metabolic disease. In 
this environment, breast tumors expressing FGFR1 would be particularly susceptible to FGF ligand–dependent 
survival and growth after estrogen deprivation. Consistent with this scenario, amplification and overexpression 
of FGFR1 are reported to occur in up to 20% of luminal (ER-positive) subtype breast cancers (15) and are 
implicated in resistance to endocrine therapy (14, 15, 46). Recently, FGFR1 was reported to interact with ER 
in the cytoplasm and nucleus of endocrine-resistant breast cancer cells, suggesting that ER remains functional 
through growth factor pathway activation, despite estrogen deprivation (14). Taken together, these observations 
support a dual-requirement hypothesis that we have previously presented (38, 47), in which metabolic impair-
ment associated with obesity converges with a positive energy balance following estrogen deprivation to form a 
tumor-promoting environment (Figure 7). To tackle this problem clinically, it may only be necessary to improve 
metabolic function, either pharmacologically or through exercise, or to prevent EWD-induced weight gain. In 
theory, either of these approaches should sufficiently inhibit the development of endocrine therapy resistance 
observed in women with obesity. In addition, FGFR inhibitors may be uniquely beneficial in combination with 
aromatase inhibition as a first-line therapy in those with elevated BMI.
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Figure 5. Link between pFGFR1 and obesity in ER-positive breast cancer. (A) Representative images of pFGFR1 staining in UCD12 PDX tumors from 
lean (left) or obese (right) mice after EWD. Scale bar: 100 μm. (B) Quantification of phospho- and total FGFR1 staining. n = 10 each. (*P < 0.05, t 
test). (C) Representative images of pFGFR1 in xenograft tumors derived from a UCD12 cell line in lean (left) or obese (right) mice after EWD. Scale 
bar: 70 μm (D) Quantification of phospho- and total FGFR1. (**P < 0.01, t test). n = 7 lean, 9 obese. (E) Representative images of pFGFR1 in primary 
human breast tumors collected after 4 months of neoadjuvant exemestane treatment from postmenopausal lean (left) or obese (right) women. 
Scale bar: 100 μm. (F) Quantification of phospho- and total FGFR1. n = 9, BMI < 25 kg/m2; n = 17, BMI ≥ 25 kg/m2. (*P < 0.05, Mann Whitney U test). 
(G) Tumor burden in HFHS mice before (pre) and after (post) EWD, treated with vehicle (control, black); BGJ398 (blue); or letrozole (gray). *P < 0.05, 
paired 2 tailed t test.
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One innovative aspect of  this study is the use of  a potentially novel diet-induced obese graft-competent 
model to investigate the link between obesity and cancer. The breast cancer field has been limited by a 
lack of  adequate preclinical models that represent the variety of  tumor subtypes diagnosed in humans. We 
have overcome this limitation by grafting human cell lines and PDX tumors into mice that are susceptible 
to diet-induced obesity, which has allowed us to identify tumor intrinsic and extrinsic factors that likely 
support growth in the obese. While we attempted to promote obesity in commonly used NSG hosts, only 
a small percentage of  adult females gained excess body fat, compared with the Rag1-null mice on the B6 
background. While both models are immune compromised, the Rag1-null females retain DCs, macro-
phages, and NKs, which could predispose them to diet-induced obesity development. The present study 

