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SUMMARY
Many inflammation-associated diseases, including cancers, increase in women after menopause and with
obesity. In contrast to anti-inflammatory actions of 17b-estradiol, we find estrone, which dominates after
menopause, is pro-inflammatory. In human mammary adipocytes, cytokine expression increases with
obesity, menopause, and cancer. Adipocyte:cancer cell interaction stimulates estrone- and NFkB-depen-
dent pro-inflammatory cytokine upregulation. Estrone- and 17b-estradiol-driven transcriptomes differ. Es-
trone:ERa stimulates NFkB-mediated cytokine gene induction; 17b-estradiol opposes this. In obese mice,
estrone increases and 17b-estradiol relieves inflammation. Estrone drives more rapid ER+ breast cancer
growth in vivo. HSD17B14, which converts 17b-estradiol to estrone, associates with poor ER+ breast can-
cer outcome. Estrone and HSD17B14 upregulate inflammation, ALDH1 activity, and tumorspheres, while
17b-estradiol and HSD17B14 knockdown oppose these. Finally, a high intratumor estrone:17b-estradiol
ratio increases tumor-initiating stem cells and ER+ cancer growth in vivo. These findings help explain
why postmenopausal ER+ breast cancer increases with obesity, and offer new strategies for prevention
and therapy.
Context and Significance

Estrogen receptor-positive (ER+) breast cancer risk increases with obesity after menopause, but not before. A new clue to
this paradox lies in the opposing actions of pre- and postmenopausal estrogens on inflammation. After menopause,
17b-estradiol production falls and estrone dominates. Here, researchers from the University of Miami and their colleagues
show that while premenopausal 17b-estradiol is anti-inflammatory, estrone promotes inflammation in diet-induced obesity.
Estrone activates pro-inflammatory genes associated with poor ER+ breast cancer outcome. A high estrone:17b-estradiol
ratio, as exists after menopause and increases with obesity, drives inflammation and stimulates hormone-sensitive breast
cancer initiation and tumor growth. This work sheds new light on the increase in inflammatory diseases, including cancer, in
women after menopause.
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INTRODUCTION
 obesity, adipocytes produce less of the pro-differentiation hor-
Recent decades have seen an alarming rise in the prevalence of

obesity worldwide. It has been estimated that by 2030, up to

51% of the population will be obese (Finkelstein et al., 2012;

Ward et al., 2019). In addition to known associations with heart

disease and diabetes, obesity is associated with increased risk

and worse outcome for several cancers, including breast cancer

(Renehan et al., 2015). Breast cancer is the most common

cancer and second leading cause of cancer death in women

worldwide, and risk rises progressively after menopause (Ferlay

et al., 2015). Over 60% of breast cancers are estrogen receptor-

positive (ER+) (Howlader et al., 2014; Lippman, 1976) and a ma-

jority of these arise after menopause. The risk of postmeno-

pausal ER+ breast cancer increases nearly 40% with obesity

(Munsell et al., 2014; Picon-Ruiz et al., 2017; Suzuki et al.,

2009). Regardless of age at diagnosis and disease subtype,

breast cancer mortality is increased by over 2-fold with obesity

(Calle et al., 2003; Chan et al., 2014; Picon-Ruiz et al., 2017).

Thus, the rise in breast cancer mortality worldwide in the last

few decades may reflect, in part, the increased prevalence of

obesity (Wang et al., 2015). Given the rapid rise of obesity, its

impact on breast and other cancers may not be fully

appreciated.

Interestingly, the relationship between obesity and ER+ breast

cancer risk differs before and after menopause. Before

menopause, obese women have a 10% reduction in ER+ breast

cancer risk, as compared to the 40% increased risk with obesity

thereafter (Renehan et al., 2015). These differences in obesity-

associated breast cancer risk might be linked to hormonal

differences before and after menopause. After menopause, the

principal estrogen of reproductive years, ovarian 17b-estradiol

(E2), is markedly decreased and estrone (E1) becomes the

main estrogen in tissue and circulation. E1 is produced through

conversion of adrenal androstenedione by aromatase, largely in

adipose, breast, bone, and brain tissue (Grodin et al., 1973;

Nimrod and Ryan, 1975; Santen et al., 2009; Siiteri, 1982; Siiteri

and MacDonald, 1973). Adipose tissue is the major component

of the postmenopausal breast. Androstenedione conversion to

E1 increases by nearly 2-fold in obesity, not due to increased

androstenedione production (Siiteri and MacDonald, 1973), but

due to its increased aromatization in the expanded obese adi-

pose tissue (Nimrod and Ryan, 1975; Schindler et al., 1972).

Serum E2 and E1 levels are over 2-fold higher in obese

compared to lean postmenopausal women (Key et al., 2002,

2003, 2015), and epidemiologic multivariate analyses indicate

that estrogens are the most important factors associated with

the excess breast cancer risk with obesity (Key et al., 2015).

Some studies suggest that the association between postmeno-

pausal ER+ breast cancer risk and serum E1 is greater than that

for E2 (Adly et al., 2006; Miyoshi et al., 2003; Vincze et al., 2015;

Yu et al., 2003). While estrogen levels in serum are not, per se,

breast cancer drivers, they are more readily measured than

those in mammary tissue and reflect changes in estrogens in

the breast, in fat, and in mammary adipose stroma that are.

Obese adipose tissue is a site of chronic inflammation and

acts as an endocrine organ, releasing bioactive adipokines, cy-

tokines, chemokines, and hormone-like factors (Hoy et al.,

2017; Picon-Ruiz et al., 2017; Quail and Dannenberg, 2019). In
mone, adiponectin, and more of the pre-adipocyte mitogen,

leptin. The expanded pre-adipocyte population produces pro-in-

flammatory/angiogenic cytokines, including interleukin 6 (IL6),

IL8, chemokine (C-C motif) ligand 2 (CCL2), CCL5, and vascular

endothelial growth factor A (VEGFA), to drive pre-adipocyte

proliferation and vasculogenesis. These recruit macrophages

and T lymphocytes, inducing a chronic inflammatory state (Pi-

con-Ruiz et al., 2017; Vona-Davis and Rose, 2009).

Obese adipose tissue inflammation is activated and main-

tained by the NFkB pathway in adipocytes and invading immune

cells through their Toll-like receptors (Barton, 2008; Hotamisligil

and Erbay, 2008; Medzhitov, 2008). High concentrations of in-

flammatory cytokines induce adipocyte lipolysis, releasing free

fatty acids (Tornatore et al., 2012) that stimulate adipocyte

TLR4 to activate NFkB (Sch€affler and Schölmerich, 2010). The

NFkB family comprises homo- and heterodimers of RelA,

c-Rel, RelB, NFkB1 (p105/p50), and NFkB2 (p100/p55) tran-

scription factors that modulate gene expression in response to

infection, inflammation, hypoxia, and cytokines (Vallabhapurapu

and Karin, 2009). These are sequestered in the cytoplasm by

IkBs, whose phosphorylation by IkB kinases (IKK a, b, and g)

permits nuclear translocation of NFkB factors to activate gene

expression. NFkB targets encode inflammatory mediators,

including tumor necrosis factor-a (TNFa), IL-1b, and cytokines

that feed forward to maintain inflammation (Vallabhapurapu

and Karin, 2009). The NFkB pathway not only drives obesity-

mediated inflammation, but its constitutive activation in many

cancers promotes proliferation, angiogenesis, and metastasis

(Grivennikov et al., 2010).

The interaction between estrogen and NFkB signaling is

complex. E2-bound ERa plays a well-established anti-inflamma-

tory role, opposing NFkB in several diseases, including inflam-

matory bowel disease, multiple sclerosis, and arthritis (Kalaitzi-

dis and Gilmore, 2005). E2-bound ERa inhibits NFkB action via

induction of the IkB gene, and through non-genomic crosstalk

that decreases IKK activation and impairs nuclear p65 localiza-

tion (Frasor et al., 2015; Kalaitzidis and Gilmore, 2005). While

E2-bound ERa localizes to genomic estrogen response

elements (EREs) to modulate target gene expression, upon

TNFa-stimulated NFkB activation, ERa shifts from predomi-

nantly EREs to occupy NFkB response elements (kBREs) and

alters RelA/p65 target gene induction (Franco et al., 2015; Kalait-

zidis and Gilmore, 2005). E2/ERa binds kBRE sites in the CCL2

and/or IL6 promoters to inhibit their induction in astrocytes (Gir-

aud et al., 2010), breast cancer (Nettles et al., 2008), and immune

cells (Ghisletti et al., 2005). Although E2 has well-described anti-

inflammatory actions, how the NFkB pathway interacts with E1,

the dominant estrogen after menopause, is not well described.

We recently showed that interaction between breast cancer

cells and immature adipocytes upregulates cytokines IL6, IL8,

CCL5, and CCL2, and activates Src to increase cancer stem-

like cells, tumor initiation, and metastasis (Picon-Ruiz et al.,

2016).While both cell types upregulated inflammatory cytokines,

production by adipocytes was considerably greater than that of

the cancer cells; thus, cancer-associated adipocytes may be

major drivers of inflammation. Each cytokine contributed to

cancer stem cell (CSC) expansion, which would facilitate tumor

progression following local invasion into breast fat (Picon-Ruiz
Cell Metabolism 31, 1154–1172, June 2, 2020 1155



Figure 1. Inflammatory Cytokines Increase with Obesity, Menopause, and Cancer in Human Mammary Adipocytes and Are Induced via E1
and NFkB upon Adipocyte:Cancer Cell Interaction

(A and B) Cytokines assayed by qPCR in breast adipocytes from non-obese (n = 11) and obese (n = 11) premenopausal women (A), and from premenopausal (n =

13) and postmenopausal (n = 11) obese women (B) graphed relative to GAPDH (**p < 0.01).

(C) qPCR of adipocytes cytokines in peritumoral (Ca) or contralateral unaffected ‘‘normal’’ (N) breast fat from four patients undergoing bilateral mastectomy for

unilateral breast cancer (***p < 0.001).

(legend continued on next page)
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et al., 2016). The present work investigated how the dominant

estrogens before and after menopause interact with NFkB to

affect inflammation and breast cancer development.

It is paradoxical that ER+ breast cancer increases after meno-

pause and that the excess risk of ER+ breast cancer with obesity

is limited to the postmenopausal period, when total estrogen

levels decrease. Here, we investigated the hypothesis that the

dominant postmenopausal estrogen, E1,might have an opposite

effect to E2, and activate NFkB-mediated inflammation to pro-

mote ER+ tumor emergence after menopause. Present data

indicate that, in contrast to E2, which has anti-inflammatory

effects, E1 cooperates with NFkB to mediate inflammation. E1

increases inflammation accompanying high-fat diet (HFD)-

induced obesity in vivo, while E2 opposes it. In the context of

TNFa activation, E1 and E2 stimulate different global gene

expression patterns, with E1 further upregulating genes of poor

prognostic significance in ER+ breast cancer. While E2 opposes

coactivator CBP recruitment to kB sites on cytokine gene pro-

moters, E1 stimulates its recruitment and chromatin H3K27 acet-

ylation to drive cytokine expression and increase CSCs and

tumorigenesis. Present work may help explain the rise in ER+

breast cancer incidence after menopause and inform the patho-

physiology of chronic inflammation-related diseases of higher

male prevalence that increase after menopause in women.

RESULTS

Inflammatory Cytokines in Mammary Adipocytes
Increase with Obesity, Menopause, and Cancer
While obese adipose tissue is a site of chronic inflammation (Tor-

natore et al., 2012), how estrogens regulate production of inflam-

matory mediators in mammary fat is not fully characterized.

