Cancer Letters 636 (2026) 218105

Contents lists available at ScienceDirect

Cancer Letters

ELSEVIER journal homepage: www.elsevier.com/locate/canlet

Original Articles , 5
Neutrophils exposed to a cholesterol metabolite secrete extracellular

vesicles that promote epithelial-mesenchymal transition and stemness in
breast cancer cells

a,b,*

Natalia Krawczynska , Yu Wang “®, Ki Lim“, Anasuya Das Gupta“®,

Ralph John Emerson J. Molino’®, Adam Lenczowski*®, Marwan Abughazaleh “®,

Shruti V. Bendre “@, Yifan Fei“, Hannah Kim “®, Lara I. Kockaya “®, Claire P. Schane“®,
Dhanya Pradeep °, Desirée Rodriguez-Casiano °, Alvaro G. Hernandez “®©, Jenny Drnevich “©,

Jefferson Chan "¢, Lawrence W. Dobrucki "“"¢®, Marni D. Boppart *"-'®,

Stephanie M. Cologna’®, Julie Ostrander '®, Erik R. Nelson *-"»¢™"""

2 Department of Molecular and Integrative Physiology, University of Illinois at Urbana-Champaign, Urbana, IL, 61801, USA

b Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign, Urbana, IL, 61801, USA

€ Roy J. Carver Biotechnology Center, The University of Illinois at Urbana-Champaign, Urbana, IL, 61801, USA

9 Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana, IL, 61801, USA

€ Cancer Center at Illinois, University of Illinois Urbana-Champaign, Urbana, IL, 61801, USA

f Department of Bioengineering, University of Illinois at Urbana-Champaign, Urbana, IL, 61801, USA

8 Carle-Illinois College of Medicine, University of Illinois at Urbana-Champaign, Urbana, IL, 61801, USA

1 Department of Health and Kinesiology, University of Illinois Urbana-Champaign, Urbana, IL, 61801, USA

i Carl R. Woese Institute for Genomic Biology- Regenerative Biology & Tissue Engineering, University of Illinois at Urbana-Champaign, Urbana, IL, 61801, USA
J Department of Chemistry, University of Illinois at Chicago, Chicago, IL, 60608, USA

X Masonic Cancer Center, University of Minnesota, Minneapolis, MN, 55455, USA

lDepartment of Medicine (Division of Hematology, Oncology, and Transplantation), University of Minnesota, Minneapolis, MN, 55455, USA

™ Carl R. Woese Institute for Genomic Biology- Anticancer Discovery from Pets to People, University of Illinois at Urbana-Champaign, Urbana, IL, 61801, USA
" Division of Nutritional Sciences, University of Illinois Urbana-Champaign, University of Illinois at Urbana-Champaign, Urbana, IL, 61801, USA

ARTICLE INFO ABSTRACT
Keywords: Breast cancer is very prevalent. Although detection and treatment of primary disease has improved significantly,
27-Hydroxycholesterol 20-30 % of patients will develop recurrent metastatic disease; this stage being associated with poor survival.

Extracellular vesicle Small extracellular vesicles (SEVs) are emerging as critical mediators of intercellular communication in the tumor

g:(:;:fg::cer microenvironment (TME). Here, we investigate the mechanisms by which sEVs derived from neutrophils treated
EMT with the cholesterol metabolite, 27-hydroxycholesterol (27HC), influence breast cancer progression. Interest-
Stemmness ingly, SEVs released from 27HC treated neutrophils enhanced epithelial-mesenchymal transition (EMT) and stem-

like properties in breast cancer cells. This resulted in a striking loss of adherence, increased migratory capacity
and resistance to cytotoxic chemotherapy. When exploring the potential mechanism, we found that EVs from
27HC-treated neutrophils had altered microRNAs (miR) expression. Decreased miRs within 27HC-sEVs, partic-
ularly of the let-7 family, resulted in activation of the WNT/f-catenin signaling pathway in recipient cancer cells,
suggesting that this may be a predominant pathway for adopting stem-like properties. Our findings underscore a
novel mechanism by which a cholesterol metabolite can modulate neutrophils and thereby contribute to breast
cancer pathophysiology through EV-mediated intercellular communication. This work represents the first steps
in developing this axis for potential therapeutic interventions.
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1. Introduction

Despite significant advances in diagnosis and treatment, metastatic
disease accounts for more than 90 % of breast cancer-related deaths.
Breast cancer is the most diagnosed cancer and the leading cause of
cancer-related death in women world-wide [1,2]. Triple-negative breast
cancer (TNBC) accounts for approximately 15-20 % of breast cancer
cases [3] and 10-20 % of invasive breast cancers [4]. TNBC is defined as
a type of breast cancer with negative expression of estrogen (ER), pro-
gesterone (PR), and human epidermal growth factor receptor-2 (HER2),
and thus is not sensitive to endocrine therapy. Therefore, with the
exception of BRCA pathogenic variant carriers or the use of immune
checkpoint blockers in the adjuvant setting, surgery followed by com-
bined chemotherapy and radiation interventions are the main treat-
ments for this type of breast cancer [5-9]. For those reasons, identifying
new therapeutic targets for the successful treatment of metastatic breast
cancer, especially for the TNBC subtype, is urgent.

Cholesterol is essential for maintaining the normal function of cells;
it influences cell membrane integrity and lipid metabolism [10].
Cholesterol can be supplemented from the diet or synthesized de novo. It
is catabolized through two major bile acid synthesis pathways initiated
by the rate limiting enzymes CYP7A1 and CYP27A1, respectively [11].
As it is metabolized into bile acids, several oxysterol intermediates are
formed [12]. 27-hydroxycholesterol (27HC) is the most abundant oxy-
sterol in human circulation [13,14] and works as a selective estrogen
receptor modulator (SERM) and liver X receptor modulator (SLXRM)
[15-17]. Both cholesterol and 27HC play important roles in regulating
cellular function [17-19].

Whether cholesterol is associated with the risk of a primary diagnosis
of breast cancer is unclear [12]. A large meta-analysis of breast cancer
patients found no association between the use of statins (one type of
cholesterol lowering medication) and breast cancer onset [20]. Caveats
to approaches and our interpretations of these data such as not consid-
ering body-mass-index, menopausal status etc. have been reviewed [12,
21]. However, elevated cholesterol concentrations are associated with
breast cancer recurrence [22]. Several studies report associations be-
tween statin use and either recurrence, poor prognosis or survival for
breast cancer patients, including for those of the triple negative subtype
[23-28]. Use of statins during adjuvant endocrine therapy is correlated
with improved disease free survival and distant recurrence free survival
[29]. Thus, while cholesterol may not be carcinogenic in and of itself, it
is clearly associated with progression.

Whether circulating concentrations of 27HC is a risk or prognostic
factor is also not clear, but likely depends on breast tumor subtype,
menopausal status, circulating estradiol, and racial and ethnic group
[13,30-32]. Since CYP27A1, the enzyme that synthesizes 27HC, is
highly expressed in myeloid immune cells, circulating 27HC may not be
reflective of local concentrations within the tumor, and so circulating
concentrations of 27HC may have little prognostic value. Indeed, in
preclinical models, the genetic deletion of CYP27A1 only in myeloid
immune cells was sufficient to impair tumor growth and metastasis of
mammary and ovarian tumors [33,34]. Breast tumors have higher 27HC
concentrations compared to adjacent normal and healthy breast tissue
[18]. In addition, higher mRNA expression of the enzyme responsible for
the catabolism of 27HC, CYP7B1 has been associated with better overall
patient survival rates in breast cancer patients [35].