Figure 6. Weight gain in the obese promotes FGF1 expression. (A) FGF1 expression normalized to Pol2ra in mammary adipose from lean (n = 5 per 
treatment) or obese (n = 6 per treatment) mice with E2 or after EWD. (**P < 0.01, unpaired t test). (B) Body weigh of lean and obese mice before (pre) and 
3 weeks after (post) EWD. (**P < 0.01, paired t test). (C) Representative images of mammary adipose tissue from lean or obese mice with and without 
supplemental E2. Scale bar: 200 μm. (D) Adipocyte size distribution and average adipocyte diameter per mouse shown in right panel; >500 cells were 
analyzed for at least 3 mice per group (right panel, adiposity effect, P < 0.0001; E2 effect, P < 0.0001; Interaction, P = 0.007, 2-way ANOVA). (E) Spearman 
correlation of FGF1 expression in mouse mammary adipose after EWD with rate of EWD-induced weight gain (left), mammary adipose mass (middle), 
and adipocyte diameter (right). (F) FGF1 expression in s.c. adipose from metabolically healthy (left) and unhealthy (right) obese subjects before and after 
intentional weight gain. *P < 0.05, paired t test. Samples in red were higher after weight gain than before. (G) Log-transformed FGF1 relative expression 
by BMI (left), scatter plots of BMI vs. log-transformed FGF1 relative expression (middle), and average adipocyte diameter (right) vs. log-transformed FGF1 
relative expression. Tukey line, a robust linear fit of the association, is also plotted.
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has centered on FGF signaling as an example; however, it is likely that a number of  factors contribute 
to tumor progression in this context, including excess circulating nutrients, inflammatory cytokines that 
alter steroid hormone signaling, and the production of  other growth factors. Our observation that FGFR1 
signaling associated with changes in ECM structural and remodeling proteins is consistent with its role in 
tumor progression and suggests the diet-induced obesity xenograft (DIOX) model could be useful to study 
prometastatic changes in the tumor microenvironment linked to obesity. The methods to generate DIOX 
mice can be applied to any cancer type that is promoted by excess adiposity and metabolic disease, includ-
ing endometrial, esophageal, and colon (48, 49).

This powerful tool has the limitation of  lacking an adaptive immune system (i.e., mature B and T cells); 
however, this does not preclude its use for investigating the obesity cancer relationship. Other obesity-spe-
cific variables are known to support breast cancer, including leptin, insulin/IGF1, and increased available 
nutrients such as glucose and fatty acids, all of  which can be evaluated in immune-compromised mice. 
Consistent with these other pathways, IGF1R emerged as another putative driver of  obesity-associated and 
therapy-resistant breast cancer in patient samples (Figure 1). Rag1-null mice are reported to retain functional 
macrophages that polarize to a proinflammatory phenotype in the obese (50), which also occurs in women 
(51). Notably, we identified telltale crown-like structures (CLS) in the mammary adipose tissue of  HFHS-fed 
mice after EWD (Supplemental Figure 5), and others have reported elevated IL-6 production in Rag1-null 
mice after high-fat feeding (50), offering the potential to study the role of  innate immunity. Currently, trans-
plant-competent models with humanized immune systems are in their infancy but have led to important clin-
ical advances (52). Future studies will apply methods to overcome the inherent obesity resistance displayed 
by many immune-compromised strains in combination with human immune cells to create a model from 
which to study the interaction between these 2 important variables and their influence on cancer progression.

Figure 7. Working model. Obesity and excess energy activate FGFR1 in breast tumors through FGF1 produced by hypertrophic adipocytes during adipose 
tissue expansion. FGFR1 activation can drive endocrine therapy resistance.
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Another critical finding is the identification of  pathways associated with ER-positive tumor promotion 
in the context of  obesity, despite estrogen deprivation — namely, FGFR1 signaling. Inflamed adipose tissue 
is known to produce estrogen through elevated aromatase production by stromal cells (51, 53, 54). While 
this estrogen-dependent scenario is likely to contribute to the increased incidence of  ER-positive disease in 
women with obesity, it is unclear whether elevated estrogen contributes to poor outcomes after treatment. 
Although we were unable to detect E2 in mammary adipose tissue of  obese Rag1-null mice, others have 
shown increased aromatase expression and activity, particularly in visceral adipose depots, of  athymic 
nude mice (55). Human breast cancer cells that overexpressed aromatase were uniquely sensitive to the AI 
letrozole, suggesting obesity-specific regulation of  aromatase function (55). Our observation that excess 
adiposity promoted tumor progression despite undetectable E2 levels indicates the importance of  utilizing 
graft-competent obese models in combination with a variety of  PDX tumors to identify novel mediators of  
endocrine therapy resistance. The benefit of  such a system is that it can be combined with human tumors 
that express and retain ER throughout progression to metastatic disease, providing an opportunity to inves-
tigate the most prevalent breast cancer subtype.