Circulating E2, of ovarian origin, falls from 30–500 pg/mL before

to <10 pg/mL after menopause. In contrast, pre- and postmen-

opausal serum E1 levels are similar (25–30 pg/mL), but more

than double in obese women to 60–80 pg/mL (Eliassen et al.,

2006; Kaaks et al., 2005; Key et al., 2015), due to increased syn-

thesis by aromatase in fat tissue and in the breast. Levels of both

estrogens in the postmenopausal breast are higher than in serum

and at similar concentrations (close to 80–110 pg/mL or 0.4–

0.6 nM) in the postmenopausal breast (Bonney et al., 1983; Løn-

ning et al., 2011; van Landeghem et al., 1985). Since adipocytes

are amajor site of both E1 (Siiteri andMacDonald, 1973) and pro-

inflammatory cytokine production (Picon-Ruiz et al., 2016), we

assayed cytokine secretion from mature human adipocytes

from fat tissues. Of over 45 cytokines assayed, CCL2, IL6, and

IL8 were most abundant (Figures S1A and S1B). Their expres-
(D) Cytokine expression inMCF7 alone (control, C), or co-cultured 6 dayswith brea

post) obese women graphed versus GAPDH (**p < 0.01, ***p < 0.001).

(E and F) Cytokine (E) and ESC-TF expression (F) in ER� and ER+ breast canc

monocultures (C) (n = 9; *p < 0.05, **p < 0.01, ***p < 0.001).

(G) Mean ALDH1 fluorescence (left) and mammosphere/cells (right) seeded in M

***p < 0.001).

(H) qPCR of cytokine (left) and ESC-TF expression (right) in MCF7 monoculture

letrozole (+A+L), normalized as above (n = 3; *p < 0.05, ***p < 0.001 versus C; ##

(I) Estradiol (E2) and estrone (E1) in supernatant from MCF7 monoculture (C) or w

(J) Cytokines inMCF7 co-cultured for 6 days with adipocytes (+A) or with addition

0.001 versus C; ###p < 0.001 versus +A).

All graphed data show mean ± SEM. See also Figure S1.
sion was then compared in mammary adipocytes from women

of different body weight and menopausal status. Expression of

CCL2, IL6, and IL8 was higher in mammary adipocytes from

obese (n = 11) than from non-obese premenopausal women

(n = 11; Figure 1A). Postmenopausal obese donors had higher

mammary adipocyte CCL2 and IL8 expression than obese pre-

menopausal donors (trend to significance for CCL2, p < 0.01

for IL8; Figure 1B). In women undergoing bilateral mastectomy

for breast cancer, peritumoral breast fat expressed higher levels

of CCL2, IL6, and IL8 than adipocytes from the contralateral un-

affected breast (Figure 1C). Thus, mammary adipocyte inflam-

mation appears to increase with obesity, when ovarian E2 falls

after menopause and in cancer-associated breast tissue.

Cytokine Induction upon Adipocyte:Cancer Cell Contact
Is Stimulated by Estrone and NFkB
Breast cancer cells invading beyond ductal basement mem-

branes encounter peritumoral adipocytes, the most abundant

mammary stromal component. We previously showed breast

cancer cell interaction with adipocytes stimulates pro-inflamma-

tory cytokine production (Picon-Ruiz et al., 2016). Here, we eval-

uated how estrogens affect this cytokine upregulation. Mam-

mary adipocytes from obese postmenopausal women not only

expressed higher CCL2 and IL8 than those from premenopausal

donors (Figure 1B), but they also stimulated greater cytokine in-

duction by MCF7 ER+ breast cancer cells following co-culture

(Figure 1D). Furthermore, co-culture of mature adipocytes with

ER+ or ER� breast cancer cells showed CCL2, IL6, and IL8

induction was greater in ER+ than in ER� breast cancer lines

(Figures 1E and S1C). Both findings suggest a role for estroge-

n:ERa in cytokine induction. Similarly, SOX2, NANOG, and

OCT4 expression (Figures 1F and S1D), and enrichment of

ALDH1+ and mammosphere-forming cells (features of stem-

like cancer cells), were greater in ER+ than ER� breast cancer

cells following co-culture with mature adipocytes (Figures 1G,

S1E, and S1F).

As noted earlier, mature adipose tissue is a major site of E1

production by aromatase (Nimrod and Ryan, 1975; Schindler

et al., 1972; Siiteri, 1982; Siiteri and MacDonald, 1973). To test

further if estrogens regulate cytokine induction during co-cul-

ture, MCF7 co-cultures with mature mammary adipocytes

from 3 independent donors were treated with the aromatase in-

hibitor letrozole (Santen et al., 2009). Inhibition of estrogen pro-

duction by letrozole impaired cytokine and embryonic stem

cell-transcription factor (ESC-TF) gene induction in MCF7 cells

following co-culture (Figures 1H, S1G, and S1H). Notably, while

fresh culture medium has similar E1 and E2 concentrations
st adipocytes frompremenopausal (n = 9, +A pre) or postmenopausal (n = 4, +A

er lines ± co-culture with mature adipocytes for 6 days, normalized to 1 for

CF7 after 6 days of culture alone (C) or with adipocytes (+A) (n = 3; *p < 0.05,

(C) and after 6 day co-culture with mammary adipocytes (+A) or with 10 nM

#p < 0.001 versus +A).

ith adipocytes (+A) for 48 h and 6 days (n = 3; *p < 0.05, **p < 0.01 versus C).

of NFkB inhibitor, 1 mMBAY 11-7082 (+A+Ni), normalized as above (n = 3; ***p <

Cell Metabolism 31, 1154–1172, June 2, 2020 1157



Figure 2. Estrone- and 17b-Estradiol-Driven Transcriptomes Are Not Identical

(A) Western blot of aromatase frommammary tissue stromal vascular fraction (SVF) and mammary adipocytes (A), with GAPDH loading control (top), and of ERa

from breast fat tissue (BF), SVF, and adipocytes (A) with b-actin loading control (bottom).

(B) Cytokine expression inmammary adipocytes treated 2 hwith DMSO vehicle (C), or 10 nME1 or E2 (mean ±SEMgraphed normalized to 1 for vehicle control, C;

n = 3; **p < 0.01, ***p < 0.001).

(C–F) Estrogen-starvedMCF7 (cFBS) were treatedwith DMSOvehicle alone, 10 nME1, or 10 nME2 for 8 h followed by sample recovery for RNA-seq. All RNA-seq

analyses were based on 3 biologic repeat assays. Venn diagrams of genes up- (top) or downregulated (bottom) by R2-fold (FC R 2, q < 0.05). Table shows

numbers of uniquely up- or downregulated genes from the Venn diagram (method 1) that were retained using a second method of analysis (method 2, q < 0.05).

(legend continued on next page)
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(reflecting near-equal concentrations in fetal bovine serum,

FBS), E2 levels fell within 48 h of co-culture and E1 became

the dominant estrogen, persisting over the next 6 days (Figure 1I).

Thus, cytokine induction and the consequent increase in stem-

like cells following breast cancer cell:adipocyte co-culture are

E1 dependent.

Since NFkB critically regulates inflammation (Vallabhapurapu

and Karin, 2009), we assayed its role in co-culture-mediated

cytokine induction. Adipocyte co-culture with MCF7 shifted

p65/RelA from cytoplasm to nucleus and upregulated NFkB

luciferase activity within 24 h in MCF7 cells (Figures S1I and

S1J). NFkB inhibition using either of two different drug inhibitors,

BAY11-78082 (Ling and Kumar, 2012) or TCPA-1, during co-cul-

ture attenuated IL6, IL8, andCCL2 induction inMCF7 (Figures 1J

and S1K, respectively). Thus, cytokine induction following

cancer cell contact with adipocytes is stimulated by both E1

and NFkB activation.

Estrone- and Estradiol-Driven Transcriptomes Are Not
Identical
Since E2 is known to oppose cytokine gene induction by NFkB

(Giraud et al., 2010; Kalaitzidis and Gilmore, 2005; Nettles

et al., 2008) and since E1 promoted CCL2, IL6, and IL8 induction

in our co-culture assays, we next tested if pre- and postmeno-

pausal estrogens might have different effects on inflammatory

and overall gene expression profiles. In mammary adipose

tissue, aromatase and ERa levels are greater in mature adipo-

cytes than in the stromal vascular fraction (SVF) (Figure 2A). Sur-

prisingly, in both mature adipocytes and in MCF7, E1 did not

function as a slightly weaker but identical agonist to E2. Rather,

these estrogens had different actions. In isolated mammary

adipocytes, E1 upregulatedCCL2, IL6, and IL8 expression within

2 h while E2 did not (Figure 2B).

Global gene expression patterns stimulated by each hormone

were next assayed. ER+ breast cancer cell lines are grown in

10 nM E2 (Engel et al., 1978; Lippman et al., 1976; Strobl and

Lippman, 1979) because at this dose, proliferation and protein

synthesis are maximal and E2 saturates ERa in cultured ER+

cancer lines. Effects of E1 on protein synthesis and receptor

binding are also maximal at 10 nM (Lippman et al., 1976, 1977;

Sasson and Notides, 1983); thus, we used 10 nM for these as-

says. Global gene responses to E1 and E2 differed: at 8 h after

addition of each steroid versus DMSO control to estrogen-

starved MCF7, nearly 20% of E1-upregulated genes and 12%

of E1-downregulated geneswere not affected by E2 (fold change

versus cFBS, FCR 2-fold and q < 0.05; Figure 2C, top). Uniquely

E1 and E2 upregulated genes are listed in Tables S1 and S2. All

RNA sequencing (RNA-seq) experiments were performed in trip-

licate in independent biologic repeat assays. Differential expres-

sion was further evaluated in a second analysis in which all E1
(C) Heatmaps show different extents of gene up- (top) or downregulation (bottom

(D) Heatmap showing genes differentially regulated in E1 versus E2 treated MCF

(E) qPCR validation of genes specifically upregulated by E1 (from Table S1).

(F) Estrogen-starved MCF7 (cFBS) were treated with DMSO vehicle (C), 10 nM E1

qPCR and graphed as mean ± SEM ratio of expression versus GAPDH and norm

(G) GSEA of TNFa signaling activation by E1 versus cFBS (NES, normalized enri

(H) The same cells recovered in part (F) above were used for qPCR validation of

All graphed data show mean ± SEM. Where error bars are not evident, the SEM
and E2 data were combined and then compared against the

cFBS group. Numbers of uniquely up- or downregulated genes

shown in the Venn diagram are shown as ‘‘unique, method 1’’

in Figure 2C. The ‘‘unique,method 2’’ column shows those genes

uniquely up- or downregulated by the indicated steroid in

method 1 (from Venn diagram) that remain differentially ex-

pressed even when E1 and E2 samples are combined before

comparison (method 2, q < 0.05). Most uniquely regulated genes

from method 1 remained significant using the second analysis

method. Perhaps more importantly, those estrogen-regulated

genes that were commonly up- or downregulated by both estro-

gens differed considerably in their extent of change (any FC, q <

0.05; Figure 2D). The heatmap of a subset of genes differentially

expressed 8 h after ligand addition is shown in Figure 2E.

Gene induction following addition of E1, but not E2, was veri-

fied by qPCR in a selection of genes (Figure 2F). Selected genes

that were uniquely E2 induced from Figure 2C were also vali-

dated by qPCR (Figure S2A). E1 and E2 actions were both in-

hibited by prior addition 10 nM of the drug fulvestrant

(ICI182,780), which blocks the ER and mediates its degradation.

When compared to estrogen-starved (cFBS) cells, gene

ontogeny (GO) analysis showed E1 and E2 activate many com-

mon pathways, but only E1 stimulated NFkB activation in

MCF7 (Figure 2G). Upregulation of a selection of these NFkB

pathway genes by E1, but not E2, was also verified by qPCR

and was inhibited by 10 nM fulvestrant (Figure 2H). Thus, we

make the unprecedented observation that effects of E1 and E2

on gene expression differ importantly, with E1 alone mediating

inflammatory NFkB pathway activation.

Estrone Cooperates with NFkB to Induce Inflammatory
Mediators in ER+ Breast Cancer Lines
Since genomic profiling showed E1 drives NFkB activation, we

next compared E1 and E2 effects on NFkB activity in MCF7.