Mechanistically, 27HC works through two major nuclear receptors:
the liver X receptors (LXRs) and estrogen receptors (ERs). Several oxy-
sterols such as 27HC activate the LXRs which coordinate a genetic
program to increase cholesterol efflux and decrease cholesterol syn-
thesis. As such, LXRs tend to be anti-proliferative for cancer cells, which
require abundant cholesterol supplies for division [33,36]. However, in
models of ERa+ breast or endometrial cancer, the stimulatory activities
of 27HC through ERa receptor appear to outweigh those of LXR,
resulting in increased proliferation and tumor growth [15,17,18].

In addition to its cancer cell-intrinsic effects, 27HC has been found to
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robustly increase metastasis in murine models of mammary cancer, in a
manner requiring myeloid immune cells [34,37]. At each step of cancer
development, from initiation through promotion and metastatic pro-
gression, cancer cells have to escape from immune surveillance to sur-
vive in the host system [38]. 27HC works through the LXR to shift
myeloid immune cells, including neutrophils, into an
immune-suppressive phenotype, impairing T cell expansion and func-
tion [33,34,39]. For mammary metastasis to the lung in mice, the
neutrophil myeloid cell type (CD11B*;Ly6G" cells) was found to
mediate the pro-metastatic effects of 27HC [37].

Although they are the most abundant leukocytes in the blood, neu-
trophils have been underappreciated in cancer development. However,
in the last decade, several seminal studies have implicated neutrophils in
breast cancer progression and metastasis [40-48]. Neutrophils can
infiltrate both the tumor microenvironment (TME) and pre-metastatic
niche [49,50]. Due to their plasticity and heterogeneity, neutrophils
have been reported to be anti-tumor and pro-tumor immune cells [49,
51,52]. Interestingly, treatment with exogenous 27HC was found to
increase the number of neutrophils within tumors and metastatic lesions
of preclinical murine models of mammary cancer [19]. Subsequent work
found that 27HC shifts myeloid cells, such as neutrophils, into a highly
immune-suppressive phenotype by modulating the activity of the LXR
[33,34,39].

While investigating the mechanisms by which 27HC regulates neu-
trophils and metastasis, we found that 27HC increased the secretion of
small extracellular vesicles (sEVs, including exosomes) from neutrophils
[53,54]. sEVs from neutrophils treated with 27HC stimulated tumor
growth and metastasis in murine models of TNBC [53]. However, it is
not known how these 27HC-derived sEVs stimulate metastasis.

sEVs are lipid-bilayer membrane-enclosed vesicles that are hetero-
geneous in size, 30nm-150nm, and released from all cell types [55].
sEVs serve as a method of intercellular communication between
different cell types, transferring a complex mixture of cargo including
DNA, RNA, proteins, metabolites, and even mitochondria under some
conditions [55,56]. There are a limited number of studies focusing on
sEVs from neutrophils in cancer progression [57]. For example, sEVs
from neutrophils have been implicated in reprogramming the TME and
can promote both tumor progression and regression [58]. They have
also been implicated in the metastatic process, mediated via nicotine
activation in lung [59] and breast [60] cancers. Thus, how the cargo of
sEVs is altered by different conditions and how neutrophil-derived sEVs
influence tumor pathophysiology are critical to our understanding of
tumor progression, and ultimately developing therapies around them.

Here, we describe our findings that sEVs from 27HC-treated neu-
trophils led to mammary cancer cells losing their adherent properties.
MicroRNAs (miRs) in normal sEVs from neutrophils inhibited the WNT/
B-catenin pathway in recipient cancer cells, a regulatory mechanism
which was lost in sEVs from 27HC-treated neutrophils. Consequently,
cells receiving sEVs from 27HC-treated neutrophils gained a stem-like
phenotype and underwent epithelial-mesenchymal transition (EMT),
the consequences of which may lead to increased metastasis and drug
resistance.

2. Materials & methods
2.1. Reagents

27-hydroxycholesterol (27HC, purity >98 %) was synthesized and
purchased from Sai Labs or Sigma-Aldrich. Doxorubicin hydrochloride
was purchased from MedChemExpress. Antibodies were purchased from
BD Pharmingen: CD24 (FITC, Cat:561777), and CD44 (APC,
Cat:559250). ALDH1A1 antibody stain was a gift from Professor Jef-
ferson Chan Department of Chemistry, University of Illinois at Urbana-
Champaign.
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2.1.1. Reagents for LC-MS/MS

27-hydroxycholesterol, 27-hydroxycholesterol d6, 22(R)-hydroxy-
cholesterol, and 22(S)-hydroxycholesterol were purchased from Avan-
tiPolar lipids (Alabaster, AL). 24(R)-hydroxycholesterol, 24(S)-
hydroxycholesterol, and 25-hydroxycholesterol were from Cayman
Chemicals (Ann Arbor, MI). 4-Dimethylaminophenylisothiocyanate
(DMAPI) and sequencing grade dimethylformamide (DMF) came from
Thermo Fisher Scientific (Waltham, MA). Triethylamine (HPLC,
LiChropur™, >99.5 % (GC), used as a catalyst for the derivatization of
hydroxycholesterols, together with organic solvents required for lipid
extraction (chloroform, methanol, hexane, all LC-MS grade) were sup-
plied by Sigma Aldrich (St. Louis, MO). Formic acid utilized as a solvent
additive, and 45 % KOH necessary for the base hydrolysis of esterified
hydroxysterols were also from Sigma Aldrich.

2.2. Animals

All protocols involving the use of animals were approved by the
University of Illinois Institutional Animal Care and Use Committee
(IACUC). Female BALB/c mice between 8 and 10 weeks of age were
purchased from Charles River Laboratories and housed at the University
of Illinois in individually vented cages at 3 to 5 mice per cage; under
specific pathogen-free, temperature- and humidity-controlled condi-
tions, with a 12-h light/12-h dark schedule. Food and water were pro-
vided ad libitum.

2.3. Cell culture

4T1 cells were a gift from Mark Dewhirst (Duke University School of
Medicine). EMT6 cells were purchased from the American Type Culture
Collection (ATCC, USA). MCF7 cells were a gift from Donald McDonnell
(Duke University School of Medicine). Medium for cell lines and primary
cell culture - RPMI 1640, DMEM, or DMEM F12 were supplemented with
1 % penicillin/streptomycin (Corning), 1 % nonessential amino acid
(Corning), 1 % sodium pyruvate (Corning), and 10 % fetal bovine serum
(FBS, Gibco). After adding mentioned reagents media was called
“complete”. In experiments requiring the harvest or usage of EVs, 10 %
EV-depleted FBS (Gibco) was added in place of normal serum. Cell lines
were free from mycoplasma and routinely tested.

2.4. Cell lines

Murine mammary cancer cell lines — 4T1, EMT6, were grown in
Dulbecco’s modified Eagle’s medium; MCF7 in Dulbecco’s modified
Eagle’s F12 medium supplemented with 1 % nonessential amino acid, 1
% sodium pyruvate, 1 % penicillin/streptomycin, and 10 % fetal bovine
serum (FBS). In experiments requiring the harvest or usage of EVs, 10 %
EV-depleted FBS was added in place of normal serum.