In summary, we provide evidence that the FGF1/FGFR1 axis is an important mediator of  obesi-
ty-associated growth of  ER-positive tumors after estrogen deprivation by leveraging patient data and a 
potentially novel graft-competent diet-induced obese model. Partnering this model with human tumors, 
as we have done here for breast cancer, can be a powerful tool to identify intrinsic (tumor specific) and 
extrinsic (host specific) factors involved in the obesity-cancer relationship, and it can lead to the discov-
ery of  novel therapeutic targets.

Methods

The DIOX Model
Housing and diet. Juvenile (6 weeks old) female Rag1-null mice were purchased from The Jackson Labo-
ratory (stock no. 002216). Upon arrival, mice were housed under standard vivarium conditions, includ-
ing a 12-hour light dark cycle, and a room temperature of  approximately 23°C. Mice were placed on 
either a HFHS diet (Research Diets, D15031601), which contained 40% kcal fat from butter and sucrose 
(292.5 gram %) or aLFLS diet (Research Diets, D11092101), which contained 11.5% kcal fat from but-
ter and no sucrose. Mature females (12 weeks old) were then moved to static cages that were placed on 
warming blankets attached to warm water pumps (Stryker, Thermo Fisher Scientific). Pumps provided 
continuous heat set at 40°C. Cage and blanket temperatures were monitored with an infrared digital 
thermometer 3 times per day for 3 consecutive days. Control cage temperatures housed at standard 
room temperature were also monitored. Body weights were monitored weekly, and body composition 
was measured several times throughout each study using quantitative magnetic resonance (qMR; Echo 
MRI Whole Body Composition Analyzer, Echo Medical Systems). A similar approach was taken with 
NSG mice (The Jackson Laboratory, stock no. 005557), except that tumors and E2 pellets were not 
administered (described in detail below).

Ovariectomy and tumor studies. Adult female Rag1-null mice were OVX under isofluorane anesthesia 
through dorsal incisions. At the time of  OVX, mice were implanted with a s.c. E2 pellet, which was a 
silastic tube containing cellulose and either 1 mg or 0.25 mg of  E2 (MilliporeSigma). Mice were also graft-
ed with either 1 × 106 PT12 (a cell line derived from the UCD12 PDX) or MCF7 cells, injected with an 
insulin syringe, or with a 2 × 3 mm fragment of  the UCD12 PDX tumor, implanted with a 10G trochar 
(Innovative Research of  America). Tumors were injected/implanted into the inguinal (#4) mammary fat 
pads, and tumors were measured in 2 dimensions using digital calipers. Volume was calculated as (length2 
× width)/2, where the length was the longer of  the 2 measurements. After tumors grew to a specific size, 
EWD treatment was administered by removing the silastic E2 pellet under isofluorane anesthesia. Control 
mice were anesthetized, and sham surgery was performed. Mice were randomized to treatment groups 
based on body fat percentage within adiposity groups and on tumor burden. Studies were terminated 
3 weeks after EWD treatment. In a separate study, juvenile female mice were matured on HFHS diet 
(Research Diets, D15031601), OVX as described above, and implanted with UCD12 PDX tumors. When 
tumors reached approximately 650 mm3, mice were randomized based on tumor volume to EWD (control; 
n = 5 mice), FGFR inhibitor (BGJ398; 10 mg/kg body weight, daily oral administration; n = 5 mice), or AI 
(letrozole, 10 μg/day s.c.; n = 4 mice) (56). Treatment continued for 3 weeks.
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Study end and tissue collection. Mice were fasted for 4–6 hours, and final body weights and body compo-
sition were collected prior to sacrifice. Blood was collected from a cardiac draw, and serum was separated 
and stored at –80°C. Tissues, including tumors, mammary glands (inguinal and thoracic), abdominal and 
visceral fat pads, liver, kidney, and gastrocnemius were dissected, weighed, and fixed in formalin and/
or snap frozen. Serum glucose was analyzed using a colorimetric assay (Thermo Fisher Scientific), and 
insulin was analyzed using an ultrasensitive ELISA (Alpco). HOMA-IR was calculated as follows: glucose 
(mmol/l) × insulin (mU/l)/22.5.