Since estrogen-deprived MCF7 have little basal NFkB activity,

estrogens were added over a range of concentrations 30 min af-

ter TNFa (10 ng/mL). Notably, in estrogen-deprived MCF7, E2

decreased NFkB luciferase activation by TNFa in an ER-depen-

dent manner (Figure 3A), consistent with its known anti-inflam-

matory effect, but E1 did not. E2 (10 nM), added 30 min after

TNFa (10 ng/mL), opposed CCL2 and IL6 induction, while E1

further stimulated TNFa-mediated cytokine gene induction in

both MCF7 and a second ER+ breast cancer line, MDA-MB-

361 (Figures 3B and S2B). Both TNFa +E1 and TNFa +E2 effects

on CCL2 and IL6 were opposed by prior ER blockade by 10 nM

fulvestrant (Figure 3B). Fulvestrant alone did not affect cytokine

expression in estrogen-deprived MCF7.

E1 and E2 effects on ERa and NFkB assembly were compared

at a well-characterized kB site �2,600 bp from the CCL2 start

site (Giraud et al., 2010) using chromatin immunoprecipitation
) (q < 0.05) in triplicate repeat RNA-seq samples.

7.

, or 10 nM E2 ± 10 nM fulvestrant (F) 8 h and then indicated genes assayed by

alized to 1 for vehicle controls (C) (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001).

chment score; FDR, false discovery rate).

TNFa/NFkB pathway genes specifically upregulated by E1.

was very small. See also Figure S2.
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Figure 3. Estrone Cooperates with NFkB to Induce Cytokine Genes in ER+ Breast Cancer Cells

(A) NFkB luciferase activity relative to pRL in estrogen-starvedMCF7 treated 8 hwith vehicle (C), 10 ng/mL TNFa (T) alone, or T plus the indicated concentration of

E1 or E2 added with (+F) or without (�F) prior addition of 10 nM fulvestrant (F), graphed as mean ± SEM ratio of expression versus GAPDH normalized to 1 for

vehicle controls (n = 3; ***p < 0.001 versus C; #p < 0.05, ##p < 0.01 versus T; +p < 0.05, 2+p < 0.01 versus �F).

(B and C) Estrogen-starved MCF7 (C) were treated with 10 ng/mL TNFa (T) alone, with either E1 or E2 alone at 10 nM or with T+E1 or T+E2, with or without

fulvestrant (F, 10 nM) for 8 h, thenCCL2 (B, left) or IL6 (B, right) expression was assayed by qPCR. ChIP-PCR assayed p65, ERa, CBP recruitment, and H3K27Ac

(legend continued on next page)
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(ChIP)-PCR in MCF7. While E1 and E2 each had little effect

alone, TNFa stimulated ERa and p65 binding by 3 h. Notably,

recruitment of p65 and coactivator CBP and histone H3K27

acetylation were significantly greater with TNFa+E1 than TNFa

alone and were decreased by TNFa+E2 (Figure 3C). Similarly,

E1 stimulated TNFa-driven ERa and CBP recruitment and

H3K27 acetylation at a site �600 bp of the IL6 transcriptional

start site, while E2 markedly reduced CBP recruitment (Figures

S2C and S2E). Binding of p65, ERa, and CBP to non-specific

control sites was not observed for either gene (Figure S2D).

Thus, CCL2 and IL6 both appear to be regulated by a kB/ERa

complex in which E1 stimulates and E2 disrupts coactivator

CBP recruitment and gene expression (see model, Figure S2F).

ER+ breast cancer cell lines are grown in receptor-saturating

doses of 10 nM E2 (Engel et al., 1978; Lippman et al., 1976,

1977; Sasson and Notides, 1983; Strobl and Lippman, 1979).

However, this is higher than the 1.0–1.4 nM (or 270.3–378.5

pg/mL) concentrations of E1 and E2 observed in postmeno-

pausal breast cancer tissue (Bonney et al., 1983; Pasqualini

et al., 1996). Thus, E1 and E2 effects on TNFa-stimulated

CCL2 expression were assayed over a 4 log range of concentra-

tions above and below those observed in normal and malignant

postmenopausal breast tissue (Bonney et al., 1983; Pasqualini

et al., 1996). At all concentrations tested, E2 opposed and E1

stimulated TNFa-mediated induction of both CCL2 and IL6

genes (Figures 3D, 3E, and S2G). Thus, even at the lower con-

centrations observed in normal and cancerous human breast tis-

sues, E2 appears to have a potent anti-inflammatory effect,

whereas the pro-inflammatory action of E1 rises steeply at con-

centrations detectable in human breast cancers after meno-

pause, particularly in obesity.

In a competition experiment, estrogen-deprived cells were

stimulated with vehicle or TNFa for 30 min and then treated

with both E1 and E2 together at either 1 nM (approximating can-

cer tissue concentrations for both) or 10 nM (receptor-saturating

concentrations for both). At both 1 and 10 nM, E2 dominated,

attenuating the stimulatory effect of E1 on TNFa-mediated

CCL2 induction expression (Figure 3F). Thus, the loss of ovarian

E2 after menopause would remove its restraining effect on these

and potentially other E1-driven pro-inflammatory genes in the

breast.

Having evaluated E1 and E2 actions in the context of NFkB

activation at kBRE sites, we next compared E1 and E2 at clas-

sical EREs without pro-inflammatory TNFa co-stimulation.

Notably, titration of E1 and E2 in ERE luciferase assays across

4 logs of ligand concentration showed greater activation by E2

than E1 at lower concentrations (0.1 and 1 nM) with maximal
at a site�2,600 bp of theCCL2 transcription start site in estrogen-starvedMCF7 (

3 h or with T 3 30 min followed by estrogens (T+E1 or T+E2) and recovered at 3

(D and E) Estrogen-starved MCF7 (C) were treated with T alone, or with increasing

(F) Estrogen-starved MCF7 controls were treated with 10 ng/mL T alone or with

for CCL2.

(B–F) Graphed as mean ± SD for at least 3 repeat biologic experiments, each wi

(G and H) RNA-seq of estrogen-starved MCF7 (cFBS) treated with either DMSO

10 nME2 (T+E2) for 8 h. Heatmap of differentially expressed genes (q < 0.05) (G), a

by T+E2 (H).

(I) Kaplan Meyer plots of 16 gene signature derived from (H) versus outcome for

See also Figures S2 and S3.
E2 action by 1 nM (Figure S3A). Estrogen-stimulated ERa and

SRC3 binding and H3K27 acetylation were assayed by ChIP-

PCR at well-characterized ERE motifs on classic ERa target

genes, PS2 and GREB1. At both target gene EREs there was

no significant difference between 10 nM E1- or E2-stimulated

ERa and SRC3 recruitment or H3K27 acetylation (Figures S3B

and S3C). At this estrogen concentration, expression of both

genes was also similar (Figure S3D). Titration of E1 and E2

showed both ligands activate ERE-bearing ERa targets, PS2,

GREB1, and PGR. E2-mediated activation peaked between 0.1

and 1 nM E2 without significant increase between 1 and

100 nM for PGR and GREB1 (Figure S3B). In contrast, E2-driven

PS2 expression increased progressively at concentrations be-

tween 0.1 and 100 nM. Although E1 is a weaker ERa ligand

than E2 in Scatchard analysis in vitro (Sasson and Notides,

1983), E1 effects on PS2 and GREB1 were similar to those of

E2 at most concentrations in cells (Figure S3D). At the supraphy-

siological 100 nM concentration, E1 mediated greater induction,

but this is beyond E1 steroid concentrations observed in the hu-

man breast. E2 showed greater PGR activation at 0.1–10 nM

than E1. As for E2, actions of E1 on ERE luciferase activity and

ERE target gene expression were inhibited by fulvestrant and

are thus ER-dependent (Figure S3E).

To further investigate how these estrogens affect gene

expression in the context of inflammation, estrogen-deprived

cells were stimulated with either DMSO vehicle alone or TNFa

followed by DMSO, 10 nM E1, or E2 30 min later, and global

gene expression was profiled by RNA-seq at 8 h. TNFa addition

led to marked changes in E1- and E2-driven gene expression

(Figure S3F). To test if TNFa+E1-driven genesmight have onco-

genic actions not shared by TNFa+E2, we carried out GO anal-

ysis of a subset of 255 genes showing significantly greater in-

duction with TNFa+E1 than with TNFa alone that were not

upregulated by TNFa+E2 (Figures 3G and 3H). These gene

sets include mTOR, insulin, and adipocytokine signaling;

pathways in cancer; TSH; and cell cycle (Figures 3H and

S3E), supporting the notion that in the context of inflammation,

E1 drives expression of pro-oncogenic genes.

The 255 TNFa-driven genes that were further upregulated by

E1, but not by E2, were analyzed for prognostic importance in

newly diagnosed ER+ breast cancers from the Cancer Genome

Atlas (TCGA). A 16 gene signature was identified whose upregu-

lation in ER+ breast cancers correlated with reduced disease-

free survival (HR 1.25, p < 0.034, n = 326) (Figure 3I, left). This

E1+ TNFa activated gene set was validated in a larger, indepen-

dent ER+ breast cancer patient cohort (n = 722) from the

METABRIC database, with HR 1.2 and p = 4E�13 for decreased
controls, C) treated with 10 ng/mL TNFa (T), with either 10 nM E1 or E2 alone for

h (C).

estrogen concentrations (E1 in D; E2 in E) for 8 h followed by qPCR for CCL2.

T plus both E1 and E2 together at either 1 or 10 nM for 8 h, followed by qPCR

th technical triplicates, *p < 0.05, **p < 0.01, ***p < 0.001.

vehicle alone or with T 10 ng/mL alone + DMSO, or T + 10 nM E1 (T+E1) or T +

nd GO analysis of genes inducedmore with E1+T versus T and not upregulated

ER+ breast cancers from TCGA (left) and METABRIC (right).
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Figure 4. Estrone, but Not Estradiol, Promotes Obesity-Mediated NFkB Activation In Vivo

(A) Protocol followed in (B) and (C).

(B) Mean weights (top) and mean total photon flux/mouse by IVIS (bottom) for mice fed LFD or HFD and implanted with placebo (control, left), E1 (middle), or E2

(right) pellets are graphed as mean ± SEM (n = 10 mice/group).

(C) Representative IVIS image at week 18.

(D) Protocol followed for (E)–(J).

(E) Mean weights of LFD- and HFD-fed mice before pellet implant are graphed as mean ± SEM (n R 25/group).

(F) Mean weights of LFD- or HFD-fed mice implanted with placebo (control, C), E1, or E2 pellets are graphed as mean ± SEM (n = 10).

(legend continued on next page)
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overall survival (Figure 3I, right). Thus, genes activated by E1 in

the presence of inflammation correlate with poor patient

outcome, supporting the relevance of these pathways to ER+

breast cancer biology.

Estrone, but Not Estradiol, Cooperates with Obesity to
Activate the NFkB Pathway In Vivo

To investigate pro-inflammatory effects of E1 relevant to post-

menopausal obese women, effects of E1 and E2 on obesity-

associated inflammation were modeled in vivo in female B10

Cg-H2k Tg(NFkB /Fos-luc)26Rinc/J mice that express trans-

genic luciferase driven by two kBREs. Three-week-old mice

were allocated to either LFD or HFD. Mice were ovariecto-

mized at week 6 and implanted with E1 or E2 pellets or no

estrogen-control pellets (Figure 4A). Notably, both E1 and

E2 protected against HFD-induced weight gain, providing a

biomarker of in vivo activity (Figure 4B). NFkB luciferase

activity was measured by in vitro imaging system (IVIS).

HFD-induced obesity alone activated NFkB (luciferase

activity photon flux; Figures 4B, bottom left panel, and 4C).

Interestingly, E2 inhibited NFkB activation by obesity, whereas

the dominant postmenopausal estrogen, E1, significantly

increased obesity-mediated inflammation (Figures 4B

and 4C).