2.5. Isolation of LY6G cells - neutrophils

Ly6G positive cells were isolated from mice bone marrow using Anti-
Ly6G MicroBeads UltraPure (Miltenyi Biotec) according to the protocol.
Briefly, femurs and tibia from 8 to 12-week-old WT BALB/c mice were
collected and briefly soaked in 70 % ethanol, and rinsed in phosphate-
buffered saline (PBS, Lonza). Sterile medium (RPMI) was used to flush
bone marrow over a 70-uM filter. Collected cells were used for Ly6G-
positive cell isolation according to the protocol. Isolated cells were
used immediately for experiments. The purity of neutrophils after
isolation was verified to be at least 93 % by flow cytometry for CD11B
and Ly6G.

2.6. Extracellular vesicles isolation and characterisation

Extracellular vesicles were isolated from conditioned media after 24
and 48hrs of incubation using a commercially available kit - ExoQuict-
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TC ULTRA (SBI), according to the manufacturer’s protocol. Character-
ization of isolated sEVs was done as previously described [53]. Briefly,
we performed size characterization by Nanoparticle analysis by Nano-
Sight NS300, Malvern Panalytical (see: PARTICLE ANALYSIS), and flow
cytometry of known sEVs markers (CD9, CD63, CD81) using Attune Nxt
Flow Cytometer and FCS Express 6 Software (see: FLOW CYTOMETRY).
sEVs were stored at —80 °C for no longer than 5 days after isolation prior
to use.

2.7. Particle analysis

The concentration of sEVs was measured using nanoparticle tracking
analysis (NTA; NanoSight NS300, Malvern Panalytical). Three 30 s
videos were captured and analyzed for each sample using NTA3.1
software. During capture, screen gain was set at 1.0 and the camera level
at 11. For analysis, screen gain was set at 10.0 and detection setting at 5.

2.8. LC-MS/MS of oxysterols

Quantification of oxysterols was performed at two independent sites:
Metabolon and The University of Illinois Chicago.

2.8.1. Extraction and derivatization of hydroxycholesterols

Sample treatment combined parts of workflows presented by two
previous studies [61,62]. Collected cell culture media and purified EVs
were spiked with 5 pg d6 27-hydroxycholesterol internal standard prior
to dilution with ultrapure water to a final volume of 1 mL. Then, samples
were probe sonicated in a QSonica Q125 probe sonicator three times
with 50 % amplitude for 10 s (1 s pulses). After which, lipid extraction
was performed through the direct addition of 4 mL 2:1 chlor-
oform/methanol mixture (Folch Method). The organic layers from two
successive partitioning were pooled and concentrated in a stream of
nitrogen gas. Then, dried material was resuspended in 1M KOH in 60 %
ethanol and allowed to saponify overnight under room temperature and
minimal shaking. Following the addition of 1 mL water to this aqueous
phase, free unesterified hydroxycholesterols were collected through
partitioning with 2 mL hexane, a step repeated three more times to
maximize recovery. The combined organic layer was dried under a
stream of nitrogen prior to derivatization.

Both standard hydroxycholesterols (2.5 pg/pL — 50 ng/pL) and
samples were resuspended in 200 pL DMF with 10 mg/mL DMAPI
Derivatization was catalyzed by the addition of 30 pL triethylamine
(TEA). Incubation under dark conditions and 200 rpm shaking was done
for 2 h under 65 °C. The reaction was immediately quenched with 150
uL phosphate buffer (pH = 8) prior to the extraction of derivatized
hydroxycholesterols with 3 mL hexane. After drying under nitrogen gas,
standard solutions were resuspended in 10:1 acetonitrile/isopropanol to
a final volume of 200 pL. Unknown samples were similarly prepared but
diluted with a smaller volume of 25 pL.

2.8.2. Mass spectrometry-based detection of oxysterols

2.8.2.1. Analysis by metabolon. Study samples were analyzed by LC-
MS/MS for total cholesterol, lanosterol, 5a,6p-dihydroxycholestanol
(5a, 6p-diHOC), 7a,27-dihydroxycholesterol (7a,27-diHOC), 24-hydrox-
ycholesterol (24HOC), 27-hydroxycholesterol (27HOC), 4p-hydrox-
ycholesterol (4BHOC), 5a,6a-epoxycholesterol (5a,6a-epoxy), 7
dehydrocholesterol (7DHC), 8-dehydrocholesterol (8DHC), desmos-
terol, and lathosterol following Metabolon Method TAM227: “LC-MS/
MS Quantitation of Sterols and Oxysterols in Human Plasma”. Under-
ivatized Analysis.

For the analysis of total cholesterol, lanosterol, 5a, 63-diHOC, and
7a,27-diHOC, 50.0 pL of study sample was spiked with internal standard
solution, hydrolyzed, and extracted by liquid-liquid extraction with
hexane. Following centrifugation, the hexanes layer was evaporated to
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dryness, reconstituted in acidified methanol, and injected onto an Agi-
lent 1290/SCIEX 6500+ Triple Quadrupole LC-MS/MS system equipped
with an Acquity BEH Shield RP18 Column. The mass spectrometer was
operated in positive mode using atmospheric pressure chemical ioni-
zation (APCI).

For the analysis of 24HC, 27HC, 4pHOC, 5a,6a-epoxy, 7DHC, 8DHC,
desmosterol, and lathosterol, a separate 50.0 pL of study sample was
spiked with internal standard solution, hydrolyzed, extracted by liquid-
liquid extraction with hexanes, and then derivatized. Following deriv-
atization, a second liquid-liquid extraction with hexanes was performed.
Upon centrifugation, the hexanes layer was evaporated to dryness,
reconstituted in acidified methanol, and injected onto an Agilent 1290/
SCIEX 5500 QTRAP LC-MS/MS system equipped with an Acquity BEH
Shield RP18 Column. The mass spectrometer was operated in positive
mode using electrospray ionization (ESI).

The peak areas of the respective analyte product ions were measured
against the peak areas of the corresponding internal standard product
ions. Quantitation was performed using a weighted linear or quadratic
(for cholesterol) least squares analysis generated from fortified cali-
bration standards prepared concurrently with study samples. LC-MS/MS
raw data were collected using SCIEX software Analyst 1.7.3 and pro-
cessed using SCIEX OS-MQ v3.1.6.

2.8.2.2. Analysis by University of Illinois Chicago. Chromatographic
separation of isomeric hydroxycholesterols was performed in an Agilent
1290 Infinity II ultrahigh performance liquid chromatography system
coupled to a 6550 iFunnel quadrupole time-of-flight (QTOF) mass
spectrometer also from Agilent. 20 pL of each sample was injected onto
an Agilent Poroshell 120 EC-C18 column (2.7 pm, 2.1 x 100 mm), after
which, 1 pL of diluted standard solutions immediately followed. Binary
mobile phase flowed at 0.4 mL/min and 50 °C. Specifically, aqueous
Solvent A is water with 0.1 % formic acid, while Solvent B is 70/30
Acetonitrile with 0.1 % formic acid. Baseline separation of the derivat-
ized hydroxycholesterols was obtained through an elution method with
70 % B beginning from 0 to 1 min, 77 %B at 5 min, 92 % B at 16 min,
100 % B at 17 min, back again to 70 % B at 18 min further held for three
more minutes prior to the next injection.

Positive mode electrospray ionization of hydroxycholesterols was
carried out using an Agilent Jetstream Source (AJS). The capillary
voltage was set at 3.5 kV, nebulizer pressure of 50 psi, gas temp at
200 °C, drying gas 11 L/min, sheath gas temperature of 300 °C, and
sheath gas flow of 12 L/min. Focusing only on derivatized hydrox-
ycholesterols, the detection was focused between the m/z 350-600
range. Full-scan MS1 spectra were acquired at a rate of 6 spectra per
second.