IHC
Tissues were fixed in 10% neutral-buffered formalin and processed according to standard histologic pro-
cedures. IHC was performed on paraffin-embedded tissue sections using antibodies against ER (RM9101; 
Thermo Fisher Scientific), PR (A0098; Dako North America); Ki67 (clone MIB-1; M7240; Dako North 
America); pFGFR1 (ab59194; Abcam), and total FGFR1 (9740; Cell Signaling Technology). Blocking 
and secondary antibody reagents were purchased from Vector Laboratories. Stained sections were digitally 
archived and quantified using the Aperio Digital Pathology System and Image Scope software (Leica Bio-
systems). Antibody specificity was validated in a series of  breast cancer PDX tumors that varied in expres-
sion of  FGFR1 (high, medium, low) and in breast cancer cell lines (PT12, in which FGFR1 was reduced 
using siRNA; 4390824; Ambion).

Primary human breast tumor analysis
Analysis of  pFGFR1 and patient outcomes. Forty-six patients with ER-positive tumors, accrued between 1988 
and 1993 at the Massachusetts General Hospital (Boston, Massachusetts, USA), who were treated with 
tamoxifen as part of  their clinical management were used for this study. These patients were originally 
covered by an approved IRB protocol from the Massachusetts General Hospital and more recently by an 
exempt protocol from the Colorado Multiple Institutional Review Board. All studies were truncated at the 
end of  1998, when the last follow-up was obtained. A manual receiver operating characteristic (ROC) anal-
ysis was performed for pFGFR1 to establish a cut point that best separated those patients who failed from 
those who did not fail based on χ2 number. High pFGFR1 (≥75%) was correlated with poor disease-free 
and breast-specific overall survival in both univariate and multivariate analyses. Stat View 5.1 (Abacus) 
software was used for statistical analyses of  clinical data.

Analysis of  pFGFR1 by BMI. The patient characteristics were previously described (57, 58). Briefly, the 
trial included postmenopausal women with locally advanced, hormone receptor–positive breast cancers 
treated with exemestane alone or with exemestane plus tamoxifen. Only patients treated with exemes-
tane were included in the current analysis.

Serum assays
Serum hormone/metabolites were analyzed with the following reagents: E2 was analyzed using the 
Mouse/Rat Estradiol ELISA (ES180S-100; Calbiotech), insulin was analyzed using the Mouse Ultrasensi-
tive Insulin ELISA (80-INSMSU-E01; Alpco), and glucose was analyzed using the Infinity Glucose Hex-
okinase Reagent (TR15421; Thermo Fisher Scientific).

Tissue mass spectrometry
Mouse and human adipose tissue were processed, and E2 was analyzed by LC-MS/MS according to our 
previously described methods (38).

RNA sequencing
RNA sequencing (RNA-seq) libraries were prepared from total RNA by the University of  Colorado Core 
using the Illumina TruSeq Stranded mRNA LT Sample Prep Kit. Resulting libraries were sequenced on an 
Illumina HiSeq 2500 (1 × 125 bp). After demultiplexing, the resulting reads were trimmed with cutadapt 
(59) to remove 3′ adaptor sequences and low quality 3′ bases (q < 10). The trimmed reads were then aligned 
to both the human (GRCh38) and mouse (mm10) genomes using hisat2 (60). Reads were then assigned to 
either the human or mouse genome using disambiguate (61), and ambiguous reads were discarded. Unam-
biguous reads were assigned to features using Rsubread’s featureCounts (62). Differential gene expression 
testing was performed using limma (63) and voom (64) with a design formula that included terms to control 
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for donor animal identity and serum estrogen concentration. Differential expression data were visualized 
using degust (https://github.com/drpowell/degust). Data can be accessed through the NCBI GEO using 
GSE110644 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE110644).

