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SUMMARY
Chronic stress is associated with increased risk of metastasis and poor survival in cancer patients, yet the
reasons are unclear. We show that chronic stress increases lung metastasis from disseminated cancer cells
2- to 4-fold in mice. Chronic stress significantly alters the lung microenvironment, with fibronectin accumu-
lation, reduced T cell infiltration, and increased neutrophil infiltration. Depleting neutrophils abolishes stress-
induced metastasis. Chronic stress shifts normal circadian rhythm of neutrophils and causes increased
neutrophil extracellular trap (NET) formation via glucocorticoid release. In mice with neutrophil-specific
glucocorticoid receptor deletion, chronic stress fails to increase NETs and metastasis. Furthermore, digest-
ing NETs with DNase I prevents chronic stress-induced metastasis. Together, our data show that glucocor-
ticoids released during chronic stress cause NET formation and establish a metastasis-promoting microen-
vironment. Therefore, NETs could be targets for preventingmetastatic recurrence in cancer patients, many of
whom will experience chronic stress due to their disease.
INTRODUCTION

Cancer patients have many sources of severe stress, including

worrying about their prognosis and enduring weeks of therapy.

Chronic stress is a physiological process initiated by environ-

mental and/or psychosocial factors. Stress affects memory,

cognition, and behavior, as well as whole-body homeostasis,

including the cardiovascular, gastrointestinal, and immune sys-

tems.1 Chronic stress activates the hypothalamic-pituitary-adre-

nal axis, resulting in the release of glucocorticoid class stress

hormones (cortisol in human and corticosterone in mouse).2 Glu-

cocorticoids (GCs) bind to the glucocorticoid receptor (GR) to

form a receptor-ligand complex, which regulates gene expres-

sion.3 Chronic stress is associated with increased risk of metas-

tasis and poor survival in cancer patients.4,5 In mice, chronic

stress can promote primary tumor growth, therapy resistance,
474 Cancer Cell 42, 474–486, March 11, 2024 ª 2024 Elsevier Inc.
and metastatic colonization from disseminated cancer cells

(DCCs).6–8 While stress may promote metastasis by increasing

the cancer cells’ ability to proliferate, migrate, and seed distant

tissues,6,9–11 the tissue being colonized must also support the

DCCs’ outgrowth by establishing a pro-metastatic niche.12 A

key question remains: is metastasis affected by stress-induced

changes to the host?

An elevated neutrophil-to-lymphocyte ratio indicates a dysre-

gulated balance between innate and adaptive immune cells and

is associated with poor prognosis in breast and other can-

cers.13,14 This elevated ratio is also observed in animals and

humans subjected to stress.13,15,16 In the metastatic tissue

microenvironment, T lymphocytes can keep DCCs dormant,17,18

while neutrophils can promotemetastasis. Neutrophils’ pro-met-

astatic effects include the inhibition of T cell-mediated immuno-

surveillance19 and formation of neutrophil extracellular traps
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(NETs)—meshes of DNA containing neutrophil proteins. NETs

are released in response to e.g., pathogens. However, NETs

also have pro-metastatic roles, including promoting cancer cell

migration and invasion,20,21 remodeling the extracellular matrix

(ECM),22 and stimulating fibroblasts and immune cells (reviewed

in He et al. and Adrover et al.23,24). Here, we used mouse models

to determine how chronic stress affects neutrophils to promote

metastasis. Addressing how stress induces metastasis is critical

for identifying cancer patients at risk of recurrence and for devel-

oping metastasis preventing strategies.

RESULTS

Chronic stress promotes metastasis
To determine the effects of chronic stress on cancer progression,

we first used the classical chronic restraint stress model,2,25

which mimics exposure to predictable, constant stress, such as

that which occurs after a cancer diagnosis. Daily restraint of

mice increased their plasma corticosterone levels, an increase

that was dependent on the adrenal glands (Figure S1A). We

next subjected genetically engineeredMMTV-PyMTmice, which

develop mammary carcinomas, or mice orthotopically trans-

planted with breast cancer cells from MMTV-PyMT mice (here-

after, ‘‘PyMT cells’’), to chronic restraint stress, starting from

when their tumors first became palpable (Figures 1A and S1B).

Chronic restraint stress approximately doubled tumor size and

increased metastasis 2- to 4-fold (Figures 1B, 1C, S1C, and

S1D). Moreover, the immuno-microenvironment of the primary

tumors showed decreased infiltration of T cells, B cells, natural

killer cells, and activatedmacrophages, and increased infiltration

of neutrophils (FiguresS1EandS1F).Chronic restraint stressalso

increased spleen metastasis >5-fold in an orthotopic pancreatic

cancer model (Figures S1G–S1J). To model the unpredictable

stress experienced by cancer patients, e.g., due toworries about

treatment responses or financial concerns, we employed the

chronic unpredictable mild stress (CUMS) model8,26,27: animals

with disseminated PyMT cells in the lungs (after intravenous in-

jection, i.e., an experimental metastasis model) were subjected

to two randomly selected stressors daily (Figure S1K), resulting

in elevated plasma corticosterone levels (Figure S1L). The mice

also showed anxiety-like behavioral changes consistent with

chronic stress exposure, namely, a decrease in the frequency

and duration of time spent in the center in the open field test,

and an increase in frequency and duration within the closed

arm in an elevated plusmaze test (Figures S1Mand S1N). Finally,

CUMS-exposedmice experienced a doubling in lungmetastasis

(Figures 1D–1G). Thus, the ability to increase metastasis was

comparable between the chronic restraint stress and CUMS

models.

The elevated plasma corticosterone levels in both stress

models and prior reports on corticosterone’s metastasis-pro-

moting effects6,11 prompted us to test whether corticosterone

was sufficient to promote metastasis. We refined our metastasis

model by transplanting mice with primary PyMT cells to allow

spontaneous dissemination before surgical removal of the pri-

mary tumors (Figure 1H). After the primary tumor was removed,

the implantation of slow-releasing corticosterone pellets

increased both the numbers of metastatic lesions and total met-

astatic burden compared to placebo pellets (Figures 1I–1K).
Corticosterone can promote breast cancer metastasis by acti-

vating the tyrosine kinase ROR1 in cancer cells.6 To determine

whether stress-induced corticosterone promoted metastasis

through direct effects on the cancer cells, we generated GR-

null PyMT cell lines using CRISPR-Cas9-mediated gene editing

of the GR-encoding gene Nr3c1 (Figure S2A). Deleting the GR

did not affect cancer cell proliferation in vitro under normal cul-

ture conditions nor in cultures supplemented with corticosterone

or the synthetic GC dexamethasone (Dex) (Figures S2B–S2D).

Parental PyMT cell proliferation was also not affected by cortico-

sterone or Dex supplementation (Figure S2E). Chronic restraint

stress still increased metastasis from GR-deleted PyMT cells

(Figures S2F–S2H), and there was no selection against GR-

deleted cells in the metastases from the Nr3c1-null PyMT lines

(Figure S2I). Together, these results indicate that chronic stress

promoted metastasis from DCCs independently of cancer cell

GR expression.

Chronic stress induces a pro-metastatic
microenvironment
Given that the cancer cell GR played no role in stress-induced

metastasis, we hypothesized that microenvironmental changes

were critical for stress-induced metastasis. To characterize

such changes, we analyzed the lungs of mice subjected to

chronic stress by bulk RNA sequencing (RNA-seq). From a

gene ontology (GO) analysis, we found that stress significantly

upregulated the expression of genes related to ECM organiza-

tion and downregulated genes involved in T cell activation

and the adaptive immune response, compared to controls

(Figures 2A, and S3A). Consistent with the GO analysis, lungs

from stress-exposed mice or mice treated with corticosterone

or Dex had a marked increase in the deposition of fibronectin

(Figures 2B, S3B, and S3C), a metastasis-promoting ECM pro-

tein.28 Using immunofluorescence, we found that fibronectin in

the lungs of chronically stressed mice was associated with

cells expressing markers of fibroblasts: a-smooth muscle actin

and platelet-derived growth factor receptor-a (Figure S3D).

Also consistent with the GO analysis, T cell infiltration was

reduced in the lungs of chronically stressed mice (Figures 2C

and S3E). Nevertheless, stress-induced lung metastasis

was not decreased in mice with conditional GR deletion in

T cells (GRDT mice: Lck-icre; Nr3c1fl/fl mice, Figures 2D, 2E,

S3F, and S3G).

A common feature of pro-metastatic niches is the infiltration

of myeloid-derived cells, especially neutrophils.12,19 In the

lungs of stressed mice, we observed elevated mRNA and pro-

tein levels of two chemokines, Cxcl2 and Cxcl5, that mediate

neutrophil recruitment (Figures S3H and S3I). Consistently,

we found that chronic restraint stress or treatment with GCs

increased neutrophil infiltration in the lungs and the percentage

of neutrophils circulating in blood (Figures 2F, 2G, S3J, and

S3K). These increases were accompanied by an expansion of

stem and progenitor cell populations in bone marrow (Lin-/

Sca1+/c-Kit+ cells and granulocyte-monocyte progenitors) dur-

ing chronic stress exposure (Figure S3L). Antibiotic treatment

did not affect the lung infiltration of neutrophils, monocytes,

dendritic cells, or total T cells in stressed mice, although a

reduction in gd T cell infiltration was observed (Figures S3M

and S3N). This result suggested that the changes in immune
Cancer Cell 42, 474–486, March 11, 2024 475
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Figure 1. Chronic stress promotes metastasis

(A) Schematic of restraint stress exposure of the MMTV-PyMT breast tumor model.

(B) Tumor growth curve (left) (n = 10 for control, n = 16 for stress) and tumor weight (right, endpoint) (n = 12 for control, n = 11 for stress) of primary MMTV-PyMT

tumors. Tumor volume/weight indicated is the total volume/weight of all tumors for each mouse.

(C) Lung metastatic burden in MMTV-PyMT mice exposed to chronic restraint stress and their controls (n = 21 for control, n = 16 for stress).

(D) Schematic of the chronic unpredictable mild stress (CUMS) exposure of an experimental lung metastasis model.

(E–G) H&E staining of lung sections after CUMS exposure at endpoint (E), number of lungmetastatic lesions (F), and total metastatic burden (G) (n = 10 for control,

n = 15 for stress).

(H) Schematic of corticosterone pellet treatment in the spontaneous dissemination model.

(I) Representative H&E staining of lungs at the endpoint from (H).

(J, K) Number of lungmetastatic lesions (J) and total metastatic burden (K) from (H) (n = 5mice/group). Data are represented as mean ± SEM. *p < 0.05; **p < 0.01

(B, F, G, J, K: two-tailed unpaired Student’s t test; C: two-tailed Mann-Whitney test). See also Figures S1 and S2.
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cell infiltration were not due to infections caused by stress-

induced immunosuppression.

As a reduced adaptive immune response can enable DCCs to

form metastases,18 we tested whether there was crosstalk be-

tween neutrophils and T cells. CD8+ T cells were incubated over-

night with neutrophils, either pharmacologically activated with

a GR agonist (GSK9027) or vehicle treated, to determine effects

on anti-CD3-induced T cell activation (i.e., CD69, CD137, Gran-

zyme B, and IFN-g expression). GSK9027-treated neutrophils

failed to activate the T cells, while vehicle-treated neutrophils
476 Cancer Cell 42, 474–486, March 11, 2024
were able to (Figures 2H and 2I). Consistently, the GSK9027-

treated neutrophils secreted increased levels of several cyto-

kines, including interleukin-10 (Figure S3O), a known suppressor

of T cell activation. Finally, we sought to determine neutrophils’

importance in vivo by depleting them in an experimental lung

metastasis model (Figures 2J, and S3P). In the neutrophil-

depleted mice, stress exposure no longer increased metastasis

(Figure 2K). Together, these data show that chronic stress in-

duces a pro-metastatic lung microenvironment and that neutro-

phils play a key role in orchestrating stress-induced metastasis.
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Figure 2. Chronic stress establishes a pro-metastatic lung microenvironment

(A) Gene Ontology (GO) term analysis of enriched pathways in the lungs of control and stressed mice (bulk RNA-seq; n = 2 mice/condition).