Peak detection and integration necessary for quantification were
through batch processing of generated raw (.d) files in the Agilent
MassHunter Profinder software. Detector responses for m/z 565.4369
and m/z 571.4839, corresponding to the [M+H]" ions of the hydrox-
ycholesterols and the d6-internal standard, correspondingly, were
extracted and exported for statistical analysis. Oxysterol identification
was validated using both retention time and fragmentation spectra.

2.9. Treatment of neutrophils with Let-7 inhibitors

After isolation, 0.45x10° Ly6G positive cells were seeded in 6-well
plates in 1.9 mL RPMI EVs depleted complete media and treated with
four let-7 inhibitors or negative control for inhibitor (NC) cocktail
(Qiagen miRCURY LNA miRNA inhibitors, a modified antisense). The
transfection reaction was constructed according to the manufacturer’s
protocol. Briefly, for 1 sample we prepared accordingly: 100uL of media,
3ul of HiPerFect transfection reagent (Qiagen), and 1uL of 10uM let-7
inhibitors (inhibitors for let-7a-5p, let-7g-5p, let7f-5p, and let7j) or
NC. The final concentration of the inhibitors was 5 nM. The prepared
transfection reagent was mixed and incubated at room temperature for
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10 min and added drop-wise to the cells. After 48h of culture cells were
harvested. Cells were used for RNA and subsequent miR expression
analysis as described below (see: miRs QUANTIFICATION - REAL TIME-
QUANTITATIVE POLYMERASE CHAIN REACTION (RT-qPCR)). Condi-
tioned media were collected for sEVs isolation followed by miRs
expression evaluation and cancer cells treatments.

2.10. Cancer cell treatment with small extracellular vesicles

20K of 4T1 and EMT6, and 50K of MCF7 cells were seeded in 12-well
plates in 1 mL of “complete” DMEM or DMEM F12 media supplemented
with commercially available EV-depleted FBS (Gibco). At the time of
seeding, sEVs were added to the cell culture, followed every 24h of
treatment. A schematic overview of the experimental design is presented
in Fig. 1A.

2.11. Co-treatment of cancer cells with extracellular vesicles and Let-7
MIMCS - rescue experiment

20K EMT6 cells were seeded in 12-well plates in 0.9 mL of “com-
plete” DMEM media supplemented with commercially available EV-
depleted FBS (Gibco). At the time of seeding, cells were treated with a
cocktail of four let-7 mimics (let-7a-5p, let-7g-5p, let-7f-5p and let-7j) or
negative control for mimics (NC) (Qiagen miRCURY LNA miRNA
Mimics). The transfection reaction was constructed according to the
manufacturer’s protocol. Briefly, for 1 sample we prepared: 100uL of
media, 3uL of HiPerFect transfection reagent (Qiagen), and 1uL of 10uM
let-7 mimics (mimics for let-7a-5p, let-7g-5p, let-7f-5p, and let-7j) or NC.
The final concentration of the inhibitors was 10 nM. The prepared
transfection reagent was mixed and incubated at room temperature for
10 min and added drop-wise to the cells. After 4h of transfection, sEVs
were added to the cell culture, followed every 24h treatment. At the
specified time point, cells were collected for gene expression sis using
RT-qPCR.

2.12. Small RNA sequencing

2.12.1. Total RNA isolation

Total RNA from Ly6G cells and extracellular vesicles was isolated
using miRNeasy Micro kit (Qiagen) according to the manufacturer’s
protocol with supported modification for small RNA quantities. The
quantity and quality of isolated RNA were determined with Qubit
Fluorometer (Thermo Fisher Scientific), Bioanalyzer 2100 and Fragment
Analyzer (Agilent).

2.12.2. Construction of short RNA (miRNA) libraries

Construction of libraries and sequencing on the Illumina NovaSeq
6000 were performed at the Roy J. Carver Biotechnology Center at the
University of Illinois at Urbana-Champaign. Purified total RNAs from
DMSO (vehicle) or 27HC treated cells’ EVs were converted into miRNA
libraries with the QIAseq miRNA library preparation kit (Qiagen). The
individually barcoded libraries were quantitated with Qubit (Thermo-
Fisher) and run on a Fragment Analyzer (Agilent) to confirm the pres-
ence of a fragment of the expected length. The libraries were pooled in
equimolar concentration and further quantified by qPCR on a CFX
Connect Real-Time qPCR system (Bio-Rad) for maximization of the
number of clusters in the flow cell.

2.12.3. Sequencing of libraries in the NovaSeq

The barcoded miRNA libraries were loaded on a NovaSeq (Illumina)
for cluster formation and sequencing. The libraries were sequenced from
one end of the fragments for a total of 100 nucleotides. The fastq read
files were generated and demultiplexed with the bcl2fastq v2.20 Con-
version Software (Illumina). The quality of the demultiplexed fastq files
was evaluated with the FastQC software, which generates reports with
the quality scores, base composition, k-mer, GC and N contents,
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Fig. 1. sEVs from 27-hydroxycholesterol treated neutrophils promote loss of adherence in breast cancer cells. (A) A schematic overview of the experimental setup.
Neutrophils were isolated from the bone marrow of the tibia and femur of female mice and cultured in EV-depleted media with indicated ligands for 48h. After a
designated time, neutrophil-EVs were isolated and resuspended in PBS. Cancer cells were sub-cultured and exposed to daily treatment with neutrophil-EVs. Cancer
cells were harvested at specific time points for subsequent analyses. Representative pictures of 4T1 (B) and EMT6 (C) cancer cells after exposure to DMSO-sEVs or
27HS-sEVs for 72h or 48h, respectively. (D) Quantification of non-adherent 4T1 cells after 72h of the treatments. (E) Quantification of live and dead cells in the
attached and detached subpopulations of 4T1 cells after 72h of the treatments. Trypan blue staining and an automatic cell counter (Countless 3, Invitrogen) were
used. (F) Quantification of live-adherent and live-non-adherent cells in the attached and detached subpopulation of 4T1 cells after 72h of the treatments. Trypan blue
staining and an automatic cell counter (Countless 3, Invitrogen) were used. (G) Quantification of non-adherent EMT6 cells after 48h of the treatments. (H)
Quantification of live and dead cells in the attached and detached subpopulations of EMT6 cells after 48h of the treatments. Trypan blue staining and an automatic
cell counter (Countless 3, Invitrogen) were used. (I) Quantification of live-adherent and live-non-adherent cells in the attached and detached subpopulations of EMT6
cells after 48h of the treatments. Trypan blue staining and an automatic cell counter (Countless 3, Invitrogen) were used. (J-K) Quantification of flow cytometry
analysis of 4T1 (J) and EMT6 (K) cells after 72h and 48h of the treatments, respectively, stained with annexin V and PI for live-dead cells evaluation. Cells were
divided into 4 subpopulations: live cell (Annexin V-/PI-), early apoptotic cell (Annexin V+/PI-), late apoptotic cell (Annexin V+/PI+), and dead cell (Annexin V-/
PI+). Statistical analyses were performed using: the Student’s T test (D&G), Fisher exact test (E-F, H-I), one-way ANOVA followed by a multiple comparison test with
Sidak’s correction (J-K). N = 3/treatment group. An asterisk (*) denotes statistical significance (P < 0.05). All data are presented as mean == SEM. (For interpretation

of the references to color in this figure legend, the reader is referred to the Web version of this article.)

sequence duplication levels and overrepresented sequences.