Since HFD-induced weight gain was impeded by estrogen

supplementation, a second experiment randomized mice to

LFD or HFD for 24 weeks to permit weight gain before estrogen

pellet implantation (Figures 4D and 4E). E1 and E2 supplementa-

tion at week 24 led to weight loss in both groups (Figure 4F). To

specifically evaluate mammary tissue NFkB activity,

inguinal mammary gland luminescence was quantitated. HFD

increased mammary gland NFkB activity even without estrogen

supplementation (Figures 4G and S4A–S4C). Mammary NFkB

activity was highest in E1-treated mice and was decreased by

E2 supplementation compared to no estrogen controls (Fig-

ure S4A). Mammary-specific bioluminescence showed linear

relationship between weight gain and NFkB activity, with an

increased slope and correlation coefficient for E1 (r = 0.51)

versus control (r = 0.44) and a diminished slope for E2 (R =

0.24) (Figures 4H and S4C). All HFD mice were obese by

24 weeks. Obese mice (>40 g) in both HFD control and HFD +

E1 groups showed higher NFkB activity. E2 was protective,

with significantly lower inflammation (photon flux) in mammary

glands of HFD + E2-supplemented obese mice than with

HFD + E1 (Figure 4I).

HFD also induced NFkB activation in abdominal fat. As for

mammary tissue, E2-supplemented mice had significantly

lower abdominal luminescence than HFD-induced obese con-

trol and obese E1 mice (Figures S4D–S4G). Here also, there

was a linear relationship between inflammation (total photon

flux) and weight increase, with the highest correlation in E1-
(G) Representative IVIS image showsmammary glands 4 and 5 selected for analys

before pellet implant is graphed ± SEM (n R 25, pooled data from LFD and HFD

(H) Correlation between individual mouse weights and photon flux by IVIS after p

(I) Total photon flux/mouse from mammary glands 4 and 5 graphed for non-obe

treated mice, graphed as mean ± SEM (n R 10; *p < 0.05, ***p < 0.001).

(J) Serum cytokine concentrations assayed by Luminex Bio-Plex 200 are graphe

See also Figure S4.
supplemented mice, followed by no-estrogen controls, then

E2 implanted mice (Pearson coefficient; Figures S4F and

S4H). When mice were dichotomized by weight above or below

40 g, obesity increased abdominal inflammation in all groups

(control, E1, and E2), with E2 supplements decreasing inflam-

mation in obese abdomens compared to no estrogen controls

and obese E1-treated (Figure S4I).

Serum levels of several pro-inflammatory cytokines, assayed

at the end of this experiment, were increased in HFD + E1

mice compared to HFD + E2 and LFD groups. Notably, circu-

lating CCL2 and CXCL1 increased with E1 in both LFD and

HFD groups (Figure 4J). These data strongly support a pro-in-

flammatory role for E1 in obesity-mediated NFkB activation

and indicate a protective effect of E2.

HSD17B14 Overexpression Increases Intracellular
Estrone, Inflammation, and CSC Properties in ER+
Breast Cancer Cells
Several 17b-hydroxysteroid dehydrogenase (HSD17B) family

enzymes convert intracellular E1 to E2 and vice versa in human

tissues including mammary fat (Hilborn et al., 2017). We

reasoned that since E1 stimulates pro-inflammatory, pro-onco-

genic genes not activated by E2, enzymes converting E2 to E1

might be overexpressed in aggressive ER+ breast cancers.

The prognostic import of HSD17B family members was evalu-

ated in the KM Plotter primary human breast cancer database.

Of these, high expression of HSD17B14, which converts E2 to

E1, was prognostic of poor survival in women with ER+ breast

cancer (HR 1.59, p = 0.0058; Figure 5A). Analysis of TCGA

data shows HSD17B14 levels are higher in breast cancers (all

subtypes, n = 1,097, p = 1.44329E�15) and even more so in

ER+ luminal cancers (n = 566, p = 9.312218E�12) than in normal

mammary tissues (n = 114) (Figure S5A). Notably, HSD17B14

expression was also higher in ER+ breast cancer lines than in

the immortal, non-tumorigenic ER+ mammary epithelial

MCF12A line (Figure S5B). Finally, HSD17B14 expression was

also greater in cancer-associated mammary adipocytes (Ca)

than contralateral unaffected tissue (N) in women undergoing

bilateral mastectomy for unilateral breast cancer (Figure 5B).

These observations in clinical patient tissues led us to test the ef-

fects of HSD17B14 upregulation in ER+ breast cancer models.

HSD17B14 overexpression was assayed in three ER+ lines

(MCF7, T47D, and MDA-MB-361). HSD17B14 overexpression

(shown in Figure S5C) decreased intracellular E2, increased

intracellular E1, and increased expression and secretion of

pro-inflammatory cytokines in all three HSD17B14-transduced

lines (Figures 5C–5E, S5D, and S5E; fold changes in cytokine

shown in Table S3). The upregulation of CCL2, IL6, and IL8

expression in MCF7-HSD17B14 (MCF7HSD) compared to vec-

tor controls was inhibited by 10 nM fulvestrant treatment for

48 h (Figure 5D). Global expression profiling of MCF7HSD versus
is (left). Mean total photon flux/mouse by IVIS (right) for LFD- and HFD-fedmice

).

ellet implant.

se (%40 g) and obese (>40 g) mice in placebo (control, C), E1-treated, or E2-

d as mean ± SEM (n R 3; *p < 0.05, ***p < 0.001).
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MCF7 controls showed activation of oncogenic signaling, a shift

from luminal to basal gene expression, and upregulation of

mammary stem cell profiles (Figures 5F and S5F; Table S4). In

all three cancer lines, HSD17B14-driven cytokine upregulation

led to increased expression of ESC-TFs SOX2, OCT4, NANOG,

andMYC (Figures 5G, S5G, and S5H). Notably, E1 treatment and

HSD17B14 overexpression increased both sphere-forming and

ALDH1+ cells, and E2 decreased both in MCF7 and T47D (Fig-

ures 5H and S5I). CRISPR knockdown of HSD17B14 (Figures

5I and S5J) decreased cytokine and stem cell factor expression

and sphere formation compared to vector controls, consistent

with a reduced stem cell-like population (Figures 5J, 5K, and

S5K). Thus, both E1 exposure and HSD17B14, which converts

intracellular E2 to E1, upregulate inflammatory cytokines and

CSC-like properties in vitro.

High Intratumor E1:E2 Increases Tumor-Initiating Stem
Cells and Tumor Growth In Vivo

To date, E2 supplements have been used to support human

ER+ breast cancer culture and xenograft growth. Here we

compared effects of E1, E2, and constitutive intra-tumor E2

conversion to E1 by HSD17B14 on tumor-initiating stem cells

(T-ISCs) and tumor growth in vector control MCF7 and

MCF7HSD orthotopic xenografts in NODSCID mice (n = 8/

group). MCF7 xenografts had longer latency and grew more

slowly with E2 than with E1 pellets. MCF7HSD emerged most

rapidly and grew faster with either E1 or E2 pellets (Figures

6A and S6A). E2-supplemented MCF7 had the highest intra-tu-

mor E2 and lowest E1 concentrations (Figure 6B). E1 was high

in E1-supplemented MCF7 tumors and, as predicted, in

MCF7HSD xenografts supplemented with either E1 or E2 (Fig-

ure 6B). All three E1-driven tumor groups showed reduced in-

tratumor E2 concentrations, with the lowest E2 in MCF7HSD

tumors (Figure 6B). Thus, the most rapidly growing tumors

had the highest E1:E2 ratio. All tumor groups had similar cell

proliferation as indicated by %Ki67 staining (Figure S6B).

Notably, both MCF7 and MCF7HSD were estrogen dependent

since mice injected with no-estrogen control pellets failed to

generate tumors by 12 weeks (Figure 6A). Furthermore, both

E1- and E2-stimulated tumor growth is ER dependent since it

was inhibited by fulvestrant administration in all groups (Figures

S6C and S6D).

Circulating cytokine levels were higher in mice bearing

E1-stimulated or HSD transduced MCF7 tumors than with
Figure 5. HSD17B14Overexpression Increases Intracellular Estrone, In

(A) KM plotter analysis of HSD17B14 expression versus ER+ breast cancer surv

(B)HSD17B14 expression in peritumoral (Ca) or contralateral unaffected ‘‘normal’’

of expression versus GAPDH normalized to 1 for vehicle controls.

(C) E1 and E2 concentrations (pg/mL) in MCF7 and T47D control (C) or HSD17B

(D) Cytokine expression assayed by qPCR in MCF7 control (C) or MCF7HSD (HS

(E) Conditioned media from triplicate MCF7 versus MCF7HSD collected after

Systems). Secreted cytokine levels are expressed as arbitrary intensity units ver

(F) GO analysis of differentially expressed genes in MCF7HSD versus MCF7 vec

(G and H) ESC-TF levels (G), spheres (H, left), and %ALDH1+ cells (H, right) in

overexpressing lines (HSD).

(I–K) MCF7 and T47D vector control lines were compared to HSD17B14 CRISPR

mean ± SEM ratio of expression versus GAPDH normalized to 1 for vehicle cont

All graphed data except for (E) show mean for at least 3 repeat biologic experimen

***p < 0.001). See also Figure S5 and Tables S3 and S4.
E2-supplemented tumors (representative data; Figure 6C). Three

tumors from each experimental group in Figure 6A were dissoci-

ated, and single-cell suspensions were pooled and assayed

for ALDH1 activity or implanted in secondary hosts in limiting

dilutions (n = 8/group) to quantitate T-ISCs. ALDH1+ cells and

T-ISCs were least abundant in E2-supplemented tumors, and

significantly increased in E1-supplemented tumors (Figure 6D).

MCF7HSD tumors supplemented with either estrogen had the

highest ALDH1+ cell and T-ISC abundance, generating more tu-

mors with shorter latency in secondary hosts (Figures 6D–6F).

RNA-seq of xenograft tumors showed marked differences in

gene expression between E2-supplemented and E1-driven tu-

mors (Figure S6E). Gene set enrichment analysis (GSEA) showed

that all three tumor groups with high E1 and relatively low E2

showed a shift from luminal to basal profiles, activation of

mammary stem cell programs, and poor prognosis metaplastic

and invasive cancer signatures compared to E2-supplemented

cancers (Figures 6G–6I and S6F).

To further validate the unprecedented finding that the domi-

nant postmenopausal estrogen, E1, is more tumorigenic that

E2, effects of these hormones were tested on a second, inde-

pendent estrogen-sensitive mammary tumor model, E0771.

This syngeneic ER+ mammary tumor model also showed faster

growth with E1 supplementation than E2 in vivo. Moreover, ful-

vestrant opposed both E1- and E2-mediated E0771 tumor

growth in this second, somewhat more resistant model system

(Figures 7A and 7B). Serum cytokine assays from E0771 tu-

mor-bearing mice confirm that E1-driven tumors cause greater

systemic cytokine upregulation than observed with E2. The

tumor-driven increase in circulating cytokines was ER depen-

dent since it was opposed by fulvestrant (Figure 7C). Uterine

wet weights were evaluated. Both E1- and E2-treated mice

showed a significant increase in uterine weight, providing a

biomarker of steroid exposure in estrogen-treated groups versus

sham pellet controls (Figure 7D).

DISCUSSION

While estrogens promote ER+ breast cancer growth (Engel et al.,

1978; Knazek et al., 1977; Lippman and Allegra, 1978) and anti-

estrogen therapies are a mainstay of patient care (Ma et al.,

2015), paradoxically, breast cancer risk increases after meno-

pause when estrogen levels decline. ER+ breast cancer risk in-

creases with obesity after menopause but is decreased in obese
flammation, and StemCell-like Properties in ER+Breast Cancer Cells

ival.

(N) breast fat frombilateral mastectomy patients, graphed asmean ± SEM ratio

14 overexpressing lines (HSD).

D) with or without addition of 10 nM fulvestrant (+F) for 48 h.

5 days were pooled and evaluated on a single Human Cytokine Array (R&D

sus 1 for controls.

tor controls.

MCF7 and T47D controls (C) treated with either E1 or E2 and in HSD17B14

knockout (HSD KO) for expression of HSD17B14 (I), for ESC-TF (J) graphed as

rols (C), and for sphere formation (K).

ts (each with technical triplicates for qPCR, mean ± SEM, *p < 0.05, **p < 0.01,
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Figure 6. High Intratumor E1:E2 Increases Tumor Growth and Tumor-Initiating Stem Cells In Vivo

(A) Mean tumor volume/time is graphed for MCF7 vector controls (C) or MCF7HSD in NOD-SCIDmice supplementedwith E1, E2, or placebo control pellets (n = 8/

group, *p < 0.05, **p < 0.01, ***p < 0.001). See also Figures S6A–S6D.