(B) Representative immunofluorescence staining (left) and normalized integrated density (IntDen) of fibronectin in lungs at experimental day 21. DAPI stains DNA

(n = 5 mice/group).

(legend continued on next page)
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Stress alters neutrophil diurnal aging and induces NET
formation through GR signaling
To investigate how stress affects neutrophils to drivemetastasis,

we analyzed the gene expression changes of neutrophils

isolated from the lungs of stressed mice (Figure S4A). Many

of the top upregulated genes, e.g., Zbtb16, Map3k6, Hif3a,

and Fkbp5, overlapped with the genes upregulated in bone-

marrow-derived neutrophils treated with either Dex or

GSK9027 (Figures S4A and S4B). Moreover, a gene set enrich-

ment analysis showed that neutrophils isolated from the lungs

of stressed mice showed significant upregulation of the gene

signature of in vitro Dex- or GSK9027-treated neutrophils

(Figures S4C–S4F). These findings suggested that the gene

expression changes in the neutrophils of stress-exposed mice

were primarily caused by GCs. We therefore used in vitro

GSK9027-treated neutrophils to determine that the GR was re-

cruited to the sites of the top upregulated genes, including

Zbtb16, Per1, Fkbp5, and Map3k6, as assessed by chromatin

immunoprecipitation sequencing (ChIP-seq) (Figure S4G) and

validated by ChIP quantitative PCR (Figure S4H).

Dex treatment upregulated genes involved in the circadian

clock and oxidative stress response in neutrophils (Figure 3A).

Neutrophils undergo major circadian fluctuations in phenotype

and behavior, including in trafficking and NET formation—

changes that are regulated by their cell-intrinsic clock29 and by

oscillatory microenvironmental expression of the chemokine

CXCL12.30 We found that the GR directly controlled expression

of the key clock gene, Per1, in neutrophils (Figures S4G and

S4H).31 Plasma corticosterone levels undergo diurnal changes

(Figure S5A),32 and in neutrophils, so did both Nr3c1 mRNA

and GR protein expression (Figures S5B and S5C). Chronic

stress exposure shifted the normal diurnal fluctuation in neutro-

phil numbers in the blood, with the peak of neutrophil numbers

occurring 5–8 h earlier than normally (Figure S5D). Additionally,

the percentage of neutrophils out of all leukocytes was higher

in the stressed mice than control mice for most of the diurnal

cycle (Figure S5E). Chronic stress also shifted the expression

of surface markers for trafficking/aging on the neutrophils

(Figures S5F and S5G). Therefore, we inspected key genes

involved in regulating the diurnal aging process in neutrophils,

which underlies the circadian fluctuation in the neutrophils’ activ-

ities.29 Dex treatment increased the expression of clock-related

genes, especially Per1 and Per2, and induced gene expression

changes in neutrophil diurnal aging markers (low Cxcr2 and

highCxcr4, Figure 3B), suggesting an abnormally ‘‘aged’’ pheno-

type. A similar change in the expression of clock-related genes

was also observed in neutrophils isolated from the lungs of
(C) T cell populations in the lungs determined by flow cytometry at experimental

(D) Schematic of chronic restraint stress exposure in the spontaneous breast ca

(E) Total metastatic burden of mice of indicated genotype at the endpoint of stre

(F, G) Lung infiltration of neutrophils at day 21 (F, immunofluorescence staining fo

mice in control and stress groups, n = 6 in Dex group).

(H) Schematic of neutrophil-CD8+ T cell co-culture assay.

(I) Percentage of activated CD8+ T cells (indicated by expression of CD69, CD

cytometry (n = 5 mice/group).

(J) Schematic of chronic restraint stress exposure in experimental lung metastas

(K) Lung metastatic lesions and the total metastatic burden after stress exposure

are represented asmean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001;

ANOVA with Dunnett’s multiple comparisons test; I: one-way ANOVA with Tukey
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stressed mice (Figures S5H). At the protein level, neutrophils

from the blood of stressed mice showed increased CXCR4

and reduced CD62L expression, consistent with a diurnal

‘‘aged’’ phenotype (Figures S5I and S5J), and neutrophils from

Dex- or corticosterone-treated mice showed reduced CD62L

expression (Figures S5K and S5L). Notably, a high tumor burden

can alter neutrophil phenotype,33 and in tumor-bearing animals,

stress exposure did not further alter the expression of neutrophil

aging markers (Figure S5M).

Neutrophils with low CD62L expression produce more reac-

tive oxygen species (ROS).34 Consistently, we observed upregu-

lation in oxidative and downregulation in anti-oxidative gene

expression in GSK9027-treated neutrophils (Figure 3C), as well

as increased cellular ROS levels (Figure S5N). Neutrophils with

increased ROS levels are more prone to form NETs34,35 and

oxidative genes, e.g., Ncf1, regulate NET formation.36 We found

that circulating neutrophils from stressed mice spontaneously

formed more NETs ex vivo (Figures S6A and S6B) than control

neutrophils. We also detected more NETs in plasma from chron-

ically stressed than control mice (Figures 3D and S6C). More-

over, we found that plasma NET levels were not increased in

chronically stressed mice that had undergone adrenalectomy

before stress exposure (Figure 3D) and that corticosterone-

treated mice had increased levels of NETs in their plasma and

lungs (Figures S6D and S6E). Together, these data suggest

that GCs released during stress cause NET formation.

To determine whether GCs directly induce NET formation,

we isolated neutrophils from bone marrow and stimulated

them ex vivo. Similar to a classical NET inducer—phorbol

12-myristate 13-acetate (PMA)—corticosterone, Dex, and

GSK9027 all induced NETs, while epinephrine, also released

during stress, did not (Figures 3E and 3F). GCs also induced

NET formation in neutrophils from healthy human donors (Fig-

ure S6F). Next, we sought to characterize the signaling pathway

mediating glucocorticoid-induced NET formation. Unlike PMA-

induced NETs, GC-induced NETs did not require peptidyl argi-

nine deiminase-4 (PAD4) activity (Figures 3G and S6G). NET for-

mation can be regulated by cyclin-dependent kinases 4 and 6

(CDK4/6),37 and GSK9027 induced GR occupancy at the gene

site of Ccnd3, which encodes cyclin D3 (CCDN3), a regulator

of CDK4/6 (Figures S4G and S4H). We further determined that

GSK-treated neutrophils upregulated CCDN3 protein expres-

sion (Figure S6H). In addition to CCND3-mediated regulation,

MAPK signaling can also regulate CDK4/6 activity,38 and we

found that p38 MAPK phosphorylation, indicative of kinase acti-

vation, was increased in GSK-treated neutrophils (Figure S6H).

These data are consistent with the GSK-induced GR binding to
day 21 (n = 5 mice/group).

ncer dissemination model used for (E–G).

ss exposure (n = 4–7 mice for each group).

r myeloperoxidase [MPO] with DAPI counterstaining; G, flow cytometry; n = 10

137, Granzyme B, or IFN-g) in neutrophil co-cultures (H) determined by flow

is model with neutrophil depletion.

and neutrophil depletion with anti-Ly6G antibodies (n = 9–12 mice/group). Data

N.S., not significant (B, C: two-tailed unpaired Student’s t test; E, G, K: one-way

’s multiple comparison test). See also Figure S3.
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the gene site ofMap3k6 (Figures S4G and S4H), which encodes

the kinase ASK2, an upstream activator of p38 MAPK.39,40

We thus tested two CDK4/6 inhibitors (abemaciclib and palboci-

clib) and a transcriptional activity inhibitor (a-Amanitin) and found

that they effectively prevented GC-induced NET formation

(Figures 3G and S6G). In addition, GC-induced NETs also de-

pended on cathepsin G activity (Figures 3G and S6G). Further-

more, using two separate ROS inhibitors, we found that ROS

were required for GC-induced NET formation, p38 MAPK phos-

phorylation, and cyclin D3 upregulation (Figures S6I–S6K).

Together, our data suggest a model in which GC-induced ROS

leads to cyclin D3 upregulation and p38 MAPK phosphorylation,

together increasing CDK4/6 activity, and culminating in NET

formation.

To determine the importance of neutrophil GR signaling for

NET formation in vivo, we generated mice with conditionally

deleted GRs in neutrophils: Mrp8-cre; Nr3c1fl/fl mice (hereafter,

‘‘GRDNeu mice’’) (Figures S7A–S7D). In contrast to neutrophils

from littermate GRWT (Nr3c1fl/fl) control mice, neutrophils from

stress-exposed GRDNeu mice did not show increased sponta-

neous NET formation ex vivo (Figure 3H). Moreover, corticoste-

rone, Dex, and GSK9027 failed to induce NET formation in neu-

trophils from GRDNeu mice (Figures 3I and S7E). Collectively, our

results show that GC-GR signaling altered neutrophil gene

expression, caused an abnormal diurnal aging phenotype, and

increased spontaneous NET formation during chronic stress.

Targeting stress-induced NETs rescues metastases
Wenext assessed additional effects of theGR on neutrophil phe-

notypes. GR deletion in neutrophils did not alter the percentage

of neutrophils in blood under normal conditions (Figure S7F).

Furthermore, whereas chronic stress reduced the lifespan of

circulating neutrophils, this effect was not GR dependent (Fig-

ure S7G). However, neutrophils from GRDNeu mice exhibited

increased migration and phagocytic ability in vivo (Figure S7H

and S7I). Next, we examined the expression of aging markers:

whereas CD62L levels were reduced after chronic stress in

wild-type mice (Figure S5J), neutrophils from stressed GRDNeu

mice had significantly higher CD62L expression than neutrophils

from stressed littermate GRWT mice (Figure S7J). Conversely,

whereas CXCR4 expression was increased in neutrophils from

stressed GRWT mice, CXCR4 expression was not significantly
Figure 3. Glucocorticoids induce NETs through the GR

(A) Gene Ontology (GO) term analysis of enriched pathways in bone-marrow-der

biological replicates).

(B, C) Heatmap of selected genes, including (B) circadian clock genes and ge

(C) oxidative and antioxidative genes. Color scale indicates log2 fold-change in tra

samples (n = 2 biological replicates, each pooled from two mice).

(D) ELISA analysis of plasma samples for corticosterone (left) and NETs (right) fr

sham surgery (n = 4–5 mice/group).

(E) NET formation assessed by immunofluorescence co-staining for anti-MPO and

under indicated conditions (veh: vehicle, GR inhibitor: alsterpaullone).

(F, G) NET release (quantified as % field of view [FOV] covered by NETs) of m

neutrophils were from 2 to 8 mice/group). The Veh, PMA, and Dex (1mm) groups

(H) Spontaneously formed NETs (yellow arrows) in ex vivo cultures of neutrophils

restraint stress (left: representative immunofluorescence staining; right: quantifica

were cultured in vitro as indicated, and NET formation was assessed and quantifi

Data are represented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.

comparisons test; I: two-tailed unpaired Student’s t test). See also Figures S4–S
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increased in stressedGRDNeumice (Figure S7K). Together, these

data suggest that neutrophils fromGRDNeumice did not undergo

the same abnormal, stress-induced diurnal aging as those from

GRWT mice. Furthermore, chronic stress did not induce fibro-

nectin deposition in the lungs of GRDNeu or neutrophil-depleted

wild-type mice (Figures 4A and 4B, S7L, and S7M). To test

whether the neutrophil GR is required for stress-induced metas-

tasis, GRWT and GRDNeu mice were orthotopically transplanted

with primary PyMT cells, allowing spontaneous cancer cell

dissemination. Loss of the GR in neutrophils did not affect

growth of the primary tumors prior to surgical resection and

stress exposure (Figure S7N). However, strikingly, GR deletion

in neutrophils abrogated chronic stress-induced lungmetastasis

from breast DCCs (Figure 4C) and pancreatic cancer metastasis

to the spleen (Figure S7O).