2.12.4. Alignment and counts

FASTQ read data were processed using the nf-core smrnaseq work-
flow v1.1.0 [63], using miRBase 22.1 [64] and Gencode M25 [65]. The
workflow was run using Nextflow v. 21.10.6 [66] with the command
line call ‘nextflow run nf-core/smrnaseq -r 1.1.0 -c smrna.conf’, with the
workflow configuration file settings including the miRNA protocol to
‘qiaseq’ and the species to ‘mmu’.

2.12.5. Statistical analysis of small RNA-seq

The mature counts were read into R (v4.1.2) and normalized using
TMM [67]. miRNA genes without at least one count in four samples were
removed. Final normalized expression values were made by re-running
TMM and then converting to log2-based counts per million (1ogCPM)
using edgeR’s cpm function [68]. Differential gene expression (DE)
analysis was performed using the limma-trend method using a model of
~Treatment + Group to control for batch effects of the sample pro-
cessing group. Multiple testing correction was done using the False
Discovery Rate method [69]. RNA-Seq data has been submitted to the
NCBI Gene Expression Omnibus (accession number: GSE272477).

2.12.6. Downstream analysis of small RNS-seq

Different strategies were employed for downstream analysis. As the
first step, we searched for targeted genes by our statistically differently
expressed microRNA between DMSO vs. 27HC groups. Briefly, putative
targeted genes were predicted by four different databases: TargetScan-
Mouse (TargetScanMouse 7.2), miRDB (miRDB - MicroRNA Target
Prediction Database), miRWalk (Home - miRWalk (uni-heidelberg.
de)), and miRTarBase (miRTarBase: the experimentally validated
microRNA-target interactions database (cuhk.edu.cn)). Only genes
that were predicted to be potential targets of our microRNA in three out
of four databases were taken under further investigation. In the first
strategy, analysis of genes that were targeted by the greatest number of
miRs were analyzed. In the second strategy, targeted genes were used for
pathway analysis using four different approaches: KEGG (KEGG: Kyoto
Encyclopedia of Genes and Genomes), PANTHERDB (pantherdb.org/?
msclkid=3e954a57aba411ecb1b9fdc5b826ea61), g:Profiler (g:Profiler
— a web server for functional enrichment analysis and conversions of
gene lists (ut.ee)), and STRING (STRING: functional protein associati
on networks (string-db.org)). The third strategy of downstream anal-
ysis employed mirPath v.3 software (DIANA TOOLS - mirPath v.3 (uth.
gr)) for combined analysis of up and down-regulated microRNAs be-
tween tested groups, using microT-CDS (v5.0) as a database for pathway
analysis.

2.13. miR Quantification - real time-quantitative polymerase chain
reaction (RT-qPCR)

Isolated total RNA from Ly6G cells and extracellular vesicles was
used for validation of microRNA sequencing by RT-qPCR according to
the manufacturers’ protocols. Briefly, 10 ng of isolated total RNA was
reverse transcribed into complementary DNA (cDNA) using miRCURY
LNA RT Kit (Qiagen). The ¢cDNA was then amplified with specific
commercially available primers for selected miRs using miRCURY LNA
SYBR Green PCR Kit (Qiagen) using Bio-Rad CFX384 Thermal Cycler
(Bio-Rad). In addition to each cDNA synthesis reaction, an UniSp6 RNA
was added as an external control and used for data normalization and
relative expression analysis via the 2722€T method.

2.14. Real time-quantitative polymerase chain reaction (RT-qPCR)

GeneJet RNA Purification kit (Thermo Fisher) was used for RNA
extraction, according to the manufacturer’s protocols. cDNA was syn-
thesized using iScript Reverse Transcription Supermix (Bio-Rad), ac-
cording to the manufacturer protocols. Primer-BLAST software
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used for
primer design. A list of all used primers is presented in Supplementary
Table 3 mRNA gene expression was quantified using iTaq Universal
SYBR Green Supermix (Bio-Rad) on a Bio-Rad CFX384 Thermal Cycler
(Bio-Rad). Relative expression was determined via the 272ACT ethod
and normalized to the housekeeping gene (TATA box binding protein).

2.15. Flow cytometry

For all flow cytometry experiments, samples were analyzed using the
Attune Nxt Flow Cytometer and FCS Express 7 Software.

2.15.1. Cell death

For cell death assays, 20 x 10° 4T1/EMT6 cells were seeded in 12
well plates and treated for 72/48hrs with sEVs from DMSO/27HC-
neutrophils. Cells were harvested and stained using the FITC Annexin
V/PI Dead Cell Apoptosis Kit (Invitrogen) following manufacturer pro-
tocol. Samples were analyzed and cell status (live, early apoptotic, late
apoptotic, or dead) was determined.

2.15.2. EVs markers

To characterize isolated sEVs, we have quantified known EVs
markers (CD9, CD63, CD81) using flow cytometry, as previously
described [53,54]. Briefly, EVs isolated from 48h neutrophils (Ly6G+)
cells culture were stained with antibodies in a 1:100 dilution in filtered
PBS for 20 min on ice. To remove unbound antibodies, a second round of
EVs isolation using ExoQick was performed. Isolated EVs were processed
freshly for flow cytometry analysis.
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2.15.3. Cancer stem cell, EMT, and neutrophil markers

Cells were stained with fluorochrome-conjugated antibodies for cell
surface antigens (CD44, CD24, ITGA5, ITGA6, ITGB4, CD11b or Ly6G)
in FACS buffer (DPBS supplemented with 2 % FBS and 1 % penicillin/
streptomycin) at 1:100 for 30 min at 4 °C in the dark. Next, cells were
fixed with 4 % Formalin and incubated at 4 °C in the dark until analysis.
For the ALDH1A1 stain (stem cell marker), cells were stained with
AlDeSense live-cell dye [70] for 30 min at 4 °C in the dark with 2uM
(dissolved in DMSO) dye. Samples were washed serially with FACS
buffer and resuspended in FACS buffer for analysis. Cytometry data were
acquired, and cell status was determined.

2.16. Tumorsphere assay

Tumorsphere assay was performed according to a previously re-
ported protocol [71]. Briefly, 1K of cells were seeded in ultra-low
binding 24-well plates in 1 mL 0.5 % methylcellulose media supple-
mented with B27 (Gibco), epidermal growth factor (Corning), hydro-
cortisone (Sigma), insulin (Gibco), and B-ME (Sigma). On the seeding
day, treatment with different doses of sEVs from DMSO or 27HC
conditioned neutrophils were added. Sphere formation was evaluated
under light microscope after 7 and 14 days and calculated using ImageJ
software [72].

2.17. Migration assay

For migration assays, we used cancer cells after the sEVs treatment
(see: CANCER CELL TREATMENT WITH SMALL EXTRACELLULAR
VESICLES). Cells were seeded in EV depleted DMEM media on the top of
6.5 mm 8um PET membrane in 24well plates for 24h. In the bottom of
the wells was complete DMEM with normal (non-EV depleted) FBS.
Migrated cells on the membrane were fixed and stained with 0.2 %
crystal violet according to the manufacturer’s protocol. Images were
acquired at 2x magnification using an EVOS XL Digital Inverted
Brightfield and Phase Contrast Microscope (Invitrogen, USA) and
analyzed using ImageJ software [72].