(legend continued on next page)
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premenopausal women, suggesting an important interplay be-

tween estrogens and obesity. In contrast to the anti-inflamma-

tory action of ovarian E2 (Kalaitzidis and Gilmore, 2005), here,

we show that the dominant postmenopausal estrogen, E1, is

proinflammatory and that increased E1 levels in breast and adi-

pose tissue after menopause might contribute to the excess

development and adverse outcome of ER+ breast cancer in

obesity.

Circulating inflammatory cytokines increase with age (Bruuns-

gaard et al., 2001) and rise after menopause (Pfeilschifter et al.,

2002) andwith obesity (Picon-Ruiz et al., 2017), and their expres-

sion in breast cancer tissue correlates with poor outcome (Nico-

lini et al., 2006; Soria and Ben-Baruch, 2008; Waugh andWilson,

2008). In obese adipose tissue, abundant pre-adipocytes

secrete cytokines that activate NFkB and recruit additional in-

flammatory mediators (Picon-Ruiz et al., 2017). In obese fat,

inflammation is manifest by crown-like structures (CLSs) of

macrophages surrounding dying adipocytes (Quail and Dannen-

berg, 2019). CLS prevalence in mammary tissue increases after

menopause (Iyengar et al., 2015) and with obesity (Morris et al.,

2011). CCL2, IL6, and IL8 exposures all increase breast CSC-like

cells (Ginestier et al., 2010; Picon-Ruiz et al., 2016; Sansone

et al., 2007; Tsuyada et al., 2012). Here, we show that inflamma-

tory cytokine production in human mammary adipocytes in-

creases with obesity, after menopause, and in proximity to can-

cers. Interaction of these more inflammatory adipocytes with

cancer cells stimulates E1- and NFkB-dependent cytokine in-

duction and expansion of stem-like cancer cells.

We make the unprecedented observation that the dominant

pre- and postmenopausal estrogens, E2 and E1, respectively,

appear to have different effects on NFkB-driven inflammation.

Here, we report that NFkB-mediated inflammation accompa-

nying chronic hypercaloric stress in mice is relieved by E2, but

not by E1. The effects of E1 on gene expression have not been

extensively assayed. In primary human adipocytes and in three

ER+ breast cancer models, we show that gene expression pro-

grams activated by E1 and E2 are not identical. While they acti-

vate many common pathways, genomic profiling shows for the

first time that E1 on its own promotes NFkB activation. Ovarian

E2 opposes NFkB activation (reviewed in Kalaitzidis and Gil-

more, 2005), and this is thought to underlie the neuro- and car-

dio-protective effects of ovarian estrogens in younger women.

E2 opposes NFkB activation by multiple cell-type-dependent

mechanisms, including IKB induction and activation, IKK repres-

sion, and decreased nuclear p65 translocation (see Baumgarten

and Frasor, 2012; Kalaitzidis and Gilmore, 2005 for reviews). E2-

liganded ERa disrupts kBRE-bound p65 at IL6, CCL2, and/or

TNFa promoters (Giraud et al., 2010; Nettles et al., 2008; Stein

and Yang, 1995) and can increase corepressor (Cvoro et al.,
(B) Mean ± SEM intratumoral E1 and E2 levels (pg/mL) in indicated xenograft tum

(C) Proinflammatory cytokine proteins were assayed using Luminex Bio-Plex 200

group and graphed as mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001).

(D–F) Xenograft tumors were removed when they reached 1 cm, and dissociated t

ALDH1+) (D) or implanted in limiting dilutions into recipient NSGmice (n = 8/group

(F) are shown.

(G–I) RNA-seq was carried out onR3 tumors/group from the experiment in (A) ab

shift from luminal to basal gene expression in tumors driven by high E1 and low

See also Figure S6.
2006; Nwachukwu et al., 2014) or decrease coactivator recruit-

ment (Nettles et al., 2008; Nwachukwu et al., 2014). These ef-

fects involve ERa since they are mediated by ERa-specific, but

not ERb-specific, ligands and abrogated by ESR1 knockdown

(Giraud et al., 2010; Stender et al., 2017). Upon treatment with

TNFa and E2, p65 acts as a pioneer factor, shifting ERa from

largely ERE sites in the presence of E2 alone to kBRE sites (Prad-

han et al., 2010) to remodel FoxA1-dependent ERa recruitment

to chromatin (Franco et al., 2015). Not only does E2-bound

ERa oppose NFkB action, but NFkB also modulates ERa action

in part by changing the ERa-regulated transcriptome (Frasor

et al., 2009, 2015; Stender et al., 2017).

In the presence of TNFa, the transcriptomes activated by E1

and E2 differ. E1-bound ERa stimulates recruitment of coactiva-

tor, CBP, and H3K27 acetylation to increase TNFa-driven kB

induction of IL6 andCCL2, while E2 opposes it. Indeed, a subset

of TNFa-activated genes that are further induced by E1, but not

by E2, drive gene expression profiles of poor prognostic import

in two independent ER+ breast cancers cohorts, providing evi-

dence that E1-activated proinflammatory genes are germane

to the human disease under study. NFkB is oncogenic in the

breast. Aberrant activation of NFkB in murine mammary epithe-

lium leads to spontaneous mammary tumor development (Bar-

ham et al., 2015; Romieu-Mourez et al., 2003). NFkB activation

in ER+ cancers is prognostic of poor outcome and drives endo-

crine therapy resistance (Sas et al., 2012), in part through

TNFa-stimulated IKKb phosphorylation of ERa at S305 leading

to ligand-independent ERa activation (Stender et al., 2017).

While most NFkB-activated genes are downregulated by E2,

Frasor et al. identified a subset of E2 + TNFa-upregulated genes

that are overexpressed in aggressive ER+ breast cancers and

that correlate with poor outcome (Frasor et al., 2009). Present

work further illuminates pro-tumorigenic NFkB actions. In the

context of obesity and high E1, a novel program of pro-onco-

genic TNFa-activated genes is further upregulated.

Although E1 is a relatively weak estrogenic ligand, with nearly

a log fold lower binding affinity for ERa in vitro than E2 (Sasson

and Notides, 1983), its in vivo actionsmight bemore consequen-

tial than predicted by its weak receptor binding. While E1 differs

from E2 in its interaction with ERa at kBRE sites, many genes are

altered by both ligands and E1 and E2 actions appear remark-

ably similar at the classic ERE-driven genes evaluated herein.

A similar magnitude of E1 and E2 action on PGR expression

was reported in ovarian cancer cells (Mukherjee et al., 2005).

The greater than expected potency of E1 in vivo might result

from its ready conversion to E1 sulfate, whose metabolic clear-

ance from serum (and hence tissues) is lower than that of E1

(Siiteri and MacDonald, 1973). Furthermore, whereas E2

binding activates receptor proteolysis, thereby curtailing ERa
ors (n R 3, *p < 0.05, **p < 0.01, ***p < 0.001).

(as described in STAR Methods) in serum from at least 3 tumor bearing mice/

umor cells from at least 3 mice were pooled and assayed for ALDH1 activity (%

) and tumor emergence over time/implantation group (E) and T-ISC quantitation

ove. GO analysis shows enrichment of mammary stem cell gene profiles and a

E2 compared to high E2 and low E1.
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Figure 7. E1 Induced Greater Tumor Growth

Than E2 in E0771 and Both Estrogens Were

Inhibited by Fulvestrant

(A) Mean tumor volume/time is graphed for E0771

implanted into C57BL/6 mice supplemented with

E1, E2, or placebo control (C) pellets as described

in STAR Methods (n = 5/group; **p < 0.01,

***p < 0.001). Mice were treated with fulvestrant (F)

as described.

(B) Statistical data from the comparison of growth

curves shown in (A).

(C) Pro-inflammatory cytokine proteins were as-

sayed using Luminex Bio-Plex 200 (as described in

STAR Methods) in serum from at least 3 tumor-

bearing mice/group and graphed as mean ± SEM

(*p < 0.05, **p < 0.01, ***p < 0.001).

(D) Uterine weights in C57BL/6 mice supple-

mented with E1, E2, or placebo control pellets.

(*p < 0.05, **p < 0.01, ***p < 0.001).
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transcriptional activity, this might not be the case with E1.

Limited preliminary data suggest E1 does not mediate receptor

degradation, which would lead to a more sustained E1:ERa tran-

scriptional activity. Oncogenic pathways that reduce E1 conver-

sion to E2 could also raise local E1 concentrations in the breast.

Interestingly, the most abundant HSD isoform in the normal

breast is HSD17B1, which converts E1 to E2 (Hilborn et al.,

2017). Our review of publicly available TCGA data from primary

human breast cancers showed that HSD17B1 expression is

significantly lower in ER+ breast cancers than in normal breast

tissue (data not shown). Local E1 levels in premalignant or

cancerous breast tissue could also be increased by the onco-

genic induction or overactivation of HSDs converting E2 to E1.

The balance of E1 and E2 appears to critically modulate breast

cancer growth in vivo. HSD17B14, which converts E2 to E1 (Hil-

born et al., 2017), is more highly expressed in ER+ breast can-

cers than in normal breast tissue, associates with poor ER+

breast cancer outcome, and is oncogenic in ER+ breast cancer

lines. For nearly a half century, since estrogens were identified as

essential ER+ breast cancermitogens (Engel et al., 1978; Knazek

et al., 1977; Lippman et al., 1976; Lippman and Allegra, 1978), E2

has been used in experimental research. To our knowledge,

we present herein the first comparison of E1 and E2 actions on

tumor growth. HSD17B14 overexpression increased intracel-

lular E1 and decreased E2. Both E1 treatment and HSD17B14

overexpression increased ALDH1 activity and tumorspheres,

while E2 and HSD17B14 knockdown did the inverse. E1 sup-

ported faster tumor emergence and growth in vivo than E2 in

two independent models and acts via the ER since fulvestrant

opposed tumor growth. MCF7HSD tumors had high E1 and

low E2 levels, reflecting avid E2 conversion to E1, and their

growth, while estrogen dependent, was more rapid with either
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estrogen than that of MCF7. Dissociated

E1-stimulated MCF7 and MCF7HSD tu-

mors had higher percent ALDH1+ cells

and more T-ISCs when re-inoculated

into secondary recipients than E2-treated

MCF7 tumors. A pro-oncogenic role of E1

is also supported by the observation that
the doubling of circulating E1 levels in obesity (which reflects

up to 6-fold higher E1 levels within the breast tissue) correlates

with an over 2-fold increase in risk of ER+ breast cancer in

both Caucasian (Kaaks et al., 2005; Key et al., 2015) and Asian

(Miyoshi et al., 2003; Yu et al., 2003) postmenopausal women.

Thus, E1 appears to drive ER+CSC expansion and tumor growth

in vivo, and we cautiously suggest that the balance of these es-

trogens, with a high E1:E2 ratio, might be critical for

tumorigenesis.