Considering the pro-metastatic effects of NETs23 and the GR-

dependent elevated NET levels observed in chronically stressed

mice, we tested whether NETs were required for stress-induced

metastasis. Treating stressed mice daily with NET-digesting

DNase I effectively decreased their NET levels in both lungs

and plasma (Figures 4D–4F). Furthermore, DNase I abolished

stress-induced fibronectin deposition in the lungs, without

affecting neutrophil infiltration (Figures 4E, 4F, and S7P), sug-

gesting that NETs are required for stressed-induced fibronectin

deposition. DNase I reduced experimental lung metastasis in

non-stressed control mice, confirming that NETs in the PyMT

model are pro-metastatic regardless of whether they are

stress-induced (Figure S7Q). In the spontaneous dissemination

model (Figure 4G), using mice with comparable tumor sizes at

the time of surgical removal (Figure S7R), DNase I-mediated

NET digestion reduced stress-induced lung metastasis:

compared to the highly proliferative metastases in the lungs of

stressed control mice, the DCCs in the lungs of DNase

I-treated stressedmicewere largely non-proliferating (Figure 4H),

and DNase I caused a striking reduction in stress-induced

metastasis (Figures 4H–4J). Similarly, stress-induced pancreatic

cancer metastasis to the spleen was reduced by DNase I

(Figures S7S, and S7T).

To our knowledge, there have been no clinical studies linking

stress, GC levels, and NETs with cancer patient outcomes. A

key barrier to such an analysis is the circadian fluctuations of

plasma GC levels: it is impractical to synchronize plasma
ived neutrophils with or without dexamethasone (Dex) treatment for 4 h (n = 2

nes related to migration and inflammation/survival (categorized as in29) and

nscripts per million (TPM) for each gene relative to the average TPM of control

om control and stressed mice (21 days) subjected to adrenalectomy (AGX) or

anti-histone H2B, with DAPI staining, of mouse neutrophils cultured overnight

ouse neutrophils cultured under indicated conditions (dots represents FOV,

are shown in both panels (F) and (G) for easier comparison.

isolated from the blood of mice of indicated genotype after 14 days of chronic

tion [n = 4 mice/group]). (I) Mouse neutrophils frommice of indicated genotype

ed as in (E) and (F) (dots represents FOV, neutrophils were from 2 mice/group).

0001; N.S., not significant (D, F, G, H: one-way ANOVA with Dunnett’s multiple
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collection times with individual patients’ diurnal rhythms. To

explore associations between molecular indicators of stress

exposure and breast cancer patient survival, we generated a

‘‘chronic stress exposure’’ gene signature. As our RNA-seq

analysis of lung tissue showed that the stress-induced downre-

gulation of pathways and genes was more pronounced than the

upregulation (Figure 2A), we focused on downregulated genes.

The signature comprised the top 50 highest-expressed genes

among the top 100 downregulated genes when comparing

the primary tumors of control and chronic restraint stress-

exposed mice (Figures S7U–S7W, additional details in STAR

Methods). We found that patients with breast cancer whose tu-

mors exhibited the chronic stress-exposed gene expression

signature (with low expression of the stress-downregulated

genes) had reduced overall survival (Figure 4K). The reduced

overall survival was notable for patients with breast cancer pos-

itive for the estrogen receptor and progesterone receptor, but

did not reach significance for patients with human epidermal

growth factor receptor 2 positive (p = 0.059) or triple-negative

breast cancers (Figure 4K).

In summary, our data reveal that chronic stress exposure

drives metastasis through the release of GCs. These GCs estab-

lish a pro-metastatic microenvironment by inducing neutrophils

to form NETs.

DISCUSSION

Here, we used two mouse models that have been used exten-

sively in studies of stress-related disorders25,41,42 to demon-

strate that chronic stress increases metastasis. A key driver of

stress-induced metastasis was GCs, through their effects on

neutrophils. This finding agrees with prior reports that elevated

GCs promote metastasis6,11 and immune dysfunction.43–46 We

identified NETs as a critical factor in stress-induced metastasis.

Importantly, the presence of NETs in the lungs and liver has been

associated with the subsequent development of metastases in

breast cancer patients,20 and it is now clear that NETs promote

metastasis throughmultiple parallel mechanisms (reviewed in He

et al. and Adrover et al.23,24).

We showed that theGR is required for stress-induced NET for-

mation and identified several GC-activated downstream target

genes in neutrophils. It is unclear which GR target(s) mediate

NET formation, but we note that inhibitors of CDK4/6, cathepsin

G, and ROS all blocked GC-induced NET formation. PAD4 is
Figure 4. Glucocorticoid-induced NETs are required for stress-induce

(A, B) Representative fibronectin immunofluorescence staining (A) and quantificat

subjected to chronic restraint stress for 21 days (n = 3–4 mice/group).

(C) Number of lung metastatic lesions and total lung metastatic burden of mice wi

chronic restraint stress for 49 days (experimental design as in Figure 2D; n = 10–

(D–F) Stress-inducedNET formation in the lungs ofmice (D), detected by immunofl

primary tumor resection). (E) Representative fibronectin immunofluorescence stai

NET plasma levels (left) and lung fibronectin expression (right) of mice treated as

(G) Schematic of spontaneous dissemination model combined with chronic restr

(H–J) (H) Representative H&E staining (upper row) and immunofluorescence for pr

(I) Lung metastatic lesions and (J) total metastatic burden at endpoint (see G) (n

(K) Kaplan-Meier plots of the overall survival of breast cancer patients with high (b

by subtypes using data from the Kaplan-Meier Plotter (http://www.kmplot.com/,

represented asmean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; N.S

C, F, G, I, J: one-way ANOVA with Tukey’s multiple comparison test). See also F
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classically required for NET formation, but inhibiting it had no ef-

fect on GC-induced NETs, in agreement with a previous report

that neutrophils promote stress-induced metastasis indepen-

dently of PAD4.44

Stress had multiple effects on neutrophils. The percentage of

neutrophils, relative to other white blood cells, increased in the

circulation, and myeloid progenitor cell populations in the bone

marrow expanded. Other effects of stress on neutrophils

included abnormal diurnal rhythm and increased NET formation;

future studies are needed to determine whether the abnormal

diurnal rhythms of neutrophils, and potentially other immune

cells, promote metastasis. Most of the observed effects of

stress, including NET formation, depended on neutrophil GR

expression. However, the chronic stress-induced reduction in

neutrophil lifespan was GR independent, highlighting that

chronic stress affects the host via additional mechanisms be-

sides GR activation. We note that GCs’ effects may be cell-

type dependent, as GCs can inhibit intracellular ROS production

in some cell types,47,48 while increasing ROS production in neu-

trophils (this study), cancer cells,49 chondrocytes,50 and hippo-

campal tissue.51,52

In the metastatic niche, the adaptive immune system can pre-

vent cancer cells from formingmetastases.17GCs have previously

been shown to play a tumor-promoting role by reducing T cell infil-

tration,45 but we found that GCs did not act directly on T cells to

promote stress-induced metastasis. Rather, GC-stimulated neu-

trophils may inhibit cytotoxic T cell activation—an idea supported

byprevious reports that neutrophils canpromotemetastasisby in-

hibiting T cell-mediated immunosurveillance.19,33,53 In addition to

being immunosuppressive, the pro-metastatic niche is character-

izedby vascular leakiness, bone-marrow-derived cell recruitment,

and ECM alterations.12,54 In the lungs of stressed animals, we

observed an accumulation of fibronectin, which promotes the

adhesion of bone-marrow-derived cells and cancer cells in the

pro-metastatic niche.28 We found that stress-induced fibronectin

protein expression in the lung was associated with fibroblasts,

yet, specifically depended on GR expression in neutrophils and

on NETs. This result suggests that NETs stimulate fibroblasts to

secrete fibronectin. Therefore, targeting NETs could have broad,

normalizing effects on the lung microenvironment. Moreover,

reducing the elevated plasma levels of NETs observed during

chronic stress may also be beneficial, as NETs in blood can sup-

port circulating cancer cells, damage the endothelium, and cause

blood clots.55–58
d lung metastasis

ion of staining (B) in the lungs of mice with indicated genotype, subjected or not

th indicated genotype using the spontaneous dissemination model followed by

14 mice/group).

uorescence staining (yellow arrows indicate NETs; lungs analyzed 24 days after

ning in the lungs of non-tumor-bearing mice, treated as indicated for 21 days (F)

depicted in (G) (left: n = 4 mice/group; right: n = 3 mice/group).

aint stress and DNase I treatment.

oliferating (Ki67+) PyMT cancer cells (bottom row) in lungs at endpoint (see G).

= 8–17 mice/group).

lack line) or low (red line) ‘‘chronic stress exposure gene signature’’ segmented

n is indicated in each plot, and subtypes are specified in the figure). Data are

., not significant (B: one-way ANOVAwith Dunnett’s multiple comparisons test;

igure S7.

http://www.kmplot.com/
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Similar to chronic stress, cellular aging is also associated with

cancer progression59,60 and chronic inflammation: so-called ‘‘in-

flammaging.’’61 Interestingly, inflammaging and chronic stress

share many phenotypes, including increased gut permeability,62

cellular senescence,63 and immune cell dysregulation.64 Addi-

tionally, neutrophils from aged mice, like stressed mice, have a

higher spontaneous NET formation rate ex vivo.65 These similar-

ities suggest that beyond the chronic stress context, NETs could

also be important targets in elderly cancer patients.

Altogether, our study strongly suggests that reducing stress

for cancer patients should be an integrated component of cancer

treatment. Additionally, our study has implications for the use of

synthetic GCs, which are widely used to overcome the side

effects of chemotherapy and to treat symptoms of advanced

cancer. Indeed, at least in mice, there is now ample evidence

that GCs can promote metastasis and reduce therapy re-

sponses.6,7,45,66 Thus, the possibility that stress and synthetic

GC treatment are detrimental to cancer patient survival warrants

further investigation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Glucocorticoid Receptor antibody (G-5) Santa Cruz Biotechnology Cat #sc-393232; RRID: AB_2687823

glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) antibody (0411)

Santa Cruz Biotechnology Cat #sc-47724; RRID: AB_627678

IRDye 800CW Goat anti-Mouse IgG

Secondary antibody

LI-COR Biosciences Cat #926-32210; RRID: AB_621842

IRDye 800CW Goat anti-Rabbit IgG Secondary antibody LI-COR Biosciences Cat #925-32211; RRID:AB_2651127

Human/Mouse Myeloperoxidase/MPO antibody R&D Systems Cat #AF3667; RRID: AB_2250866

Anti-Histone H3 (citrulline R2 + R8 + R17) antibody Abcam Cat #ab5103; RRID: AB_304752

Goat polyclonal anti-Neutrophil Elastase antibody Santa Cruz Biotechnology Cat #sc-9521; RRID: AB_2096537

Rat monoclonal anti-PyMT antigen Abcam Cat #ab15085; RRID: AB_301631

Alexa Fluor� 488 donkey anti-rabbit IgG

secondary antibody

Thermo Fisher Scientific Cat #A21206; RRID: AB_2535792

Alexa Fluor� 568 donkey anti-goat IgG

secondary antibody

Thermo Fisher Scientific Cat #A11057; RRID: AB_2534104

Alexa Fluor� 488 donkey anti-mouse IgG

secondary antibody

Thermo Fisher Scientific Cat #A21202; RRID: AB_141607

Alexa Fluor� 488 donkey anti-rat IgG

secondary antibody

Thermo Fisher Scientific Cat #A21208; RRID: AB_2535794

Alexa Fluor� 647 donkey anti-rat IgG

secondary antibody

Thermo Fisher Scientific Cat #A48272; RRID: AB_2893138

Ki-67 (D3B5) Rabbit mAb (monoclonal antibody)

(Alexa Fluor� 647 Conjugate)

Cell Signaling Technology Cat #12075; RRID: AB_2728830

Alpha smooth muscle actin antibody (Cy3 Conjugated) Sigma Cat #C6198; RRID: AB_476856

PDGFR-alpha antibody Thermo Fisher Scientific Cat #14-1401-82; RRID: AB_467491

Fibronectin monoclonal antibody (FBN11) Thermo Fisher Scientific Cat #MA5-11981; RRID: AB_10982280