2.18. 3D tumorsphere proliferation assay

3D proliferation assay was performed as previously described [73]
and schematically presented in Supplementary Fig. 7C&D. Briefly, 50 pL
of Matrigel was used to coat the wells in 96-well plate and incubated for
30 min in 37 °C. 2000 cells were resuspended 100uL of complete DMEM
with FBS EVs depleted media, supplemented with 2 % Matrigel. After
24h, cells were treated daily with DMSO-sEVs and 27HC-sEVs. After
three days, Doxorubicin at 2 pM or Paclitaxel at 100 nM, or 1uM were
added and proliferation was measured by bioluminescence readout
(areascan 3x3, gain 200) using Synergy LX Plate Reader (Agilent, USA).

2.19. RNA-SEQ

Construction of the RNAseq libraries and sequencing on the Illumina
NovaSeq 6000 were performed at the Roy J. Carver Biotechnology
Center at the University of Illinois at Urbana-Champaign.

2.19.1. Construction of strand-specific RNAseq libraries

Total RNA was quantitated with Qubit high-sensitivity RNA reagent
(Thermo Fisher) and the integrity and absence of genomic DNA was
evaluated in a Fragment Analyzer (Agilent). The total RNAs were con-
verted into individually barcoded polyadenylated mRNAseq libraries
with the Kapa HyperPrep mRNA kit (Roche). Libraries were barcoded
with Unique Dual Indexes (UDI's) which have been developed to pre-
vent index switching. The adaptor-ligated double-stranded cDNAs were
amplified by PCR for 10 cycles with the Kapa HiFi polymerase (Roche).
The final libraries were quantitated with Qubit (Thermo Fisher) and the
average cDNA fragment sizes were determined on a Fragment Analyzer.
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The libraries were diluted to 5 nM and further quantitated by qPCR on a
CFX Connect Real-Time qPCR system (Bio-Rad) for accurate pooling of
barcoded libraries and maximization of number of clusters in the
flowcell.

2.19.2. Sequencing of libraries in the NovaSeq

The barcoded RNAseq libraries were loaded on one S1 lane on a
NovaSeq 6000 for cluster formation and sequencing. The libraries were
sequenced from both ends of the fragments for a total of 150bp from
each end. The fastq read files were generated and demultiplexed with
the bcl2fastq v2.20 Conversion Software (Illumina).

2.19.3. Quality check, alignment and counts of RNA-seq

All reference files were downloaded from NCBI’s ftp site (https://ftp.
ncbi.nlm.nih.gov/genomes/all/GCF/000,/001/635/GCF_000001635.2
7_GRCm39/). The Mus musculus transcriptome file
“GCF_000001635.27_GRCm39 rna.fna.gz” from Annotation 109
(https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Mus_mu
sculus/109/) from NCBI (https://www.ncbi.nlm.nih.gov/datasets/taxo
nomy/10090/) was used for quasi-mapping and count generation.
This transcriptome is derived from genome GRCm39; Since the quasi-
mapping step only uses transcript sequences, the gene model file
“GGCF_000001635.27_GRCm39_genomic.gff.gz” was solely used to
generate transcript-gene mapping table for obtaining gene-level counts.

The QC report was performed FASTQC (version 0.11.8, htt
ps://www.bioinformatics.babraham.ac.uk/projects/fastqc/) on indi-
vidual samples then summarized into a single html report by using
MultiQC [74] (https://multiqc.info) version 1.11. The average per-base
read quality scores are over 30 in all samples and no adapter sequences
were found indicating those reads are high in quality. Thus, the trim-
ming step was skipped, and sequences were directly proceeded to
transcripts mapping and quantification.

Salmon version 1.10.0 was used to quasi-map reads to the tran-
scriptome and quantify the abundance of each transcript [75]. The
transcriptome was first indexed using the decoy-aware method in
Salmon with the entire genome file “GCF_000001635.27_GRCm39_ge-
nomic.fna.gz” as the decoy sequence. Then quasi-mapping was per-
formed to map reads to the transcriptome with additional arguments
—seqBias and —gcBias to correct sequence-specific and GC content biases,
—numBootstraps = 30 to compute bootstrap transcript abundance esti-
mates and —validateMappings and -recoverOrphans to help improve the
accuracy of mappings. Gene-level counts were then estimated based on
transcript-level counts using the “lengthScaledTPM” method from the
tximport package. This method provides more accurate gene-level
counts estimates and keeps multi-mapped reads in the analysis
compared to traditional alignment-based method [76]. RNA-Seq data
has been submitted to the NCBI Gene Expression Omnibus (accession
number: GSE272476).

2.19.4. Statistical analysis of RNA-seq

When comparing expression levels, the numbers of reads per gene
need to be normalized not only because of the differences in total
number of reads, but because there could be differences in RNA
composition such that the total number of reads would not be expected
to be the same. The TMM (trimmed mean of M values) normalization
[67] in the edgeR package [68] uses the assumption of most genes do not
change to calculate a normalization factor for each sample to adjust for
such biases in RNA composition.

Multidimensional scaling in the limma package [77] was used as a
sample QC step to check for outliers or batch effects. Differential gene
expression (DE) analysis was performed using the limma-trend method
[78]. First, an F-test was performed to identify genes that changed
anywhere across any of the 6 treatments by comparing each of the
groups back to D_A.48 as the baseline.


https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/635/GCF_000001635.27_GRCm39/
https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/635/GCF_000001635.27_GRCm39/
https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/635/GCF_000001635.27_GRCm39/
https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Mus_musculus/109/
https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Mus_musculus/109/
https://www.ncbi.nlm.nih.gov/datasets/taxonomy/10090/
https://www.ncbi.nlm.nih.gov/datasets/taxonomy/10090/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://multiqc.info/

N. Krawczynska et al.

2.19.5. Downstream analysis of RNA-seq

Weighted gene co-expression network analysis (WGCNA) is a data
mining method developed to discover the co-expressed gene clusters
(modules) and detect the core genes (hub genes) in each module [79].
Specifically designed R package was used for this analysis [80]. The soft
thresholding power  was set to 5 to ensure a correlation coefficient
close to 0.8. 16 modules were detected, and module heatmaps were
plotted to visualize the expression pattern. Module eigengenes (ME)
were calculated and visualized to represent the gene expression signa-
tures of each module. Module membership (MM/kME) and gene sig-
nificance (GS) were assessed for each module to understand the
correlation of a gene to a module, and to assess the biological important
of each gene accordingly. Upon identifying the module that shows sig-
nificant different expression pattern between treatment groups, further
analysis on gene enrichment, pathway, and clinical phenotype was
performed using Shiny GO 0.80 version [81].

2.20. Clinical data analysis

Data used for analysis of breast cancer patient gene expression was
downloaded from the cBioPortal (https://www.cbioportal.org/) (Breast
Invasive Carcinoma, TCGA, Firehose Legacy), based on mRNA expres-
sion (RNA Seq V2 RSEM dataset). Spearman correlation was used for
gene expression analysis using R ggpubr package (https://rpkgs.datano
via.com/ggpubr/) and/or Graphpad Prism. Signatures for EMT or
stemness (CS) were generated, where the score was calculated based on
median expression for each gene in the signature. EMT signature: VIM,
SNAI1, SNAI2. CSC signature: SOX2, POU5F1 (OCT4), NANOG, CD44.

4. Results

From henceforth, sEVs obtained from neutrophils (Ly6G positive
cells isolated from bone marrow) treated with vehicle (DMSO) will be
referred to as DMSO-sEVs, and, sEVs obtained from neutrophils treated
with 27HC will be referred to as 27HC-sEVs.