While adrenal androstenedione production does not differ be-

tween obese and normal weight women, peripheral conversion

of adrenal androstendione to E1 is doubled in obese women,

due largely to the increase in aromatase-rich adipose tissue (Sii-

teri and MacDonald, 1973). The inflammatory milieu of obesity

further drives E1 synthesis via IL6- and TNFa-mediated induction

of aromatase expression (Purohit et al., 2002; Purohit and Reed,

2002). After menopause, weight gain is frequent, due in part to

loss of E2-mediated adiponectin gene induction and leptin

gene repression (Picon-Ruiz et al., 2017). Weight gain after

menopause is associated with increased ER+ breast cancer

risk and mortality (Demark-Wahnefried et al., 2012; Nichols

et al., 2009; Vance et al., 2011). Notably, over 79%of breast can-

cer patients are overweight or obese at diagnosis (Ligibel et al.,

2014) and further weight gain during therapy is nearly invariable

(Demark-Wahnefried et al., 2012; Nichols et al., 2009; Vance

et al., 2011). Since obesity increases E1 synthesis (MacDonald

et al., 1978), the excess weight gain after menopause and in

postmenopausal ER+ breast cancer patients after diagnosis is

not an innocuous norm, but would have deleterious conse-

quences. E1- and NFkB-dependent cytokine induction provides

a mechanism whereby weight gain would increase ER+ breast

cancer risk and worsen its outcome.
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Our data provide insight into why ER+ breast cancer risk is

increased with obesity after menopause, but not before. While

high ovarian E2 would oppose the mammary inflammation of

obesity before menopause, after menopause the inductive ef-

fects of E1 on inflammatory ERa/kB targets are unopposed by

E2. The opposing effects of E1 and E2 on inflammation and

CSCs might also underlie the increased ER+ breast cancer inci-

dence after menopause. The declining E2:E1 ratio, and the

increased inflammatory cytokine milieu after menopause, partic-

ularly in overweight and obesity, would drive ERa/kB target acti-

vation in breast epithelia and adipocytes. Upon invasion into

peritumoral fat, interaction between invading breast cancer cells

with E1-rich adipocytes would further activate NFkB and inflam-

matory cytokines to promote CSC expansion, invasion, and

metastasis (Picon-Ruiz et al., 2016).

The rise in obesity (Finkelstein et al., 2012; Ward et al.,

2019) is associated with an increase in inflammation-associ-

ated diseases, including cancer (Kanneganti and Dixit, 2012;

Quail and Dannenberg, 2019). Present findings provide a

strong molecular rationale for lifestyle interventions in over-

weight breast cancer patients. They may also prove relevant

to other obesity-associated diseases including diabetes, and

cardiovascular and neurodegenerative diseases such as Par-

kinson’s and Alzheimer’s diseases, that increase after meno-

pause. Finally, postmenopausal endocrine replacement thera-

pies may warrant re-thinking, with attention to resulting levels

of both E1 and E2. Our data support further research to

generate safe and effective endocrine replacement modal-

ities, and to target HSD17B enzymes to decrease E1 (Poirier,

2015), decrease breast cancer risk, and improve neurocogni-

tive and cardiovascular health.

Limitations of Study
Present work did not include analysis of E1 and E2 pharmacoki-

netics, effects on tumor metastasis, or how E1 and E2 influence

the tumor-promoting effects of obesity in vivo. Furthermore,while

E1-induced cytokines increasedCSC in vitro and in vivo, whether

cytokine blockade abrogates E1-driven tumor formation has yet

to be determined. E1 is a major driver of obesity-related inflam-

mation, but clearly not the onlymediator.Whilewe testedhowes-

trogen concentrations affect ER binding to and activation of a

limited number of ERa/kB and ERE-bearing target genes, how

different E1/E2 ratios affect gene expression and tumor growth

warrants evaluation. Further assays are needed to test how the

different E1 concentrations and E1/E2 ratios observed in the hu-

man breast with and without obesity affect models of ER+ breast

tumorigenesis in vivo. Finally, although we show E1- and E2-

driven gene expression profiles differ and are altered by inflam-

mation (addition of TNFa), it will be critical to understand how

different ligand concentrations and E1/E2 ratios affect the extent

and timing of global ERa recruitment to ERE, kB, and other chro-

matin motifs and predicate differences in gene expression.

Further evaluation of E1 and E2 action will undoubtedly illuminate

estrogen:ER biology and its application to human disease.
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pLenti.PGK.blast-Renilla_Luciferase Addgene Cat# 74444
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Female Adult Human Abdominal Adipose Tissue University of Miami N/A

Female Adult Human Breast Adipose Tissue University of Miami N/A
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Recombinant Human EGF Protein, CF R&D Systems Cat#236-EG

FGF-Basic (AA 10-155) Recombinant Human Thermo Fisher Scientific Cat# PHG0026

RIPA Buffer Cell Signaling Cat#9806
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Letrozole Sigma-Aldrich Cat#L6545
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B-Estradiol Sigma-Aldrich Cat#E8875

Estrone Sigma-Aldrich Cat# E9750

BAY 11-7082 Sigma-Aldrich Cat# B5556

TNF-a Human Sigma-Aldrich Cat# SRP3177
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Lipofectamine 3000 Reagent Invitrogen Cat# L3000015

Fulvestrant Selleckchem Cat# S1191

Puromycin GIBCO Life Technology Cat# A11113803
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iScript cDNA Synthesis Kit Bio-Rad Cat#1708891

Truseq standard Total RNA Library Prep Illumina, San Diego N/A

ALDEFLUOR kit Stem Cell Technologies Cat#01700

Estradiol ELISA Kit (Competitive EIA) LifeSpan BioSciences Cat#LS-F5297

Estrone ELISA Kit (Competitive EIA) LifeSpan BioSciences Cat#LS-F10566

Cytokine/Chemokine/Growth Factor 45-Plex Human

ProcartaPlex Panel 1
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RNeasy Lipid Tissue Kit QIAGEN Cat#74804

NE-PER Nuclear and cytoplasmic extraction reagents Thermo Fisher Scientific Cat#78835

Dual-Luciferase Reporter Assay System Promega Cat#E1960

Proteome Profiler Human Cytokine Array Kit R&D Cat# ARY005B

NEBNext Ultra II RNA Library Prep Kit for Illumina Illumina Cat # E7765S

Kappa Pure Beads KR1245-V3.16 Kapa Biosystem KK8000

Deposited Data

RNA Seq This Paper GEO: GSE132913

Kaplan Meier(KM) Plotter KM Plotter https://kmplot.com/analysis/

UALCAN UAB http://ualcan.path.uab.edu/index.html

Experimental Models: Cell Lines

Human: MDA-MB-231 ATCC HTB-26

Human: SUM149 Steven Ethiers CVCL_3422

Human: SUM159 Steven Ethiers CVCL_5423

Human: SUM1315 Steven Ethiers CVCL_5589

Human: MCF7 ATCC HTB-22

Human: T47D ATCC HTB-133

Human: MDA-MB-361 ATCC HTB-27

Human: MCF12A ATCC CRL-10782

Mouse: E0771 cells CH3 BioSystems Sku:940001

Experimental Models: Organisms/Strains

Mouse: NF-kB-luc: B10.Cg-H2k Tg(NFkB/Fos-

luc)26Rinc/J

The Jackson Laboratory JAX: 006100

000664 - C57BL/6J Ovariectomized The Jackson Laboratory JAX �000664

NOD.CB17-Prkdc < scid > /J HOM Homozygous for

Prkdc < scid > ovariectomized

The Jackson Laboratory JAX- 001303

NOD.Cg-Prkdc < scid > Il2rg < tm1Wjl > /SzJ M01

Homozygous for Prkdc < scid > , Homozygous for

Il2rg < tm1Wjl > ovariectomized

The Jackson Laboratory JAX- 005557

Oligonucleotides

QPCR PRIMER

Primer PCR: GAPDH Forward:

50-ATCAAGTGGGGCGATGCTG-30
This paper N/A
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Primer PCR: GAPDH Reverse:50-
ACCCATGACGAACATGGGG-30

This paper N/A

Primer PCR: CCl2 Forward: 50-
AAGAAGCTGTGATCTTCAAGAC-30

This paper N/A

Primer PCR: CCl2 Reverse: 50-
CCATGGAATCCTGAACCCA-30

This paper N/A

Primer PCR IL6 Forward: 50-
GATTCAATGAGGAGACTTGCC-30

This paper N/A

Primer PCR IL6 Reverse: 50-
TGTTCTGGAGGTACTCTAGGT-30

This paper N/A

Primer PCR IL8 Forward:50-
TGCCAAGGAGTGCTAAAG-30

This Paper N/A

Primer PCR IL8 Reverse: 50-
AATTTCTGTGTTGGCGCAGT-30

This Paper N/A

Primer PCR SOX2 Forward: 50-
CGAGTAGGACATGCTGTAGGT-30

This Paper N/A

Primer PCR SOX2 Reverse: 50-
TGGACAGTTACGCGCACAT-30

This Paper N/A

Primer PCR NANOG Forward: 50-
GCTTTGAAGCATCCGACTG-30

This Paper N/A

Primer PCR NANOG Reverse: 50-
GATAGTTTTCTTCAGGCCCACA-30

This Paper N/A

Primer PCR KLF4 Forward: 50-
CCCACACTTGTGATTACGC-30

This Paper N/A

Primer PCR KLF4 Reverse: 50-
GGTAAGGTTTCTCACCTGTG-30

This Paper N/A

Primer PCR OCT4 Forward:50-
GAGAAGGATGTGGTCCGAG- 30

This Paper N/A

Primer PCR OCT4 Reverse: 50-
TCCTCTCGTTGTGCATAGTC �30

This Paper N/A

Primer PCR HSD17B14 Forward: 50-
TGCGACAAGGATGAGTCTG-30

This Paper N/A

Primer PCR HSD17B14 Reverse: 50-
CTGAGTCACATCACAGAGGA-30

This Paper N/A

Primer PCR cMYC Forward: 50-
GAGTCTGGATCACCTTCTGCTG-30

This Paper N/A

Primer PCR cMYC Reverse: 50-
AGGATAGTCCTTCCGAGTGGAG-30

This Paper N/A

Primer PCR CD44 Forward: 50-
CTGCCGCTTTGCAGGTGTA-30

This Paper N/A

Primer PCR CD44 Reverse: 50-
CATTGTGGGCAAGGTGCTATT-30

This Paper N/A

Primer PCR TLR2 Forward:50 -
ATCCTCCAATCAGGCTTCTCT-30

This paper N/A

Primer PCR TLR2 Reverse: 50-
GGACAGGTCAAGGCTTTTTACA-30

This Paper N/A

Primer PCR NFKB1 Forward: 50-
AACAGAGAGGATTTCGTTTCCG-30

This paper N/A

Primer PCR NFKB1 Reverse: 50-
TTTGACCTGAGGGTAAGACTTCT-30

This Paper N/A

Primer PCR Rela Forward: 50-
ATGTGGAGATCATTGAGCAGC-30

This Paper N/A

Primer PCR Rela Reverse: 50-
CCTGGTCCTGTGTAGCCATT-30

This Paper N/A

(Continued on next page)

ll
Article

Cell Metabolism 31, 1154–1172.e1–e9, June 2, 2020 e3



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer PCR PTPN1 Forward: 50-
GCAGATCGACAAGTCCGGG-30