Neutrophil Elastase antibody (G-2) Santa Cruz Biotechnology Cat #sc-55549; RRID: AB_831596

anti-DNA-peroxidase conjugated antibody Sigma Cat #11544675001; RRID: AB_3068343

Glucocorticoid Receptor antibody Thermo Fisher Scientific Cat #MA1-510; RRID: AB_325427

Glucocorticoid Receptor antibody Thermo Fisher Scientific Cat #PA1-511A; RRID: AB_2236340

Glucocorticoid Receptor antibody Abcam Cat #ab3671; RRID: AB_2236351

Cyclin D3 antibody Cell Signaling Technology Cat #2936; RRID: AB_2070801

CDK4 antibody GeneTex Cat #GTX102993; RRID: AB_1949951

CDK6 antibody Abcam Cat #Ab54576; RRID: AB_940952

Phospho-p38 MAPK (Thr180/Tyr182) antibody Cell Signaling Technology Cat #9211; RRID: AB_331641

p38 MAPK antibody Cell Signaling Technology Cat #8690; RRID: AB_10999090

HSP90 antibody Cell Signaling Technology Cat #4874; RRID: AB_2121214

Alexa Fluor� 647 anti-mouse CD3 antibody BioLegend Cat #100209; RRID: AB_389323

Purified anti-mouse CD3ε antibody BioLegend Cat #100302; RRID: AB_312666

Biotin anti-mouse CD3 antibody BioLegend Cat #100244; RRID: AB_2563947

FITC anti-mouse CD4 antibody BioLegend Cat #100510; RRID: AB_312713

APC/Cy7 anti-mouse Ly6C antibody BioLegend Cat #128026; RRID: AB_10640120

FITC anti-mouse CD69 antibody BioLegend Cat #104505; RRID: AB_313108

PE Rat Anti-CD11b Clone M1/70 (RUO) antibody BD Biosciences Cat #557397; RRID: AB_396680

PE/Cy7 anti-mouse CD11c antibody BioLegend Cat #117318; RRID: AB_493569

PE anti-mouse gdTCR antibody BioLegend Cat #107507; RRID: AB_345265

(Continued on next page)

Cancer Cell 42, 474–486.e1–e12, March 11, 2024 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FITC anti-mouse CD8a antibody BioLegend Cat #100706; RRID: AB_312745

APC anti-mouse CD8a antibody BioLegend Cat #100711; RRID: AB_312750

FITC anti-mouse Granzyme B antibody BioLegend Cat #515403; RRID: AB_2114575

anti-mouse CD137 antibody BioLegend Cat #106105; RRID: AB_2287565

anti-mouse IFN-g antibody BioLegend Cat #505807; RRID: AB_315401

FITC anti-mouse Ly6G antibody BioLegend Cat #127605; RRID: AB_1236488

Alexa Fluor� 488 anti-mouse CD62L antibody BioLegend Cat #104420; RRID: AB_493377

CD184 (CXCR4) monoclonal antibody (2B11) eBioscience� Cat #14-9991-82; RRID: AB_842770

APC anti-mouse CD326 (EpCAM) antibody BioLegend Cat #118214; RRID: AB_1134102

Anti-Ly6G MicroBeads Miltenyi Biotec Cat #130-120-337; RRID: AB_3086769

Anti-Biotin Microbeads Miltenyi Biotec Cat #130-090-485; RRID: AB_244365

InVivoMAb anti-mouse Ly6G antibody Bio X Cell Cat #BE0075-1; RRID: AB_1107721

InVivoMAb rat IgG2a isotype control antibody Bio X Cell Cat #BE0089; RRID: AB_1107769

Chemicals, peptides, and recombinant proteins

Growth factor reduced Matrigel Corning Cat #356231

2-mercaptoethanol Gibco Cat #31350010

Collagenase/hyaluronidase STEMCELL Technologies Cat #07912

DNase I (for in vivo mouse models) Roche Cat #4716728001

Dispase STEMCELL Technologies Cat #07913

Collagenase D Sigma Cat #11088866001

DNase I (for tissue digestion) Sigma Cat #045362820

Liberase DL Sigma Cat #05466202001

TrypLE Express Enzyme Gibco Cat #12605010

Taqman� Universal Master Mix II, no UNG Applied Biosystems Cat #4440040

RIPA lysis buffer Thermo Fisher Scientific Cat #89990

Protease and phosphatase inhibitor Thermo Fisher Scientific Cat #78440

Protease inhibitor cocktail Sigma Cat #P8340

Fc receptor blocker Innovex Cat #NB309

Goat serum Dako Cat #X0907

Anti-fade mounting medium Thermo Fisher Scientific Cat #P36961

Sheep anti-rabbit IgG Dynabeads Thermo Fisher Scientific Cat #11203D

DAPI (40,6-Diamidino-2-Phenylindole, Dihydrochloride) Thermo Fisher Scientific Cat #D1306

Triton X-100 Thermo Fisher Scientific Cat #BB151-500

Bovine serum albumin (BSA) Sigma Cat #A3294

Percoll GE Healthcare Cat #17-0891-02

Polymorphprep ProteoGenix Cat #1114683

ACK Lysing Buffer Thermo Fisher Scientific Cat #A1049201

Hanks’ Balanced Salt Solution Thermo Fisher Scientific Cat #14175

Dulbecco’s phosphate-buffered saline (DPBS) Thermo Fisher Scientific Cat #14190250

alamarBlue� reagent Thermo Fisher Scientific Cat #DAL1025

TRIzol� Reagent Thermo Fisher Scientific Cat #15596026

Gibco� Puromycin Dihydrochloride Fisher Scientific Cat #A1113803

Blasticidin S HCl Thermo Fisher Scientific Cat #A1113903

2x Laemmli sample buffer Bio-Rad Laboratories Cat #1610737

Tissue-Tek� O.C.T. Compound Sakura Finetek USA Cat #4583

GSK9027 Tocris Cat #4116

Corticosterone Sigma Cat #27840

Dexamethasone Sigma Cat #D2915

PMA (phorbol 12-myristate 13-acetate) Sigma Cat #16561-29-8

GSK484 (PAD4 inhibitor) Cayman Chemical Cat #17488

(Continued on next page)
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Palbociclib Selleck Chemicals Cat #PD-0332991

Abemaciclib Selleck Chemicals Cat #LY2835219

Cathepsin G inhibitor I EMD Millipore Cat #219372

Apocynin Sigma Cat #498-02-2

NAC (N-Acetyl-L-cysteine) Sigma Cat #A7250

Alsterpaullone Tocris Cat #6400

a-Amanitin Sigma Cat #A2263

Formaldehyde Pierce Cat #PI28908

AMPure XP beads Beckman Coulter Cat #A63881

Corticosterone pellet (15 mg, 60 days) Innovative Research of America Cat #SG-111

Placebo pellet (15 mg, 60 days) Innovative Research of America Cat #SC-111

Zymosan A from S. cerevisiae Sigma Cat #58856-93-2

Zymosan A (S. cerevisiae) BioParticles�,

Alexa Fluor� 488 conjugate

Thermo Fisher Scientific Cat #Z23373

Critical commercial assays

RNeasy Mini kit Qiagen Cat #74104

Fixation/Permeabilization Solution Kit BD Biosciences Cat #554714

llumina TruSeq RNA library prep kit v2 Illumina Cat #RS-122-2001,

Illumina TruSeq ChIP library prep kit Illumina Cat #IP-202-1012

MinElute PCR purification kit Qiagen Cat #28004

Mouse on Mouse (M.O.M.) detection kit Vector Laboratories Cat #BMK-2202

Naive CD4+ T Cell Isolation Kit, mouse Miltenyi Biotec Cat #130-104-453

Naive CD8a+ T Cell Isolation Kit, mouse Miltenyi Biotec Cat #130-104-075

Proteome Profiler Mouse XL Cytokine

Array Kit

R&D Systems Cat #ARY028

Cell Death Detection ELISA Kit Roche Cat #11774425001

TaqMan Reverse Transcription Reagents Invitrogen Cat #N8080234

Corticosterone ELISA assay IBL International GmbH Cat #RE52211

In Vivo EdU Flow Cytometry 50 Kit 488 Sigma Cat #BCK488-IV-FC-S

DCFDA/H2DCFDA – Cellular ROS Assay Kit Abcam Cat #ab113851

Deposited data

High-throughput sequence database This paper GSE: GSE247144

Experimental models: Cell lines

Mouse: C57BL/6-PyMT cell line This paper N/A

Mouse: PyMT-Cas9 cell line This paper N/A

Mouse: PyMT-Cas9-SgRosa cell line This paper N/A

Mouse: PyMT-Cas9-SgNr3c1-#1 cell line This paper N/A

Mouse: PyMT-Cas9-SgNr3c1-#2 cell line This paper N/A

Mouse: PDA FC1245 cell line David A. Tuveson N/A

Human: HEK293T cell line Cold Spring Harbor Laboratory

shared resource

N/A

Experimental models: Organisms/strains

MMTV-PyMT mice (on C57BL/6 background) Jackson Laboratory Cat #022974; RRID: IMSR JAX:022974

Mrp8-Cre mice Jackson Laboratory Cat #021614; RRID: IMSR JAX:021614

Nr3c1flox/flox mice Jackson Laboratory Cat #021021; RRID: IMSR JAX:021021

Lck-iCre mice Jackson Laboratory Cat #012837; RRID: IMSR JAX:012837

C57BL/6J mice Jackson Laboratory Cat #000664; RRID: IMSR JAX:000664

Oligonucleotides

Taqman Probe for mouse Nr3c1 Thermo Fisher Scientific Mm00433833_mH

(Continued on next page)
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Taqman Probe for mouse Tbp Thermo Fisher Scientific Mm01277042_m1

Taqman Probe for mouse Actb Thermo Fisher Scientific Mm04394036_g1

Taqman Probe for mouse Cxcl1 Thermo Fisher Scientific Mm04207460_m1

Taqman Probe for mouse Cxcl2 Thermo Fisher Scientific Mm00436450_m1

Taqman Probe for mouse Cxcl5 Thermo Fisher Scientific Mm00436451_g1

Taqman Probe for mouse Mmp3 Thermo Fisher Scientific Mm00440295_m1

Primers for ChIP-qPCR assay, see Table S1 This paper N/A

sgRNA for mouse Rosa This paper GAAGATGGGCGGGAGTCTTC

sgRNA for mouse Nr3c1 #1 This paper GTGTGCTCCGATGAAGCTTC

sgRNA for mouse Nr3c1 #2 This paper ATGACCACGCTCAACATGTT

Recombinant DNA

LentiV_Cas9_puro Tarumoto et al., 201869 Addgene, 108100

LRG2.1_Neo Tarumoto et al., 201970 Addgene, 125593

LRG2.1-GFP-P2A-BlastR Gao et al., 202371 N/A

Software and algorithms

RNA STAR Dobin et al., 201372 https://github.com/alexdobin/STAR/releases

FeatureCounts Liao et al. 201473 https://subread.sourceforge.net/

featureCounts.html

DESeq2 Love et al., 201474 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

Bowtie2 Langmead and Salzberg 201275 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

GSEA Subramanian et al., 200576 https://www.gsea-msigdb.org/gsea/index.jsp

Kallisto Bray et al., 201677 https://github.com/pachterlab/kallisto

deepTools Ramı́rez et al., 201678 https://deeptools.readthedocs.io/en/develop/

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad PRISM (version 9) GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Leica LAS X software Leica Microsystems https://www.leica-microsystems.com/

products/microscope-software/p/leica-

las-x-ls/downloads/

FlowJo� (v10.6.2) BD Biosciences https://www.flowjo.com/solutions/flowjo/

downloads

Aperio ImageScope Leica Microsystems https://www.leicabiosystems.com/us/

digital-pathology/manage/aperio-imagescope/

Other

96-well Enzyme ImmunoAssay/Radio

Immuno-Assay (EIA/RIA) plates

Costar Cat #3590

Reflex 7 mm wound clips CellPoint Scientific Cat #203-1000

PVDF membrane Bio-Rad Cat #1620177

Corning� Falcon� 50 mL Conical Centrifuge Tubes Corning� Cat #14-432-22

Computerized video tracking system Noldus Ethovision XT 5.1

Poly-L-lysine-covered 8-well m-Slides Ibidi Cat #80827

Falcon� 40 mm Cell Strainer Fisher Scientific Cat #352340

Falcon� 70 mm Cell Strainer Fisher Scientific Cat #352350

Falcon� 100 mm Cell Strainer Fisher Scientific Cat #352360

U-100 BD Ultra-Fine� Short Insulin Syringes VWR Cat #BD328438

BD Ultra-Fine� 6mm x 31G insulin syringes VWR Cat #75796-482

ll
Report

e4 Cancer Cell 42, 474–486.e1–e12, March 11, 2024

https://github.com/alexdobin/STAR/releases
https://subread.sourceforge.net/featureCounts.html
https://subread.sourceforge.net/featureCounts.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://www.gsea-msigdb.org/gsea/index.jsp
https://github.com/pachterlab/kallisto
https://deeptools.readthedocs.io/en/develop/
https://imagej.nih.gov/ij/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/downloads/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/downloads/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/downloads/
https://www.flowjo.com/solutions/flowjo/downloads
https://www.flowjo.com/solutions/flowjo/downloads
https://www.leicabiosystems.com/us/digital-pathology/manage/aperio-imagescope/
https://www.leicabiosystems.com/us/digital-pathology/manage/aperio-imagescope/


ll
Report
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mikala

Egeblad (mikala.egeblad@jhmi.edu).