Publicly available microarray data were processed using affy (65) and limma (63). Genes were 
selected for analysis in Ingenuity based on log2 fold change (±0.5). Ingenuity upstream regulator and 
diseases/function analyses were further interpreted. Within each of  those categories, putatively acti-
vated pathways were selected by z score (>0.1) and P value (<0.05). Venn diagrams were created to 
compare unique and shared activating pathways across gene signatures from post–letrozole treatment 
tumors and primary untreated ER-positive tumors from peri- and postmenopausal patients with BMI ≥ 
25 kg/m2. Datasets are available in the NCBI Gene Expression Omnibus (GEO) repository: letrozole 
treatment, GSE5462 (17, 18); primary tumors with BMI, GSE24185 (16).

Human adipose tissue analysis
Study design. Women who were undergoing mastectomy for breast cancer risk reduction or treatment at 
MSKCC were eligible. Height and weight were recorded on the day of  surgery and used to calculate BMI.

Data and tissue collection. Clinicopathological data were abstracted from the electronic medical records 
and quality assured through independent data review. Tumor subtype was classified as ER positive and/or 
PR positive if  >1% staining by IHC was reported. HER2 was categorized as positive if  IHC intensity was 
3 or greater or if  FISH-amplification ≥ 2.0-fold.

For each subject, paraffin blocks and snap-frozen samples were prepared from breast tissue not involved by 
tumor on the day of mastectomy. Frozen samples were stored in the presence of RNALater (Ambion) at –80°C.

Assessment of  breast adipocyte diameters. Adipocyte diameter measurements were performed as previously 
described (51). Briefly, nontumorous breast H&E sections were photographed at 20× using an Olympus 
BX50 microscope and MicroFire digital camera (Optronics). Mean diameters were then calculated from 
the digitized images by measuring 30 or more individual adipocytes for each patient using the linear dimen-
sional tool in the Canvas 11 Software (ACD Systems International Inc.).

Quantitative PCR. Total RNA was isolated from human breast tissue using the RNeasy Mini Kit (Qia-
gen). RNA (2,000 ng) was reverse transcribed using the qScript cDNA Synthesis Kit (QuantaBio), and the 
resulting cDNA used for real-time PCR amplification with Fast SYBR green PCR master mix on a 7500 
HT real-time PCR system (Applied Biosystems). GAPDH was used as an endogenous normalization con-
trol. Primers for GAPDH (QT00079247) and FGF1 (QT00079317) were purchased from Qiagen. Relative 
levels of  FGF1 were determined using the ΔΔCT analysis protocol.

Statistics
Shapiro-Wilk normality test was used; if  data did not pass (P < 0.05), non parametric analyses were used. 
For each figure, the statistical test used and significance value are reported in the legend. All t tests were 
2-tailed. A P value less than 0.05 was considered significant. Patient clinicopathologic features were sum-
marized in terms of  median and interquartile range (IQR) for continuous variables and for counts and 
percentages for categorical variables. The association between the expression levels of  FGF1 and BMI and 
the association between FGF1 expression and average adipocyte diameters were examined using the linear 
mixed-effects model to account for potential differences in sample cohorts and experimental plates. Levels 
of  FGF1 expression were log transformed to ensure the underlying model assumptions are satisfied. Statis-
tical analyses were carried out using R version 3.3.1.

Study approval
The studies in humans were reviewed and approved by appropriate IRBs at either the University of  Colo-
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by the University of  Colorado IACUC.
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