This Paper N/A

Primer PCR PTPN1 Reverse: 50-
GCCACTCTACATGGGAAGTCAC-30

This Paper N/A

Primer PCR PAK4 Forward: 50-
GGACATCAAGAGCGACTCGAT-30

This Paper N/A

Primer PCR PAK4 Reverse: 50-
CGACCAGCGACTTCCTTCG-30

This Paper N/A

Primer PCR Rab19 Forward: 50-
GTGCAGCATTTCAAGTCTGGA-30

This Paper N/A

Primer PCR Rab19 Reverse: 50-
CAAGGGAACGCACGGTAAAGT-30

This Paper N/A

Primer PCR ALDH16A1 Forward: 50-
CACCTCGCTGGAGTACGGA-30

This Paper N/A

Primer PCR ALDH16A1 Reverse:50-
CCATTCACATAGTGGCCCAAG-30

This Paper N/A

Primer PCR CD160 Forward:50-
GCTGAGGGGTTTGTAGTGTTT �30

This Paper N/A

Primer PCR CD160 Reverse: 50-
GTGTGACTTGGCTTATGGTGA �30

This Paper N/A

Primer PCR CSTL1 Forward: 50-
ATGGGGATCGGATGCTGGA- 30

This Paper N/A

Primer PCR CSTL1 Reverse: 50-
TGCTCGTGTCATTCCTCTTGC �30

This Paper N/A

Primer PCR ZNF626 Forward: 50-
TTCAAACGGACAAAAGAGAGGAC- 30

This Paper N/A

Primer PCR ZNF626 Reverse: 50-
GGCTACAAGAGTGGTTAAAGGC- 30

This Paper N/A

Primer ’Forward Primer PS2:50-
CCCCGTGAAAGACAGAATTGT- 30

This Paper N/A

Primer Reverse Primer PS2:50-
GGTGTCGTCGAAACAGCAG-30

This Paper N/A

Primer Forward Primer GREB1: 50-
CTGTACCACAGACGGGTTTTG- 30

This Paper N/A

Primer Reverse Primer GREB1: 50 -
TTCCGTGAAGTAACAGAAGCC �30

This Paper N/A

Primer Forward Primer PGR: 50-
ACCCGCCCTATCTCAACTACC �30

This Paper N/A

Primer Reverse Primer PGR: 50-
AGGACACCATAATGACAGCCT- 30

This Paper N/A

CHIP Primer

Primer PCR CCL2 Forward: 50-
CCAGCCAAATGCATTCTCTT-30

This Paper N/A

Primer PCR CCl2 Reverse: 50-
GCTGGCGTGAGAGAAGTGAG-30

This Paper N/A

Primer PCR IL6 Forward: 50-
TGGCAAAAAGGAGTCACACA-30

This Paper N/A

Primer PCR IL6 Reverse: 50-
CTGTGAGCGGCTGTTGTAGA-30

This Paper N/A

Neg control CCL2 F:50-
TCTTTCCAGAGAGCTCACTTTT-30

This Paper N/A

Neg Control CCl2 R:50-
CTCCTCTTGGTGAATAATGCTTTC-30

This Paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Neg Control IL6 F:50-
CGTCCGTAGTTTCCTTCTAGCTT- 30

This Paper N/A

Neg Control IL6 R: 50-
ACTTGGTTCAGGGCAGAAAG- 30

This Paper N/A

Primer PCR PS2 Forward: 50-
CTAGACGGAATGGGCTTCAT- 30

This Paper N/A

Primer PCR PS2 Reverse: 50 -
CTCCCGCCAGGGTAAATACT �30

This Paper N/A

Primer PCR GREB1 Forward: 50-
GTGGCAACTGGGTCATTCTGA- 30

This Paper N/A

Primer PCR GREB1 Reverse: 50-
CGACCCACAGAAATGAAAAGG �30.

This Paper N/A

Recombinant DNA

ORF expression clone for human HSD17B14

(NM_016246.2))

Genecopoeia EX-U0801-Lv224

17b-HSD14 CRISPR/Cas9 KO Plasmid (h) Santa Cruz Sc-412138

Software and Algorithms

Adobe Illustrator Adobe Systems, San Jose, CA https://www.adobe.com/ca/

products/illustrator.html;

RRID: SCR_010279

FlowJo software V10 FlowJo, LLC https://www.flowjo.com/

Other

10% Kcal from fat rodent food (LFD) ENVIGO Cat#TD.94048

60% Kcal from fat rodent food (HFD) ENVIGO Cat#TD.06414

Estradiol 0.36mg/90 day pellet Innovative Research of America Cat#NE-121

Estrone 0.36mg/90 day pellet Innovative Research of America Cat#NE-111

Estradiol 0.1mg/90 day pellet Innovative Research of America Cat#NE-121

Estrone 0.1mg/ pellet 90 day Innovative Research of America Cat#NE-111

Placebo 0.1mg/ pellet 90 day Innovative Research of America Cat# NC-111
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to the Lead Contact, Slingerland J (jslingerland@

med.miami.edu).

Materials Availablity
All unique/stable reagents generated in this study are available from the LeadContact with a completeMaterials Transfer Agreement.

Data and Code Availability
The RNA seq data generated during this study are available at Gene Expression Omnibus (GEO: GSE132913).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects
This study conformed to the principles outlined in the Declaration of Helsinki. All human subjects provided written informed consent

prior to donation of adipose tissue samples under an Institutional Review Board reviewed and exempted protocol. Samples obtained

from human subjects were de-identified waste material from reduction mammoplasty, lumpectomy or mastectomy surgeries

performed at the University of Miami Hospital. Donor BMI, age, menopausal status, and, if applicable, any cancer treatment

received prior to surgery was recorded.

Mouse Models
All animal experiments and procedures were performed according to protocols approved by the Institutional Animal Care and

Use Committee at University of Miami (Protocol # 16-084 LF rev). NFkB-luc (B10. Cg-H2k Tg(NFkB/Fos-luc)26Rinc/J) mice were
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purchased from the Jackson Laboratory and then bred in our facility. NOD-SICDmice were used for xenograft assays testing effects

of steroids and HSD17B14 expression on tumor latency and growth (see below). NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice

were used for limiting dilution assays of T-ISC with the MCF7 model. 000664 - C57BL/6J mice were used for syngeneic tumor im-

plantation with the E0771 cell line (details below). Mice were housed in micro-isolator cages, with standard 12 h light/darkness cycle,

ambient temperature 23�C and were provided standard rodent diet, unless otherwise indicated, and water ad libitum. Unless other-

wise indicated, estrogen pellets containing either E1 or E2 at 0.1mg/90day were used for hormone supplementation. All controls not

receiving estrogen supplements had control pellets containing no estrogen inserted. All mice were ovariectomized at 6 weeks of age.

Adipocyte, SVF and hASC Isolation from Fat Tissue
A total of 3 abdominal and 74 breast fat samples were used in this work. Adipose tissues from abdominal or mammary fat were

washed 4X with PBS, digested with collagenase 1A 1 g/L in HANK’S solution supplemented with 1% BSA for 30 min at 37�C,
and centrifuged at 1500 rpm for 5 min (Figure S1A). Floating mature adipocytes and pelleted SVF were separated, washed 3X

with PBS and filtered using a 100 mm or 70 mm diameter membrane, respectively. hASC were obtained by seeding the SVF in

75 cm2 culture flasks in DMEM medium supplemented with 10% FBS and 1% P/S. After 3 passages hASC were characterized

by flow cytometry as in (Picon-Ruiz et al., 2016). Adipocytes were used immediately after isolation. hASC were used between

passages 3-10.

Cell Culture
MDA-MB-231, MCF7, T47D, MCF12A and 293T and MDA-MB-361 were purchased from ATCC and grown per ATCC protocols.

SUM149, SUM159, SUM1315 were provided by Steven Ethiers (Medical University of South Carolina) and grown as described in

http://sumlineknowledgebase.com/. Isolated hASC and mature adipocytes were cultured alone or co-cultured for 6 days with the

specified breast cancer cell lines using the corresponding cell line medium, unless specified otherwise. Fresh medium was added

to the cultures at days 2 and 4 without discarding the old media in order to preserve the secretome. For experiments involving

in vitro estrogen treatment, cancer lines were estrogen deprived by culture in phenol red-free medium supplemented with 5%

charcoal stripped FBS for 48-72 h. Estrogen stimulation used media containing 5% cFBS together with either DMSO vehicle only,

or E2 or E1 added at 10 nM, unless otherwise indicated for titration experiments. Where indicated, fulvestrant (ICI182,780) was

used in vitro at 10 nM. Fulvestrant alone controls were completed for all experiments but not shown unless they changed expression

versus control. Negative data are reported in the results section. CCL2, IL6 and TNFa were added to tissue culture media each at

10 ng/mL.

METHOD DETAILS

Cytokine Assays
Cytokine arrays were performed on the supernatant of abdominal and breast adipocytes after 48 h of culture in vitro. Media

were collected from triplicate biologic assays and cytokine concentrations assayed by Cytokine/Chemokine/Growth Factor

45-Plex Human ProcartaPlex Panel 1 (Invitrogen) using Luminex Bio-Plex 200 plate reader (Bio-Rad). This same methodology

was used for assays of mouse serum cytokines in Figures 4 and 6. Mouse serum was collected from at least 3 representative

mice per group and cytokine concentrations were assayed with the Cytokine/Chemokine/Growth Factor 45-Plex Mouse Procarta-

Plex Panel 1 (Invitrogen) using Luminex Bio-Plex 200 plate reader (Bio-Rad).

Assays of cytokine secretion into media of control and HSD17B14 overexpressing lines used the Human Cytokine Array Kit

from R&D Systems (Minneapolis, MN) to evaluate a panel of 36 proinflammatory cytokines per manufacturer’s instructions. Media

was collected 5 days after plating and triplicate repeats pooled and evaluated in a single array. Each cytokine level on the membrane

was normalized to the intensity of positive control spots. Signal intensity which is graphed in arbitrary units versus control expressed

as one.

Quantitative RT-PCR (qPCR)
Total RNA was isolated using Trizol (Invitrogen) or RNeasy Lipid Tissue Kit (QIAGEN) for adipocytes. cDNA was synthesized from

the isolated RNA using iScript cDNA synthesis kit (Bio-Rad). qPCR was performed with a LightCycler 480 Instrument II (Roche) using

iQ SYBR Green Supermix (Bio-Rad). All qPCR analyses were performed as both biologic and technical triplicate repeats. Primer

sequences are shown in Key Resources Table.

Aldehyde Dehydrogenase Activity by ALDEFLUOR Assay
ALDEFLUOR kit (StemCell Technologies) was used to detect ALDH enzymatic activity. Briefly, single cell suspensionswere prepared

at 106 cells/mL in ALDEFLUOR assay buffer. ALDH activity was assayed by adding 5 mL Aldefluor reagent per 106 cells followed by

incubation at 37�C for 45min and flow cytometry analysis. For each sample, the specific ALDH inhibitor diethylaminobenzaldehyde

(DEAB) was used as a negative control for gating on flow cytometric plots. All assays shown represent means of at least triplicate

biologic assays.
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Mammosphere-formation Assay
Single cell suspensions were prepared in serum-free mammosphere medium and seeded in ultra-low attachment plates as in Dontu

et al. (2003). Mammospheres > 75 mM diameter were counted after 10-14 days using GelCount (Oxford Optronix). All assays shown

represent means of at least triplicate biologic assays.

Western-Blotting
Westerns were performed in at least 3 different biologic repeats and representative data shown as described (Sandhu et al., 1997).

Whole cell lysates were prepared using RIPA buffer (Cell Signaling) supplemented with 1X protease and phosphatase inhibitor

cocktails (G-Biosciences). Usually 20 mg protein/lane were subjected to SDS-PAGE and then transferred to a PVDF blotting mem-

brane (Bio-Rad). The membranes were incubated with the indicated primary antibodies and HRP-conjugated secondary antibodies

(Promega). The immune-reactive bands were visualized using a chemiluminescent substrate (Thermo Scientific) and X-ray film (Phe-

nix Research Products).

In vitro Dual Luciferase Assays
MCF7 were transfected with pLenti.PGK.blast-Renilla Luciferase (pRL) plasmid, from Reuben Shaw (Addgene plasmid #74444;

http://addgene.org/74444; RRID: Addgene_74444), a control lentiviral vector which expresses Renilla luciferase for data normaliza-

tion (Toyama et al., 2016). For NFkB luciferase assays, MCF7-pRL were also transfected with pGL4.32[luc2P/NF-kB-RE/Hygro] vec-

tor (Promega), which contains five copies of a kBRE response element that drives transcription of the luciferase reporter gene luc2P.

For ERE luciferase assays, MCF7-pRLwere also transfected with pGL4 [Luc2P/ERE/Hygro] vector (Promega #E6701), engineered to

bear three copies of an EREpromoter, driving transcription of the luciferase reporter gene luc2P. Firefly andRenilla luciferase reporter

activity was measured using Dual-Luciferase Reporter Assay System (Promega) per manufacturer’s instructions.

Estrogen Concentration Assays
After 48 h and 6 days of mono-culture or co-culture, media were collected and estrogen concentrations assayed by ELISA kits for E2

and E1 (LifeSpan BioSciences) using a Promega Glomax Multi Detection Plate Reader (Promega). When tumors reached 1000 mm3,

tumor lysate was prepared from at least 3 tumors/group and E2 and E1 concentrations assayed in our lab by ELISA (Lifespan Bio-

sciences). For data confirmation, different triplicate sample were sent to University of Virginia (UVA) Center for Research and Repro-

duction Ligand Assay and Analysis Core Laboratory (Charlottesville, VA). The UVA Core laboratory used ALPCO ELISA kits for E2

assays, and E1 was assayed by radioimmunoassay. Results were highly concordant for UVA and our ELISA assays and between

the ELISA and RIA data, and data shown represent the mean of all assay for each steroid.