Materials availability
Plasmids and vectors used in this study are available at Addgene (LentiV_Cas9_puro, #108100, and LRG2.1_Neo, #125593). Mouse

lines used in this paper are all available at Jackson Lab, as listed in the key resources table. Mouse C57BL/6-PyMT cell line generated

in this study is available upon request to David Spector. Mouse C57BL/6-PyMT-Cas9-SgNr3c1/SgRosa cell lines are available upon

request to Xue-Yan He.

Data and code availability
RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession number is listed in the

key resources table. This paper does not report original code. Any additional information required to reanalyze the data reported in

this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mousemammary tumor virus (MMTV)-polyomamiddle T antigen (PyMT) mice (on C57BL/6 background [hereafter referred to as ‘‘BL/

6’’]) were bred at Cold Spring Harbor Laboratory (CSHL).Mrp8-Cre (#021614), Nr3c1flox/flox (#021021), and Lck-iCre (#012837) mice

were purchased from The Jackson Laboratory and bred at CSHL. To generate GR conditional neutrophil knockout (KO) mice,

we crossed Nr3c1flox/flox mice67 with Mrp8-Cre mice, which express Cre in neutrophils,68 resulting in GRDNeu mice (short for

Mrp8-cre; Nr3c1fl/fl mice). To generate GR conditional T cell KO mice, we crossed Nr3c1fl/fl mice with Lck-iCre mice, resulting in

GRDT mice (short for Lck-iCre; Nr3c1fl/fl mice). Female BL/6 experimental mice (aged 6–8 weeks) were purchased from The Jackson

Laboratory and acclimated to the animal facility for one week prior to initiating experiments. Mice were housed in conventional

facilities with food and water available ad libitum.

All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at CSHL and were conducted

in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.

Generation of the C57BL/6-PyMT cell line
To generate the PyMT cell line, a single cancer cell suspension was first obtained from primary tumors (see detailed protocol

described in ‘‘isolation of primary cancer cells from breast tumors of mice’’ section below), then plated in a 10-cm petri dish

(2x106) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL

penicillin, and 100 mg/mL streptomycin. Adherent PyMT cancer cells were dissociated with TrypLE Express Enzyme (1x, Thermo

Fisher Scientific #12605010) and passaged to a new plate when the cells reached 90% confluency. They were then re-passaged until

stable growth of the cells was achieved, at which point, a population of EpCAM+ cancer cells was obtained by fluorescence-acti-

vated cell sorting (FACS).

Tumor mouse models
For the classical, genetically engineered MMTV-PyMT breast cancer mouse model, tumor onset was defined when the first tumor

became palpable (only female mice were used). Upon detection of tumors, MMTV-PyMTmice were randomly assigned to the control

or stress-exposed groups, and tumor growth was measured weekly thereafter. Tumor length and width were measured with a

caliper, and tumor volume was calculated as (length x width2)/2. MMTV-PyMT mice develop multiple mammary tumors, so the total

tumor volume was calculated as the sum of the volumes of all tumors per mouse. Mice were sacrificed at endpoint (13 weeks after

tumor onset), or when any of the tumors reached 20 mm on longest diameter or ulcerated.

For the orthotopic transplanted MMTV-PyMT breast cancer model, freshly isolated primary cancer cells from MMTV-PyMT mice

(see ‘‘isolation of primary cancer cells from breast tumors of mice’’ below for details) were resuspended on ice in 1:1 PBS/growth

factor-reduced Matrigel (#356231, Corning). Cancer cells (2.5x105 in 20 ml) were injected orthotopically into each of the two inguinal

mammary glands of female BL/6 mice using a 31G insulin syringe (thus resulting in two tumors per mouse, one on each side). Tumor

sizes were measured weekly by a caliper, and tumor volumes were calculated as described above.

For the surgical tumor-removal model, female BL/6 host mice were first orthotopically transplanted with freshly isolated MMTV-

PyMT primary cancer cells in both inguinal mammary glands. When the primary tumors reached approximately 8 mm in diameter,

after 3 to 4weeks, surgery was performed to remove the tumors. Briefly, tumor-bearingmicewere anesthetizedwith 2.5% isoflurane,

and the fur on the skin above and around the tumor sites was shaved. An incision was made to the skin next to the tumor. Tumors

were surgically removed from the mammary glands on both sides, and the surgical wound was closed by wound clips. Fifty-two (52)

days after the surgery, themicewere euthanized, the lungswere collected, andmetastatic burdenwas assessed as described below.
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For the experimental lung metastasis model, freshly isolated MMTV-PyMT primary cancer cells, or PyMT cells (expressing Cas9

and indicated sgRNAs, see below) were washed, resuspended in Dulbecco’s phosphate-buffered saline (DPBS), and injected intra-

venously through the tail vein into female host BL/6 mice (1x106 in 100 ml of DPBS). All mice were euthanized 3 weeks after injections,

and lungs were collected for analysis of metastasis.

For the experimental lung metastasis model combined with the chronic unpredictable mild stress (CUMS) model, 0.75x106 PyMT

cells in 100 ml of DPBSwere injected intravenously through the tail vein of female host BL/6mice. Behavioral tests (elevated plusmaze

and open field tests) were done on day 22 (see ‘‘Behavior tests’’ below). All mice were euthanized 23 days after injection, and blood

and lungs were collected for corticosterone ELISA and analysis of metastatic burden, respectively.

For the orthotopic pancreatic cancer model, murine pancreatic ductal adenocarcinoma (PDA) FC1245 cells (1x105 in 50 ml of 1:1

PBS/growth factor-reducedMatrigel [#356231, Corning]) were orthotopically transplanted into the tail of the pancreas of female BL/6

mice. After 2 weeks, pancreatic tumors and spleens were harvested for metastasis analyses.

Physical restraint stress mouse model
Mice were exposed to physical restraint stress as previously described.69 Briefly, female mice were restrained in individual, home-

made 50 mL Falcon tubes with air holes for 2 hours per day. Mice could move backward and forward slightly in the restraining tube.

For the classical MMTV-PyMT breast cancer model, stress exposure was started when the tumor became palpable. For the surgical

tumor-removal model, stress exposure was started 3 days after surgical removal of the primary tumors. For the experimental lung

metastasis model and the orthotopic pancreatic cancer model, stress exposure was started the day after cancer cell injection.

When a model included DNase I or antibody treatment, DNase I (300 units/mouse/daily for the breast cancer model and 300

units/mouse/twice daily for the pancreatic cancer model), IgG control antibody (200 mg/mouse in 200 ml of PBS), or Ly6G depleting

antibody (200 mg/mouse in 200 ml of PBS) was injected intraperitoneally right before stress exposure on the days indicated in the

figure legends.

Chronic unpredictable mild stress (CUMS) model
Female BL/6 mice were exposed to CUMS starting on the day following intravenous injection of PyMT cells (see ‘‘tumor mouse

models’’ section). Animals in the CUMS cohort were subjected to two stressors per day, for 21 consecutive days. The stressors

were based on published models of CUMS,8,26,27 selected randomly among the following list (also see Figure S1K): tail pinch (5 mi-

nutes, 1 cm from the distal portion of the tail); physical restraint, where mice were placed in a 50 mL tube for 30 minutes; cold swim-

ming (3minutes at 4�C); noise stress (80 decibels of white noise for 30minutes); food deprivation (overnight); water deprivation (over-

night); moist bedding (3–4 hours); removal of all bedding (3–4 hours); removal of all bedding and the addition of 30�CH2O (3–4 hours);

30� cage tilt (12 hours); stroboscopic lights (overnight); and overnight illumination, where mice were exposed to regular room light

during the night period. Several of these stressors disrupt normal circadian rhythms. Of note, all mice from the CUMS group

(n=15) received the same combination of stressors every day. No individual stressor was repeated on two consecutive days. Animals

in the control groupwere injected with the same cancer cells at the same time as the CUMS-exposedmice, but were not subjected to

any of the stressors. Mice were subjected to the CUMS protocol until day 21, behavioral tests were done on day 22, and blood and

tissue for analysis were collected on day 23.

METHOD DETAILS

Isolation of primary cancer cells from breast tumors of mice
We recently reported a detailed, step-by-step protocol for isolating primary cancer cells from PyMT tumors.70 Briefly, primary tumors

(6–8 mm in diameter) fromMMTV-PyMTmice were mechanically dissociated and digested in 1x collagenase/hyaluronidase solution

(10X Solution; STEMCELL Technologies), diluted in Roswell Park Memorial Institute (RPMI) 1640 medium containing DNase I

(4 U/mL) and 5% FBS at 37�C for 2 hours. The dissociated tissue was subjected to pulse centrifugation (450 3 g) in DPBS supple-

mented with 5% FBS three times. The cancer organoids in pellets obtained after the last centrifugation were further dissociated

into single cells with TrypLE Express Enzyme (1x, Thermo Fisher Scientific #12605010) containing DNase I (4 U/mL) at 37�C for

15 minutes. The resulting cancer cell suspension was passed through a 40-mm cell strainer (BD Biosciences) to enrich for single cells

and was washed twice with DPBS.

Behavioral tests
On day 22 of the CUMS protocol, both control and CUMS-exposed mice were subjected to the elevated plus maze (EPM) and open

field (OF) tests to evaluate their anxiety levels. The apparatus used for the EPM test consisted of two ‘‘open’’ arms (30 x 5 x 2 cm) and

two ‘‘closed’’ arms (30 x 5 x 15 cm), forming a cross. The arms were separated by a central platform (5 x 5 cm), and the maze was

elevated 60 cm above the floor. Mice were placed on the central platform facing one of the open arms.71 Behavior was monitored

using a USB 1080p camera connected to a computerized video tracking system (Ethovision XT 5.1, Noldus). The apparatus was

cleaned thoroughly between each trial. The number of entries into and time spent in the open and closed arms were measured.

The OF test was performed in a nontransparent box (43 x 43 x 40 cm). Mice were placed in one of the corners of the arena at the

start of each session. The center zone was set to 21 x 21 cm in the middle of the arena. Mice explored the arena for 5 minutes while

being monitored using a USB 1080p web camera connected to a computerized video tracking system (Ethovision XT 5.1, Noldus).
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The arena was cleaned thoroughly between each trial. Total number (frequency) of center entries and time spent (duration) in the cen-

ter zone were measured in OF test. For the EPM test, the time spent (duration) in the closed arms (CA) and open arms (OA), as well as

the number of entries (frequency) into both arms were measured.