4.1. Chronic treatment of cancer cells with small extracellular vesicles
from 27-hydroxycholesterol treated neutrophils (27HC-sEVs) leads to loss
of adherence

We have previously shown that 27HC treatment of myeloid cells
increased sEV biogenesis [53,54]. Another report found that the
cholesterol-derived metabolite, dendrogenin A, increased sEV secretion
from tumor cells by modulating the activity of the LXR [82]. While 27HC
resulted in sEVs from neutrophils that increased tumor growth and
metastasis [53], dendrogenin A treatment of cancer cells resulted in
sEVs that were immunogenic and anti-cancer [82]. Neutrophil enrich-
ment from bone marrow resulted in 93 % CD11B+; Ly6G + cells (flow
cytometry gating strategy in Supplementary Fig. 1A). We confirmed that
27HC or dendrogenin A increased sEV secretion from neutrophils (sEV
characterization in Supplementary Fig. 1B-C, sEV secretion in Supple-
mentary Fig. 2A). Interestingly, other synthetic or endogenous LXR li-
gands had no effect on sEV secretion from these Ly6G + neutrophils
(Supplementary Fig. 2A). Our previous work also found that cancer cells
were able to take up 27HC-sEVs, suggesting that they may be a primary
target [53].

To start elucidating the mechanisms by which 27HC-sEVs promote
tumor progression, we performed an in vitro experiment, where we
constantly exposed cancer cells to sEVs from neutrophils, mimicking the
chronic exposure one would expect in the TME. We conducted this
experiment in two independent TNBC murine cell lines: 4T1 and EMT6.
The 4T1 cell line was derived from 410.4 tumor originating from the
spontaneous mammary tumor of a BALB/c mouse, which closely re-
sembles stage IV of human breast cancer [83]. The EMT6 cell line is a
mammary murine carcinoma derived from BALB/c mouse [84]. Both
lines are metastatic, with lesions found primarily in the lungs.
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Cancer cells were treated with sEVs isolated from conditioned media
of neutrophils treated with either vehicle (DMSO) or 27HC (experi-
mental overview in Fig. 1A). To our surprise, the cancer cells exposed to
27HC-sEVs started to detach from the plates (Fig. 1B and C). The kinetics
of detachment varied with 4T1 seeing peek detachment at 72h and
EMT6 at 48h. To quantify this phenomenon, we determined the fraction
of detached and attached cells using trypan blue exclusion to assess only
live cells. There was a statistically significant difference between de-
tached and attached 4T1 cells treated with 27HC-sEVs compared to
DMSO-sEVs (Fig. 1D). Both live and dead cells were found attached and
de-attached, for both treatment groups (Fig. 1E). When comparing
adherent to non-adherent cells from 27HC-sEVs treatment, there was a
slight increase in the proportion of dead cells in the non-adherent
fraction, but this did not account for a large increase in non-adherent
cells after this treatment (Fig. 1E and F). Moreover, when comparing
live-adherent to live-non-adherent cells in our treatment groups, we
found that treatment with 27HC-sEVs increased the live-non-adherent
subpopulation (Fig. 1E and F). Importantly, the loss of adherence was
conserved in a second cell line examined (EMT®6, Fig. 1C-G-I). For EMT6
cells, the non-adherent fractions for both treatments had increased dead
cells compared to the adherent, providing further evidence that the
detachment effect of 27HC-sEVs was not due to an overall increase in
cellular death (Fig. 1I). The fraction of live-non-adherent cells was
significantly larger in EMT6 cells treated with 27HC-sEVs (Fig. 1H and
D). Interestingly, when surveying other synthetic and endogenous LXR
ligands, only 27HC-sEVs resulted in a significant loss of adherence
(Supplementary Fig. 2B). In order to assess whether our observed loss of
adherence was also apparent in luminal A, estrogen receptor alpha
positive cells, we tested the effects of 27HC-sEVs on human MCF?7 cells.
27HC-sEVs also resulted in loss of adherence of MCF7 cells
(Supplementary Fig. 3).

To further rule-out whether 27HC-sEVs were inducing cellular death
resulting in detachment, we evaluated apoptosis by staining with
Annexin V-FITC and propidium iodide (PI) (gating strategy is presented
in Supplementary Fig. 4A-B). Annexin V binds to phosphatidylserine, a
membrane lipid that becomes accessible on the outer layer during cell
membrane disruption. PI binds to DNA after entering the cell through an
already disrupted membrane. It is important to note that although there
were some non-adherent cells found in the media after treatment with
DMSO-sEVs, the total number was too low to process with Annexin V/PI
staining. Treatment with 27HC-sEVs did increase cells in the early and
late apoptosis, in both remaining adherent and non-adherent 4T1 cells
(Fig. 1J). This mirrors an accepted paradigm in vivo where the majority
of cells intravasating do not survive, but a small population does which
goes on to form metastatic lesions [85]. A similar, however distinct ef-
fect was observed in the EMT6 cell line after 48h of the treatments, with
a significant subpopulation of live cells (Annexin V-/PI-) after treatment
with 27HC-sEVs in comparison to DMSO-sEVs (Fig. 1K). For both cell
types, there was also a significant fraction of live, non-adherent cells
(Fig. 1J and K). 27HC treatment of neutrophils increases EV secretion by
approximately 2-fold (Supplementary Fig. 1B and Supplementary
Fig. 2A). However, treatment of 4T1 cells with two times the number of
DMSO-sEVs did not increase loss of adherence to the extent of
27HC-sEVs (Supplementary Fig. 5A). Likewise, treating 4T1 cells with
only 30 % of the sEV dose still resulted in an increase of non-adherent
cells although at lower levels (Supplementary Fig. 5B). Furthermore, a
single dose of 27HC-sEVs was sufficient to stimulate a loss of adherence
(Supplementary Fig. 5C). Collectively, these data indicate that
27HC-sEVs uniquely promote cancer cell loss of adherence compared to
DMSO-sEVs.

4.2. sEVs from 27HC-treated neutrophils promote pluripotency and
stemness in cancer cells

Loss of adherence is a feature of stemness and/or epithelial to
mesenchymal transition (EMT). Therefore, we assessed whether 27HC-
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sEVs were influencing either stemness or EMT. We started by evaluating
the expression of transcription factors known to play central roles in
driving key transcriptional programs related to pluripotency and stem-
ness: SOX2, OCT4, and NANOG [86]. As anticipated, the expression of
SOX2, OCT4, and NANOG were upregulated in the resulting
non-adherent 4T1 cells 72h after exposure to 27HC-sEVs
(Supplementary Fig. 6A). Since we observed loss of adherence in
EMT®6 cells sooner (48h timepoint; Fig. 1), we examined this timepoint
for changes in these transcription factors for EMT6. Similar to our
findings in 4T1 cells, 27HC-sEVs increased the expression of SOX2,
NANOG, and OCT4 (Supplementary Fig. 6B). For both cell types, the
remaining adherent cells post 27HC-sEVs treatment also had higher
expression of these transcription factors compared to DMSO-sEVs,
resembling an intermediate state (Supplementary Fig. 6A-B). Gaining
pluripotent ability (by overexpression SOX2, OCT4, and NANOG) by
cancer cells can give rise to multiple types of cells within the tumor,
contributing to tumor heterogeneity and chemoresistance [86-88].