Chromatin Immunoprecipitation Assay
For chromatin immunoprecipitation (ChIP) assays for the CCL2 and IL6 promoters, soluble chromatin was prepared from 2 3 107

cells as in Nettles et al. (2008). The chromatin solution was diluted 10-fold with ChIP dilution buffer (1.1% Triton X-100, 1.2 mm

EDTA, 167 mm NaCl, 16.7 mm Tris-HCl, pH 8.1, 0.01% SDS, plus protease and phosphatase inhibitors), pre-cleared, and blocked

with 2 mg of sheared salmon sperm DNA and pre-immune serum. Pre-cleared chromatin was used in immunoprecipitation assays

with anti-p65/RelA (Cell Signaling), anti-ERa (mAb F1 Cell Signaling), anti-SRC3 (Bethyl Laboratories), anti-CBP/p300 (Cell

Signaling), CBP (Santa Cruz), anti-H3K27Ac (Cell Signaling), or an anti-IgG (Santa Cruz) antibody. In addition to IgG controls, all

TF binding assays used unrelated promoter specific controls to show binding was specific. The washed antibody-protein-DNA

complexes were eluted from the beads in 1% SDS, 0.1 M NaHCO3 at room temperature for 20 min. 20 mg/ml of proteinase K was

used for removal of protein at 2 h at 55�C and reverse cross-linking was performed incubating at 65�C overnight. Purified DNA

was subjected to QPCR with primers specific for the CCL2, IL6, PS2 and GREB1 promoter binding sites. All ChIP analyses were

performed as triplicate technical repeats for each of 3 biologic repeat assays. Primer sequences including those for non-sequence

specific controls are shown in Key Resources Table.

Estrogen Regulation of Obesity-Mediated NF-kB Activity In Vivo

NF-kB-luc (B10. Cg-H2k Tg(NFkB/Fos-luc)26Rinc/J) female mice were fed with a Low Fat Diet (LFD) or a High Fat Diet (HFD) starting

at the age of 21 days and then ovariectomized at week 6. For the first experiment, 0.37 mg 90 day release pellets of either E1 or E2

(Innovative Research of America) were implanted at week 6 and all control mice were implanted with control pellets without estrogen

(Figure 4A). For the second experiment, 0.1 mg 90 day release pellets of either E1 or E2 were implanted at week 24, using implanted

placebo pellets for control mice (Figure 4D). This mouse model expresses the luciferase gene driven by two copies of the NFkB-RE,

which allows the study of NFkB pathway activation by IVIS. Mice were injected intraperitoneally with 10 mL/g of body weight with

a solution of Luciferin (PerkinElmer) prepared in PBS at 15 mg/mL, and bioluminescence measured after 10 min. Bioluminescence

was monitored by Xenogen IVIS weekly or biweekly (Perkin Elmer) and analyzed with Living Image software (Perkin Elmer). Exper-

iments used 10 mice/group.

Lentivirus Production and Establishment of HSD17B14 Expressing Cells
Lentivirus vectors encoding ORF HSD17B14 and ORF control were purchased from GeneCopoeia. Lentivirus vectors encoding

different ORFs, were co-transfected with DeltaVPR and CMVVSVG plasmids (Addgene) into asynchronous 293T with Lipofectamine
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3000 Reagent. Viral supernatants were collected after 48 and 72 h. MCF7, T47D and MDA-MB-361 cells stably transduced with

expression clone were incubated for 8–16 h with the medium containing the virus, supplemented with 4 mg/mL of polybrene

(Sigma-Aldrich). Cells were infected twice with polybrene, selected with 2 mg/mL of puromycin and analyzed 3-5 days post infection

by RFP visualization and overexpression was confirmed by western blotting. Cells were maintained in IMEM, RPMI or DMEM plus

10% FBS and 0.2 mg/mL of puromycin was used to maintain the cell line.

CRISPR Mediated HSD-17B14 Knockout Lines
Transfections of MCF7 and T47D cell lines with (sc-418922) HSD17B14 CRISPR/Cas9 KO Plasmid (sc-418922) and HSD17B14 HDR

plasmids was donewith Ultra-Cruz Transfection Reagent (Santa Cruz, sc-395739) according to themanufacturer’s instructions. Loss

or of targeted proteins was confirmed by qPCR and WB.

RNA Sequencing (RNA-seq)
Total RNA quality was measured using Bioanalyzer RNA Nano 6000 (Agilent Technologies, Santa Clara, CA, USA). Library prepara-

tion was performed by NEBNext Ultra (II) Directional RNA Library Prep (Illumina, San Diego, USA), and quality confirmed using KAPA

Pure Beads (Kapa Biosystems, Wilmington, MA, USA). Paired end sequencing was performed on Illumina NextSeq platform using

150 cycles 400M kit. All RNA seq experiments were performed in triplicate on independent biologic repeat assays.

Orthotopic Tumor Formation Assays
Mice were oophorectomized at day 21 and estrogen pellets implanted within 10 days with 90 day release pellets delivering 0.1 mg

of either E1 or E2 (Innovative Research of America). No estrogen control mice were implanted with placebo pellets. For orthotopic

xenograft assays, 5 3 105cells from each MCF7 group were suspended in 100 mL Matrigel and injected 3 days after oophorectomy

into the 4th mammary fat-pad of 5-6 week old NOD-SCID mice, using eight animals/group. Tumor growth was monitored by twice-

weekly caliper measurement and volumes calculated as (long-side x short-side2)/2. Primary tumors were removed when they

reached 1000 mm3. Primary tumors were excised, dissociated and then used for limiting dilution T-ISC quantitation assays in sec-

ondary NSG mice (see below).

A second MCF7 experiment was carried out to assay tumor growth with and without the SERD, fulvestrant (n = 8/group). Where

indicated fulvestrant, 5mg/mouse was given once per week s.c.

For syngeneic orthotopic mammary tumor formation using the E0771 model, 1 3 104 E0771 cells were suspended in 100 mL Ma-

trigel and then injected into the 4th mammary fat-pad of C57BL/6Jmice, using 5 animals/group. For estrogen supplementation, mice

were implantedwith 90 days release pellets delivering 0.1mg of either E1 or E2 (Innovative Research of America). No estrogen control

mice were implanted with placebo pellets. For fulvestrant therapy, 5 mg/mouse was given s.c. once per week. Tumor growth was

monitored by twice-weekly caliper measurement and volumes calculated as (long-side x short-side2)/2.

Assays with Dissociated Xenograft Tumor Cells
Primary dissociated MCF7 and MCF7HSD tumors were removed at 1000 mm3, dissociated into single cell suspensions and

then assayed directly for ALDH1 activity by Aldefluor assay or injected into secondary recipient mice in limiting dilutions to quantitate

tumor initiating stem cells (T-ISC) as in Ginestier et al. (2007). For limiting dilution T-ISC assays, 5 week-old female NSG mice were

purchased from Jackson Labs (Boston, MA, USA). Limiting dilutions of 10000, 20000, and 60000 cells were each suspended in

10 mg/mL Matrigel with Hanks’ Balanced Salt Solution (HBSS; Lonza, Walkersville, MD, USA), and injected into the 4rth inguinal

mammary fat pad (n = 8 mice per group, respectively) (Ginestier et al., 2007). For estrogen supplementation, mice were implanted

with 90 day release pellets delivering 0.1 mg of either E1 or E2. No estrogen control mice were implanted with no-estrogen placebo

pellets. Mice were euthanized per IACUC guidelines. Tumor size was measured twice/week, and tumor volumes were estimated as

length 3 width 3 width 3 0.5. T-ISC frequency was calculated by L-Calc Limiting Dilution Software (STEMCELL). All animal work

was carried out in compliance with the Institutional Animal Care and Use Committee of University of Miami.

Immunohistochemistry
Primary xenograft tumors were fixed in 10% neutral buffered formalin for 24 h and then paraffin embedded. Tumor sections were cut

at 4 mMand Ki67 detected by immunohistochemistry as in Chen et al. (2009). For antigen retrieval, samples were immersed in sodium

citrate (10 mM, pH 6.0) and microwaved for 45 min. Sections were incubated in Ki67 antibody (1:50) overnight at 4�C, followed by

horseradish peroxidase (HRP)/DAB subtract complex and photomicrographs prepared as in Simpkins et al. (2012).

RNA-seq Bioinformatic Analysis
Quality and adaptor trimming was performed using cutadapt 1.15. Transcriptome alignment and quantification was performed using

RSEM 1.3.0 and STAR 2.0.6c against human transcriptome (GRCh38_no_alt_analysis_set_GCA_000001405.15 and GENCODE

v28). Differentially expressed genes were identified using DESeq2 1.18.1 with median-ratio normalization, and heatmaps, clustering

and PCA plots were generated using sample blind variance stabilized log2 gene counts. To further evaluate genes identified as

uniquely up or downregulated by E1 or E2 in the initial analysis, differential expression was evaluated by DESeq2 analysis after

combining all E1 and E2 data together and comparing this against the cFBS group. Most genes identified as uniquely regulated

by either E1 or E2 with FDR < 0.05 following the comparison of each group versus cFBS were also confirmed in the analysis of
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the combined E1 and E2 data versus cFBS. Gene Set Enrichment Analysis (GSEA 3.0.1) was performed using Wald statistic ranked

genes lists (Subramanian et al., 2005). Gene sets that enriched with a BH FDR < 0.05, that have the top 20 positive or negative

NES scores, and that are relevant for breast cancer pathways were presented in figures. KEGG 2016 pathway enrichment was per-

formed using Enrichr. Pathways were presented if BH FDR < 0.05, were in the top ten significant pathways, and relevant for breast

cancer.

Analysis of TNFa and Estrogen Regulated Genes in Primary ER+ Human Breast Cancers
Primary human ER+ breast cancers were analyzed from The Cancer Genome Atlas (TCGA) as of 1-23-19. A subset of 255 genes

upregulated by TNFa were further upregulated by addition of E1 but not by E2. Univariate Cox regression for each of the 255 genes

was undertaken to determine contribution to risk in 326 ER+ breast cancers that expressed all of these genes. Candidate genes were

selected one by one based on poor prognosis to 5 year disease free survival (DFS) in a univariate Cox model (p < 0.05). This yielded a

16 gene signature that was used to segregate patients into two groups by principal component analysis for subsequent Kaplan

Meier and hazard analyses. The prognostic importance of this 16 gene signature was then validated versus overall survival in 722

ER+ breast cancers from the METABRIC dataset (1-10-19).

QUANTIFICATION AND STATISTICAL ANALYSIS

All graphed data are presented as mean ± SEM from at least 3 biological replicate experiments done in triplicate technical repeats.

Student’s t test was used for experiments with two groups. Comparisons of > 2 groups used one-way analysis of variance (ANOVA)

followed by Dunnett’s or Tukey’s post hoc analysis. Some experiments used two-way analysis of variance followed by Tukey’s post

hoc tests. Statistical significance values were set as *p < 0.05. **p < 0.01.***p < 0.001. A p value less than 0.05 would be considered

statistically significant, ns = not significant. p value and n can be found in main and supplementary figure legends. Statistical differ-

ences between tumor growth curves used ‘Compare Growth Curves’ function statmod software package (http://bioinf.wehi.edu.au/

software/compareCurves/). UALCAN http://ualcan.path.uab.edu/index.html was used to study expression of HSD17B14 in primary

breast cancers and normal breast tissues from the TCGA database. For analysis of differences in the HSD17B14 expression in pri-

mary breast cancers and normal breast tissues, t test was performed using a PERL script with Comprehensive Perl ArchiveNetwork

(CPAN)module ‘‘Statistics::TTest’’ (http://search.cpan.org/�yunfang/Statistics-TTest-1.1.0/TTest.pm).
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