Cell culture
The PyMT cell line was established as described above. The murine PDA FC1245 cell line (generated from a female KPC [KrasG12D/+,

p53R172H/+, Pdx1-Cretg/+] mouse) was kindly provided by Dr. David A. Tuveson. HEK293T cells were obtained from the CSHL Tissue

Culture Facility. PyMT-Cas9-sgRNA cell lines were generated and selected with antibiotics, as noted in the ‘‘CRISPR/Cas9-mediated

gene editing’’ section below. All of the cell lines were cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and

100 mg/mL streptomycin. Cultured cells were tested repeatedly for mycoplasma over the course of this study and remained negative

for the duration of the study.

Lung metastasis analysis
Lungs were collected and fixed in 4% paraformaldehyde (PFA) at 4�C overnight, and then washed with PBS three times (for 10 mi-

nutes each time). The number of metastatic lesions was counted under a stereoscope (ZEISS SteREO Discovery.V8). Then, the lung

lobes were removed from the trachea, processed for histology, and embedded together in paraffin for full, cross-sectional profile

cuts. The area of metastatic burden was determined on hematoxylin & eosin (H&E)-stained slides using Aperio eSlide Capture De-

vices software (Leica Biosystems). Metastatic burden was calculated as the percentage metastatic area of total lung area evaluated.

Isolation of mouse neutrophils from bone marrow
Mouse neutrophils were isolated from the bone marrow of 8-week-old female BL/6 mice as previously described.22 Briefly, bone

marrow was flushed from both femurs and tibias with 1x Hanks’ Balanced Salt Solution (HBSS) using a syringe with a 26G needle.

After washing the bone marrow cells once with 1x HBSS, the cells were resuspended in ammonium-chloride-potassium (ACK) lysis

buffer for 3 minutes on ice. The cells were then washed twice with 1x HBSS and resuspended in 2 mL of HBSS. Neutrophils were

isolated by density gradient separation. The density gradient was made by layering 2 mL of bone marrow cells on top of 3 mL of

62% Percoll (#17-0891-02, GE Healthcare) on top of 3 mL of 81% Percoll in a 15 mL Falcon tube, followed by centrifugation at

2,500 3 g for 20 minutes at 4�C. Neutrophils were then taken from the middle interface, washed in HBSS, and resuspended in

serum-free DMEM before use in the assays described below.

In vitro NET formation assay
The neutrophils isolated from bone marrow by density gradient separation were used for the NET formation assay in vitro. Briefly,

250,000 neutrophils per well were cultured overnight on poly-L-lysine-coated coverslips (#354085, Corning) in a 24-well plate in

DMEM supplemented with 0.5% FBS and other stimulators (vehicle, phorbol 12-myristate 13-acetate [PMA], corticosterone,

GSK9027, dexamethasone). NET inhibitors (the PAD4 inhibitor GSK484 [10 mM], the glucocorticoid receptor and pan-kinase inhibitor

alsterpaullone [10 mM], the CDK4/6 inhibitors palbociclib [10 mM] and abemaciclib [10 mM], cathepsin G inhibitor I [2 mM], transcrip-

tional inhibitor a-Amanitin [10 mM], DNase I (0.02U), and the reactive oxygen species (ROS) inhibitors N-acetyl-l-cysteine [5 mM] and

apocynin [1 mM, 5 mM]) were added to the medium 30 minutes before neutrophil activation. To assess NET formation, coverslips

were fixed 20 hours after initiating NET induction with 4%PFA for 10minutes at room temperature, followed by 10minutes of washing

in PBS (three times), 5 minutes of permeabilization with PBS containing 0.5% Triton X-100 (#BB151-500, Thermo Fisher Scientific),

and 60 minutes of blocking with PBS containing 1% bovine serum albumin (BSA, #A3294, Sigma). The coverslips were then incu-

bated with primary antibodies: anti-histone H2B (1:250, Abcam) and anti-myeloperoxidase (MPO, 1:100, Dako) in blocking buffer

overnight at 4�C. After rinsing twice with PBS, slides were stained with fluorochrome-conjugated secondary antibodies (1:400,

Thermo Fisher Scientific) and DAPI (10 mg/mL; D1306, Thermo Fisher Scientific) for 1 hour at room temperature. Coverslips were

mounted onto glass slides facing down with anti-fade mounting medium (P36961, Thermo Fisher Scientific). Images were taken

at 40x magnification using a Leica TCS SP8 confocal microscope and processed with Leica LAS X software. NET-forming ability

was determined as the percentage of the field of view positive for the merged signal of DAPI, MPO, and histone, as previously

described.21

Isolation, culturing, and in vitro NET formation of human neutrophils
Human neutrophils were isolated from the peripheral blood of healthy donors with Polymorphprep (#1114683, ProteoGenix), accord-

ing to the manufacturer’s instructions. The lower leukocyte band was collected, and associated red blood cells were lysed with ACK

lysis buffer. Purified neutrophils were counted and seeded to m-Slide 8Well Poly-L-Lysine (#80824, Ibidi), at a concentration of 1x105

neutrophils/well in 100 ml of serum-free DMEM. Seeded neutrophils settled for 30minutes before proceeding. Then, another 100 ml of

serum-free DMEM containing stimulators was added to each well at the concentrations indicated on the figures (vehicle, GSK9027,

dexamethasone). To assess NET formation, chamber slides were fixed 20 hours after initiating NET formation using 4% PFA, for

10 minutes at room temperature. This step was followed by processing, staining, and quantification, as described above for mouse

neutrophils in the ‘‘in vitro NET formation assay’’ section.
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Spontaneous NET formation in vitro

Whole blood samples from cheek bleeding were used for the spontaneous NET formation protocol.72 Briefly, after lysing the red

blood cells with ACK lysis buffer, 5x104 of the total white blood cells collected were plated on poly-L-lysine-covered 8-well m-Slides

(#80827, Ibidi) in serum-free RPMI-1640medium for 2 hours. The chamber was then fixedwith 4%PFA for 10minutes. The cells were

permeabilized and blockedwith PBS containing 0.1%Triton X-100, 25%FBS, and 5%BSA, and then stainedwith antibodies against

MPO (1:400, AF3667, R&D Systems) and cit-H3 (1:250, ab5103, Abcam). After rinsing twice with PBS, cells were stained with fluo-

rochrome-conjugated secondary antibodies (1:400, Thermo Fisher Scientific) and DAPI (10 mg/mL; D1306, Thermo Fisher Scientific)

for 1 hour at room temperature. Images from random parts of the central region of the well were taken at 20x magnification using a

Leica TCS SP8 confocal microscope and processed with Leica LAS X software. NETs were defined as being triple positively stained

for DAPI, MPO, and cit-H3. NET-forming neutrophils (triple positive for DAPI, MPO, and cit-H3) out of total neutrophils (double pos-

itive for MPO and cit-H3) were quantified using ImageJ software.

In vitro cell viability assay
PyMT cells were seeded in a 96-well plate (1,000 cells per well) and treated with corticosterone (1 mM, 10 mM) or dexamethasone

(1 mM, 10 mM) for 3 days. On each day, 10 ml of alamarBlue� reagent (#DAL1025, Thermo Fisher Scientific) was added to each

well containing PyMT cells in 100 ml of medium. Then the cells were incubated with alamarBlue� for 4 hours at 37�C. Absorbance
at 570 nm was measured using a SpectraMax MiniMax 300 Imaging Cytometer (Molecular Devices), and absorbance at 600 nm

was used as the reference wavelength. Culture medium only plus alamarBlue� reagent (#DAL1025, Thermo Fisher Scientific) was

used as background blank control.

Adrenalectomy
Adrenalectomy (AGX) was performed as previously described.73 Briefly, female BL/6mice were anesthetized with isoflurane, and the

fur on the skin above the operative sites was shaved. An incision was made through first the skin and then the peritoneum above the

adrenal glands. Both adrenal glands were removed using curved forceps, and the surgical site was closed using absorbable suture

for the peritoneal wall and wound clips for the skin. The sham group of mice underwent the same surgical procedures on both sides,

but no tissue was removed. After the surgery, all mice, including those subjected to sham surgeries, received 0.9% saline solution as

drinking water.

Flow cytometry
Flow cytometry was performed on cells isolated from tumors or lungs as previously described.74 Briefly, single cells were isolated

from tumors as described74 and resuspended in FACS buffer (DPBS containing 1% FBS and 0.02% sodium azide). Lungs were first

chopped into small pieces and then digested at 37�C for 30 minutes in 5 mL of lung digesting buffer: RPMI-1640 medium containing

2% FBS, as well as Dispase (2.5 U/mL, #07913, STEMCELL Technologies), collagenase D (0.1 mg/mL, #11088866001, Sigma),

DNase I (25 U/mL, #04536282001, Sigma), and Liberase DL (0.2 mg/mL, #05466202001, Sigma). Lung cell suspensions were

then filtered through a 70-mm strainer (#352340, BD Falcon), red blood cells were lysed with ACK lysis buffer, and remaining cells

were pelleted and resuspended in FACS buffer (DPBS, 1% FBS, 0.02% sodium azide) and then filtered through a 40-mmcell strainer.

Flow cytometry was performed on bone marrow and whole blood samples as previously reported.29 Briefly, bone marrow cells

were obtained by flushing the femurs with 1x HBSS buffer using a syringe with a 26G needle, followed by red blood cell lysis by in-

cubation in ACK buffer for 5 minutes. Whole blood samples were collected into blood collection tubes (ethylenediaminetetraacetic

acid [EDTA]-coated, VWR, #BDAM368841), followed by red blood cell lysis with ACK buffer. The cells were then resuspended with

FACS buffer (DPBS, 1% FBS, 0.02% sodium azide), and passed through a 40-mm strainer.

For flow cytometry staining, 1x106 cells per staining were incubated with Fc receptor blocker for 10minutes at 4�C, then incubated

with the appropriate antibodies to surface markers for 30 minutes at 4�C, and/or fixed/permeabilized (Fixation/Permeabilization So-

lution Kit, #554714, BD Biosciences) and stained with intracellular antibodies at 4�C for 30 minutes. Surface marker antibodies

included anti-CD45, anti-CD3, anti-CD8a, anti-CD4, anti-CD11b, anti-Ly6G, anti-Ly6C, anti-CD69, anti-CD11c, anti-gdTCR, anti-

CD137, anti-CD62L, and anti-CXCR4 (also known as CD184); antibodies against intracellular proteins included anti-Granzyme B

and anti-IFN-g. All antibodies were used at a dilution of 1:100 (additional information is listed in the key resources table). The cells

were then washed twice in FACS buffer and resuspended in 450 ml of FACS buffer before analysis using a Fortessa flow cytometer

(BD Biosciences) and FlowJo software (BD Biosciences).

Circadian neutrophil aging analysis
To analyze circadian fluctuations in neutrophil numbers andmarker expression, blood samples were extracted every 4 hours during a

24-hour period from wild-type or experimental mice, starting at ZT5 (Zeitgeber time, 5 hours after the onset of light). For circadian

surface marker analysis, blood counts were analyzed using a ProCyte Dx Hematology Analyzer (Idexx Laboratories). Red blood cells

were lysed in hypotonic lysis buffer (ACK buffer); incubated for 15 minutes with 0.25 mg of anti-Ly6G (clone 1A8, Bio X Cell), anti-

CD62L (clone MEL-14, BioLegend), and anti-CXCR4 (clone 2B11, eBioscience), antibodies; washed; and analyzed using a Fortessa

flow cytometer (BD Biosciences). Analysis was performed using FlowJo (Tree Star Inc.).
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Neutrophil in vivo functional assays
Zymosan-induced peritonitis was used tomeasure extravasation andmigration efficiency. Briefly,GRWT andGRDNeumicewere intra-

peritoneally injected with 1 mg of zymosan (Sigma). After 2 hours, blood samples were collected and peritoneal lavage was obtained

by flushing the peritoneal cavity with 10 mL of PBS. The same amounts of blood and peritoneal lavage from each mouse were further

processed for flow cytometry (see details in the ‘‘flow cytometry’’ section above). The number of neutrophils in the peritoneal lavage

and blood was determined by flow cytometry with counting beads, following the manufacturer’s instructions (BD Biosciences,

#340334).

To analyze the neutrophils’ ability to phagocytose in vivo,GRWT andGRDNeumice were intravenously injected with 100 mg of Alexa

Fluor 488-conjugated Zymosan BioParticles (Invitrogen, #Z23373). Two hours later, blood was collected and prepared for flow cy-

tometry (see details in the ‘‘flow cytometry’’ section above), and the number of AF488-containing neutrophils (DAPI-; AF488+; Ly6G+)

was quantified out of total neutrophils (DAPI-; Ly6G+).

EdU pulse-labeling and half-life calculation: Pulse-labeling of neutrophils in GRWT and GRDNeu mice was performed by intraperi-

toneal injection of 50mg/kg EdU (BaseClick In Vivo EdU FlowCytometry Kit, BCK488-IV-FC-S) after 21 days of restraint stress expo-

sure. Naı̈ve GRWT and GRDNeu mice were used as controls. Then, the percentage of EdU+Ly6G+ cells out of Ly6G+ cells was deter-

mined at days 1, 3, and 5 after EdU injection using flow cytometry and according to themanufacturer’s instructions. The half-life (h) of

neutrophils in circulation was calculated as follows: first the decay constant l was calculated from the formula: Nt=Np*e^(-l*Dt),

where Nt is the percentage of EdU+/Ly6G+ at time t, Np is the percentage at peak, and Dt is the difference in hours between Np

and Nt. Then, using the decay constant l, the half-life ‘‘h’’ was calculated using the formula: 1=2*e^(-l*h).

Histology and immunofluorescence staining
Tissue samples were harvested and fixed in 4%PFA overnight at 4�C, and then washed 3 times with PBS. Fixed tissues were sent to

the Histology Core at CSHL for tissue processing, embedding, and cutting (5 microns per section). Frozen sections were generated

as follows: tissue samples were fixed with 4%PFA overnight, immersed in 30% sucrose/PBS overnight at 4�C, embedded in optimal

cutting temperature compound (OCT, Sakura Finetek, 4583) on dry ice, and sent to the Histology Core at CSHL for cutting (10 mi-

crons per section). Immunofluorescence staining on paraffin sections was performed as previously described.22 Briefly, after being

deparaffinized and rehydrated, slides were boiled in Tris-EDTA antigen retrieval buffer (10 mM Tris Base, 1 mM EDTA, 0.05%

Tween20, pH 9.0) for 8 minutes in a pre-heated pressure cooker. The slides were then blocked with Fc receptor blocker (Innovex

Biosciences) for 30 minutes, followed by 1x blocking buffer (PBS containing 0.1% Triton X-100, 2.5% BSA, and 5% donkey serum)

for 1 hour at room temperature. Sections were then incubated with primary antibodies in 0.5x blocking buffer overnight at 4�C using

goat anti-MPO (1:100, AF3667, R&D Systems), rabbit anti-cit-H3 (1:250, ab5103, Abcam), mouse anti-glucocorticoid receptor

(1:200, sc-393232 Santa Cruz), or rat anti-PyMT (1:100, ab15085, Abcam). After rinsing twice with PBS, the sections were incubated

with secondary antibodies, using donkey anti-rabbit Alexa Fluor 488 (1:400, A21206, Thermo Fisher Scientific), donkey anti-goat

Alexa Fluor 568 (1:400, A11057, Thermo Fisher Scientific), donkey anti-mouse Alexa Fluor 488 (1:400, A21202, Thermo Fisher Sci-

entific), and/or donkey anti-rat Alexa Fluor 488 (1:400, A21208, Thermo Fisher Scientific), depending on which primary antibodies

were used. Rabbit anti-Ki67 (Alexa Fluor� 647 conjugated, 1:100; #12075 Cell Signaling) was incubated after secondary antibody

for 1 hour at room temperature. Lastly, the slides were counterstained with DAPI (10 mg/mL; D1306, Thermo Fisher Scientific) for

1 hour at room temperature.

For fibronectin staining, frozen sectionswerewashedwith PBS and blocked using aMouse onMouse (M.O.M.) detection kit (BMK-

2202, Vector Laboratories), then incubated with mouse-anti-fibronectin (#MA5-11981, Thermo Fisher Scientific) and rat anti-

PDGFR-a antibody (Thermo, 14-1401-82) overnight at 4�C. After rinsing twice with PBS, the sections were incubated with secondary

antibodies: donkey anti-mouse Alexa Fluor 488 (1:400, A21202, Thermo Fisher Scientific) and donkey anti-rat Alexa Fluor 647 (1:400,

A48272, Thermo Fisher Scientific). Mouse anti-a smooth muscle actin antibody (cy3 conjugated, 1:100, C6198, Sigma) and DAPI

(10 mg/mL; D1306, Thermo Fisher Scientific) were incubated after the secondary antibody for 1 hour at room temperature. Slides

were mounted with anti-fade mounting medium (P36961, Thermo Fisher Scientific). Images were taken at 40x magnification using

a Leica TCS SP8 confocal microscope and were processed with Leica LAS X software. Fibronectin expression was quantified by

the normalized integrated density (IntDen) of fibronectin to DAPI using ImageJ software.

Enrichment of neutrophils and T cells by magnetic separation
Neutrophils were enriched by magnetic beads from gender- and age-matchedMrp8-cre; Nr3c1fl/fl mice and their littermate controls

(Nr3c1fl/fl mice). Specifically, Ly6G+ neutrophils from bone marrow, blood, spleen, and lung were enriched using anti-Ly6G

MicroBeads (#130-120-337, Miltenyi Biotec) and magnetically separated according to the manufacturer’s instructions. Briefly, sin-

gle-cell suspensions were first generated from bone marrow (collected as above), whole blood (collected into EDTA-coated blood

collection tubes, VWR, #BDAM368841), or spleen tissue (pushed through a 100-mm strainer). Single-cell suspensions from lung

were obtained by digestion as described above for flow cytometry analysis. Red blood cell lysis was performed prior to magnetic

labeling by incubating the cell pellets with ACK lysis buffer for 3 minutes on ice. After washing, the cells were incubated with anti-

Ly6G MicroBeads, followed by magnetic separation on LS MACS Columns (#130-042-401, Miltenyi Biotec). Unlabeled (Ly6G-) cells

were flow-through cells from the column (washed three times withMACS buffer [0.5% FBS, 0.02M EDTA in PBS]). After washing, the
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column with magnetically labeled (Ly6G+) cells was placed in a new 15 mL Falcon tube, and the magnetically labeled (Ly6G+) cells

were flushed out by firmly pushing the plunger from the kit into the column containing 5 mL of MACS buffer. The collected cells were

counted before further use.

T cells (CD3, CD4, and CD8, isolated separately) were enriched by magnetic beads from gender- and age-matched Lck-iCre;

Nr3c1fl/fl mice and their littermate controls (Nr3c1fl/fl mice). CD3+ T cells were enriched from the spleen by incubating with CD3-

Biotin antibody (BioLegend, #100244) followed by anti-Biotin Microbead (#130-094-973, Miltenyi Biotec) binding and magnetic sep-

aration. CD4+ and CD8+ T cells were enriched from the spleen using a ‘‘Naive CD4+ T Cell Isolation Kit’’ (#130-104-453, Miltenyi Bio-

tec) or a ‘‘Naive CD8a+ T Cell Isolation Kit’’ (#130-096-543, Miltenyi Biotec), separately. Briefly, single-cell suspensions were first

generated by pushing the spleen through a 100-mm strainer. Red blood cell lysis was performed prior to antibody labeling by incu-

bating the cell pellets with ACK lysis buffer for 3minutes on ice. After washing, the cells were incubatedwith anti-CD3-biotin antibody,

a Naive CD4+ T Cell Biotin-Antibody Cocktail, or a Naive CD8a+ T Cell Biotin-Antibody Cocktail (from the above-mentioned kits),

separately, for 5 minutes at 4�C, followed by anti-biotin MicroBead labeling for 10 minutes at 4�C. The labeled cell suspensions

were then loaded onto LS MACS Columns (#130-042-401, Miltenyi Biotec) for magnetic separation. For CD3+ T cells, magnetically

labeled (CD3ε+) cells were collected after washing off the unlabeled cells from the column by firmly pushing the plunger from the kit

into the column with 5 mL of MACS buffer. For CD4+ and CD8a+ T cell isolation, the flow-through of the unlabeled cells was collected

as the enriched population and counted for further use, as the magnetically labeled cells were the non-T cell population.

In vitro T cell activation assay
A T cell activation assay was adapted from a previously described protocol74 using co-cultures of CD8a+ T cells and neutrophils

in vitro. Naı̈ve CD8a+ T cells were isolated from the spleens of BL/6 mice by magnetic separation using a CD8a+ T Cell Isolation

Kit (#130-104-075, Miltenyi Biotec), following the manufacturer’s instructions. Neutrophils were obtained from the bone marrow

by density gradient separation as described above, then treated with or without the glucocorticoid receptor agonist GSK9027

(#4116, Tocris) at 10 mM in DMEM for 4 hours. After washing off the GSK9027 or vehicle (DMSO, 1:1000) by centrifuging the neutro-

phils at 300 3 g, the neutrophils were added to CD8a+ T cells at a ratio of 1:7 (i.e., one neutrophil to seven T cells) in T cell culture

medium (RPMI 1640 with 10% FBS, 200 mM L-glutamine, 10 mM sodium pyruvate, 50 mM 2-mercaptoethanol, and 10 ng/mL anti-

CD3ε antibody) and co-cultured with the T cells overnight. T cell activation was determined by the percent of CD69-, CD137-, Gran-

zyme B-, or IFN-g-positive cells (see antibody details in the key resources table) out of the total CD8-positive cells using flow

cytometry.

RNA extraction and quantitative real-time PCR
Total RNA from lung tissues was purified using a RNeasy mini kit (Qiagen), following the manufacturer’s instructions. Total RNA from

enriched or cultured neutrophils was purified using TRIzol (Thermo Fisher Scientific) according to the manufacturer’s instructions.

The RNA concentration was determined by a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). One mg of RNA from

each sample was reverse transcribed using a RevertAid First Strand cDNA Synthesis system (K1622, Thermo Fisher Scientific).

Quantitative real-time PCR was performed in a 384-well format on a QuantStudio 6-flex Instrument (Applied Biosystems) using

TaqMan Universal Master Mix II (Thermo Fisher Scientific) with the following specific primers: Nr3c1: Mm00433833_mH, Tbp:

mm01277042_m1, Actb: Mm04394036_g1, Cxcl1: Mm04207460_m1, Cxcl2: Mm00436450_m1, Cxcl5: Mm00436451_g1, and

Mmp3: Mm00440295_m1. Relative quantitation was performed with the 2(�DDCT) method using Actb or Tbp expression for

normalization.

Western blot
Cultured PyMT cancer cells, isolated neutrophils, or T cells from different organs (as indicated in figure legends) were counted and

resuspended in PBS at a concentration of 1x107 cells/mL. Then, an equal amount of 2x Laemmli sample buffer (#1610737, Bio-Rad

Laboratories) containing 5% b-mercaptoethanol was added to the cell suspension to lyse the cells. Cell lysates were vortexed for

2 minutes, followed by 10 minutes of incubation at 95�C. Equal volumes of protein samples were loaded into SDS-PAGE gels,

and then transferred to a polyvinylidene difluoride membrane (Bio-Rad Laboratories). The membranes were then blocked in 5%

non-fat milk for 1 hour and probed with primary antibodies against GR/NR3C1 (G-5, sc-393232, Santa Cruz Biotechnology,

1:1000), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (sc-47724, Santa Cruz Biotechnology, 1:5000), Cyclin D3 (#2936,

Cell Signaling Technology), CDK4 (#GTX102993, GeneTex), CDK6 (#Ab54576, Abcam), Phospho-p38 MAPK (Thr180/Tyr182)

(#9211, Cell Signaling Technology), p38 MAPK (#8690, Cell Signaling Technology), and HSP90 (#4874, Cell Signaling Technology)

overnight at 4�C. On the next day, the membranes were washed three times with Tris-buffered saline with 0.1% Tween 20 detergent

(TBST) followed by incubation with fluorescent secondary antibody (goat-anti-mouse IRDye� 800CW, or goat-anti-rabbit

IRDye� 800CW, 1:20000, LI-COR Biosciences). Protein detection was performed using the Odyssey Classic Imaging System (LI-

COR Biosciences).

Cytokine array
Lungs from control and stress-exposed mice (at day 21 after the initiation of chronic restraint stress) were collected, weighed, and

homogenized with NP40 lysis buffer (50 mM Tris, pH 7.4, 250 mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM Na3VO4, and 1% NP40)

supplemented with Protease Inhibitor Cocktail (#87786, Thermo Fisher Scientific). After centrifugation at 12,0003 g for 15 minutes,
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the supernatants were collected from the lung lysates. After culturing freshly isolated bone marrow-derived neutrophils for 4 hours,

neutrophil conditioned medium was collected for the cytokine array. An equal amount of tissue lysate supernatant (normalized to

tissue weight) or volume of conditioned medium was analyzed using the Proteome Profiler Mouse XL Cytokine Array Kit (ARY028,

R&D Systems), according to the manufacturer’s instructions. Films were scanned, quantified, and then analyzed using ImageJ

software.

NET enzyme-linked immunosorbent assay (ELISA)
NET levels in plasma were quantified as previously described.22 Blood was collected from the heart of the mouse immediately after

euthanasia using a 1 mL syringe with a 26G needle containing 25 ml of 0.5M EDTA. The blood was then transferred into an EDTA-

coated blood collection tube. Whole blood was then centrifuged at 2,000 3 g for 10 minutes at 4�C, and the plasma layer on top

was collected and stored at -80�C. For NET ELISA, a 96-well Enzyme ImmunoAssay/Radio Immuno-Assay (EIA/RIA) plate was

coated with the capture antibody anti-neutrophil elastase (#sc-55549, Santa Cruz Biotechnology, 1:250) in coating buffer (15 mM

Na2CO3, 35 mM NaHCO3, pH 9.6) overnight at 4�C. Then, the wells were rinsed with PBS and blocked with 5% BSA for 2 hours

at room temperature, followed by washing in PBS three times. Plasma samples (50 ml) were added to the wells and incubated for

2 hours at room temperature on a shaker, and the wells were washed three times with washing buffer (1% BSA, 0.05% Tween20

in PBS). Next, anti-DNA-peroxidase conjugated antibody (1:50, part of the Cell Death Detection ELISA Kit, #11544675001, Sigma)

in 1% BSA in PBS was added to the wells for 2 hours at room temperature, and the wells were washed five times with washing buffer

before the addition of 2,20-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS). Optical density was read 10–30 minutes later

at 405 nm using a SpectraMax MiniMax 300 Imaging Cytometer (Molecular Devices).

Corticosterone ELISA
Blood samples were collected from tail bleeds with capillary blood collection tubes (Sarstedt, #16.443.100, lithium heparin [LH]

coated), and plasma was isolated from the top layer after centrifugation as above in the ‘‘NET ELISA’’ section. Diluted plasma sam-

ples (20 ml, diluted to 1:10 with Standard 0 from the kit) or standards were used for the competitive binding corticosterone ELISA

assay (RE52211, IBL International GmbH), according to the manufacturer’s instructions. Absorbance at 450 nmwasmeasured using

a SpectraMax MiniMax 300 Imaging Cytometer (Molecular Devices). Concentrations of corticosterone were calculated according to

the standard curve.

CRISPR/Cas9-mediated gene editing
A Cas9-expressing PyMT cancer cell line was generated by lentiviral transduction with the Cas9 expression vector EFS-Cas9-P2A-

PuroR (#108100, Addgene). DNA oligos of the sgRNAs were cloned into the lentiviral backbone LRG2.1-GFP-P2A-BlastR (cloned

from LRG2.1_Neo [#125593, Addgene] by replacing the neomycin resistant gene with a blastcidin resistant gene) using a BsmBI

restriction site. Forty-eight (48) hours post-blasticidin selection, knockout efficiency was assessed by Western blot. The sgRNA

sequences used in this study were: sg Rosa: GAAGATGGGCGGGAGTCTTC, sg Nr3C1 #1: GTGTGCTCCGATGAAGCTTC, and sg

Nr3C1 #2: ATGACCACGCTCAACATGTT.

Administration of antibiotics in vivo

Mice were treated with a cocktail of antibiotics consisting of ampicillin (100 mg/kg dissolved in water), vancomycin (50 mg/kg

dissolved in water), metronidazole (100 mg/kg dissolved in DMSO), neomycin (100 mg/kg dissolved in water), and amphotericin B

(1 mg/kg dissolved in water). This cocktail was given via oral gavage to animals twice daily for 3 weeks. Control cohorts were given

oral gavages of 10% DMSO in water. After three weeks, mice were euthanized and lungs were collected for flow cytometry.

RNA sequencing and data analysis
RNA concentration and RNA integrity were determined using a ND-1000 spectrophotometer (NanoDrop). Two (2) mg of total RNAwas

used to construct the RNA-seq library using an Illumina TruSeq RNA library prep kit v2 (#RS-122-2001, Illumina), following the man-

ufacturer’s instructions. Briefly, purified RNA was polyA-enriched and fragmented with fragmentation enzyme; cDNA was synthe-

sized using Super Script II reverse transcriptase (#18064014, Thermo Fisher Scientific), followed by end repair, A-tailing, barcoded

adaptor ligation, and PCR amplification. The library was single end sequenced for 76 bp using a NextSeq platform (Illumina).

Sequencing reads were mapped to the reference genome mm10 using RNA STAR with default parameters.75 Read count tables

were created using FeatureCounts76 with a custom GTF file containing protein-coding genes only. Differentially expressed genes

were analyzed using DESeq2 with two independent replicates using default parameters.77 The top 500 and bottom 500 genes

with no fewer than 5 counts in dexamethasone- (or GSK9027)-treated versus vehicle samples defined the glucocorticoid agonists’

up- and downregulation signatures, respectively. To generate a ranked gene list for pre-ranked gene set enrichment analysis

(GSEA),78 the genes were ranked by their log2 fold change defined by DESeq2 in neutrophils from stressed versus normal lungs.

The TPM (transcripts per million) value for each gene was calculated using Kallisto.79 Gene Ontology (GO) analysis was performed

using Metascape (http://metascape.org).80
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ChIP-qPCR
A total of 6x107 mouse neutrophils were cross-linked with 1% formaldehyde (#PI28908, Pierce) for 10 minutes at room temperature

and quenched with 125 mM glycine for 5 minutes. After washing twice with cold Tris-buffered saline (50 mM Tris, pH 7.5, 150 mM

NaCl), pelleted neutrophils were suspended in lysis buffer (10 mM Tris, pH 8.0, 10 mM NaCl, 0.2% NP-40, and protease inhibitor

cocktail [#P8340, Sigma]) and incubated on ice for 15 minutes. After centrifugation at 3,000 3 g for 5 minutes, pellets were resus-

pended in nuclear lysis buffer (50 mM Tris, pH 8.0, 10 mM EDTA, 1% SDS, protease inhibitor cocktail). The nuclear lysates were

then sonicated for 15 minutes (30 seconds ON/30 seconds OFF) with a Bioruptor Pico sonication device (#B01060010, Diagenode)

and centrifuged at 20,0003 g for 10 minutes. Supernatants containing the chromatin were diluted 8 times with immunoprecipitation

dilution buffer (20 mM Tris, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.01% SDS).

Sheep anti-rabbit IgG Dynabeads (#11203D, Thermo Fisher Scientific) were pre-coated by rocking with glucocorticoid receptor

antibody cocktail (#MA1-510, #PA1-511A, Thermo Fisher Scientific, #ab3671, Abcam, 0.5 mg each) in 0.5% BSA/PBS for 4 hours

at 4�C. The bead-antibody complexes were then incubated with the chromatin overnight at 4�C. The beads were washed twice

with ChIP buffer (50mMTris-HCl, pH 8.0, 10mMEDTA, 100mMNaCl, 1% Triton X-100, 0.1% sodium deoxycholate), high salt buffer

(ChIP buffer with 500 mM NaCl), LiCl buffer (10 mM Tris-HCl, pH 8.0, 0.25 M LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM

EDTA), and Tris-EDTA (10 mM Tris-HCl, pH 8.0, 10 mM EDTA) buffer. The bound chromatin was eluted and reverse-crosslinked at

65�C overnight. DNA was purified after treatment with RNase A and proteinase K using a MinElute PCR purification kit (#28004,

Qiagen). Then, qPCR was performed in a 384-well format on a QuantStudio 6-flex Instrument (Applied Biosystems) using SYBR

Green master mix (#A25742, Applied Biosystems). ChIP-qPCR primers can be found in Table S1.

ChIP-seq library construction and data analysis
The ChIP-seq library was constructed using an Illumina TruSeq ChIP library prep kit (#IP-202-1012, Illumina) based on the manufac-

turer’s instructions. Briefly, ChIP DNA was first end-repaired, A-tailed, and adaptor-ligated to different barcodes. Adaptor-ligated

ChIP-DNA were size selected using AMPure XP beads (#A63881, Beckman Coulter), followed by 15 cycles of PCR amplification.

The quality of the ChIP-seq library was checked on a 2100 Bioanalyzer Instrument using the High Sensitivity chip (#5067-4626, Agi-

lent). Libraries were single end sequenced for 76 bp on a NextSeq platform (Illumina). Raw reads from ChIP-seq were aligned to the

reference genome mm10 using Bowtie281,82 with the sensitive end-to-end setting. Genome-wide read coverage was calculated by

deepTools83 with a bin size of 50 bp.

Patient survival data analyses
To determine whether there was an association between stress exposure and the survival of breast cancer patients, we generated a

‘‘chronic stress exposure gene signature,’’ consisting of the most highly expressed, downregulated genes in the primary tumors of

mice subjected to chronic restraint stress compared to the genes of primary tumors from control mice. Briefly, themice were injected

orthotopically with primary PyMT cells (see details in the ‘‘tumor mouse models’’ section) and subjected to 35 days of daily restraint

stress. On day 35, primary tumors were collected from both the control and stress groups (n=3 mice per group) for RNA extraction

and sequencing. The gene expression changes in the primary tumors from stressedmicewere calculated using DEseq2 as described

above. We identified the top 100 genes that were most downregulated in tumors from the stress group compared to tumors from the

control group. To exclude the artifact of lowly expressed genes, we then ranked these top 100 downregulated genes based on the

average of their RNA-seq counts in all the samples (both control and stress) and took the top 50 highly expressed candidate genes as

the ‘‘chronic stress exposure gene signature’’ (see gene list in Figure S7W). The relationship between the ‘‘chronic stress exposure

gene signature’’ and breast cancer patient outcome was then examined via analysis of overall survival data, using a Kaplan–Meier

survival plot (http://www.kmplot.com/; a manually curated database of gene expression, and relapse-free and overall survival infor-

mation from Gene Expression Omnibus [GEO], The European Genome-phenome Archive [EGA] and The Cancer Genome Atlas

[TCGA]) with automatically selected best cutoffs.84 Patients were stratified into high- and low-expression signature groups based

on the median signature score. The hazard ratio (HR) and 95% confidence intervals, as well as log rank P, which assessing the sig-

nificance of the separation between groups, were calculated. This analysis was repeated for different breast cancer subtypes, as

indicated in Figure 4K.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (version 9, GraphPad Software). For all experiments with two groups,

two-tailed unpaired Student’s t-tests (equal variances) or two-tailed Mann-Whitney tests were used. One-way ANOVA (with equal

variances) with correction for multiple comparisons was performed for experiments with more than two groups. To determine diurnal

patterns, we performed Cosinor fitting of circadian curves as previously described.85 The data are presented as mean ± SEM. All

p-values<0.05 were considered statistically significant. Mice were randomized before grouping.
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