Proliferative capacity is often low or reduced in stem-like cells [89].
As expected, we observed significantly reduced expression of the pro-
liferation marker, ki67, through time in 27HC-sEVs treated 4T1 and
EMT6 cells (Supplementary Fig. 6C-D). The reduction in ki67 was most
pronounced in non-adherent populations, which emerged at 72h or 48h
post-treatment for 4T1 and EMT6 cells, respectively. This suggests that
27HC-sEVs from neutrophils were indeed promoting stemness.

Cancer stem cells in human breast tumors have been characterized as
Lin"®8/CD24"8 © 1°/CD44* phenotype [90]. Murine mammary cancer
stem cells have also been described to highly express CD44 and lose
expression of CD24 [91]. CD44 is one of the regulators of self-renewal,
tumor initiation and metastatic progression, and chemoresistance
properties of cancer stem cells [92]. On the other hand, CD24 is a
negative regulator of CXCR4; CD24"8 ' % phenotype upregulates
CXCR4 and may give rise to increased migration activity, required for
tumor initiation and metastatic progression [93]. A distinct breast
cancer stem cell population was also identified and characterized by
high activity of aldehyde dehydrogenase (ALDH), characterized by
self-renewal capacity and multidrug resistance [94]. Moreover, the
ALDHI1AL isoform is considered the main cancer stem cell-related iso-
form [95]. Based on the markers (ALDH, CD44, and CD24), breast
cancer stem cells have been divided into subpopulations: epithelial-like,
with ALDHIA1* CD24"¢ © °/CD44", and mesenchymal-like, ALD-
H1A1"egative cpogneg to low ,opgg+ [91,96]. Our flow cytometric anal-
ysis of 4T1 or EMT6 cells after exposure to 27HC-sEVs revealed a robust
enrichment of the CD24"°8/CD44" population (Fig. 2A and B). In
addition, the expression of the ALDH1Al marker decreased after
27HC-sEVs treatment in adherent and non-adherent 4T1 or EMT6 cells
(Fig. 2C and D). The decrease in ALDH1Al was most apparent in
non-adherent cells at later timepoints (times after detachment was
observed; Supplementary Fig. 6E-F). This indicates that after exposure
to 27HC-sEVs, cancer cells are enriched in mesenchymal-like stem-like
cancer cell subpopulations characterized by ALDH1A1"gaive
CD24"°8/CD44™".

A hallmark of stem-like cells is their ability to grow in an anchorage-
independent fashion [97]. Therefore, we tested the ability of cancer cells
to form tumorspheres in the presence of DMSO-sEVs or 27HC-sEVs. The
assay was conducted for a total of 14 days with two assessment points — 7
and 14 days (Fig. 2E-J, Supplementary Fig. 6G). There was no statistical
difference in the total number of tumorspheres between treatment
groups (Fig. 2E and F) for both tested time points; with the exception of
the no-treated group which was lower than the smallest dose of
DMSO-sEVs neutrophils (7 days, Fig. 2E). However, there was a decrease
in surviving tumorspheres between 7 days and 14 days of culture
(Fig. 2E-G). The rate of this decrease was not as pronounced in tumor-
spheres treated with 27HC-sEVs (Fig. 2G). In contrast, the rate of
tumorsphere loss was apparent in all doses of DMSO-sEVs examined
(Fig. 2G).

Interestingly, we also observed larger diameters in 4T1 tumorspheres

Cancer Letters 636 (2026) 218105

formed in the presence of 27HC-sEVs compared to DMSO-sEVs for both
tested time points (Fig. 2H and I). Linear regression (Fig. 2J) revealed a
dose-dependent growth of tumorspheres after 27HC-sEVs and DMSO-
sEVs treatments.

Overall, sEVs from 27HC-treated neutrophils upregulate the main
transcription factors associated with pluripotency in mammary cancer
cells. At the cellular level, mammary cancer cells treated with 27HC-
sEVs gain a mesenchymal stem-like phenotype (ALDH1A1"®82ive
CD24"8/CD44™") suggestive of epithelial-mesenchymal transition and,
in consequence, lose their adherence.

4.3. sEVs from 27HC treated neutrophils alter epithelial-mesenchymal
transition in recipient cancer cells

Loss of adhesion is one of the hallmarks of metastasis [98]. In gen-
eral, epithelial cancer cells lose dependence on integrin-mediated and
cadherin-dependent interactions with extracellular matrix and
cell-to-cell adhesion. For that reason, we evaluated this phenomenon
after sEVs treatments.

EMT is a reversible process that allows epithelial cells to adopt a
mesenchymal state [96]. The “cadherin switch” is a characteristic
movement assigned to the EMT. It is manifested by loss of E-cadherin
(CDH1) expression and increased N-cadherin (CDH2) expression
accompanied by different integrin changes. The downregulation of Cdh1
and upregulation of Cdh2 was observed in 4T1 cells after 72h and 96h
treatment with 27HC-sEVs for both subpopulations: attached and
non-adherent cells (Fig. 3A and B). CDH1 protein was also decreased
(Fig. 3E). EMT6 cells showed an increase in CDH1 mRNA and protein
(Fig. 3C,D&F). Gain of CDH2 is a hallmark of EMT. Both 4T1 and EMT6
cells had increased Cdh2 expression after treatment with 27HC-sEVs
(Fig. 3A-D). The expression of other genes associated with EMT were
also altered in in both cell lines (Fig. 3A-D). Collectively, these data
suggest that 27HC-sEVs push breast cancer cells into a state closer to
mesenchymal cells on the spectrum between epithelial and mesen-
chymal states, which is a common phenomenon for cancer cells [96].

Integrins are transmembrane adhesion molecules that mediate sig-
nals between extracellular matrix and the cytoskeleton. Upon activation,
they are able to change cell gene expression, polarity, proliferation,
migration, and phenotype. The integrin superfamily consists of 18 a and
8 P units, which can combine to form 24 functional heterodimers.
Notably, a5 subunit is recognized as a mediator of metastatic progres-
sion in solid tumors, including breast cancer [99]. Subunit a6 often
parried with B4, is recognized as a stemness marker [100]. ITGa5 levels
were increased in both 4T1 and EMT6 cells after detachment due to
27HC-sEV treatment (Fig. 3E and F). ITGp4 and ITGa6 were both
decreased in 4T1 cells but increased in EMT6 cells (Fig. 3E and F). This
pattern aligns with the known role of a6 and 4 in maintaining
epithelial-like phenotype, facilitating epithelial adhesion and epithelial
stability [101]. mRNA levels for these integrins did not always reflect
protein levels (Supplementary Fig. 7A-B). Collectively, our data suggest
that 27HC-sEVs push cancer cells into EMT, with resulting gene and
protein expression of cadherins and integrins indicating cells in between
complete transition.

Stem and mesenchymal-like populations of cancer cells tend to be
migratory [102,103]. To investigate the migratory ability of cancer cells
after the sEVs treatments, we took detached subpopulations of cells after
treatment with DMSO-sEVs or 27HC-sEVs and assessed their ability to
migrate through a Boyden chamber. For both 4T1 and EMT6 cancer
cells, we observed increased migration in cells treated with 27HC-sEVs,
with the highest migration in loose-adherent (transitioning) 27HC-sEVs
treated cells (Fig. 4A and B). This increased migration may explain the
previously observed increased metastatic colonization/outgrowth
observed when 27HC-sEVs were administered to mice [53].

Another feature of stem cancer cells and EMT is resistance to cyto-
toxic chemotherapy. Drug resistance was assessed by 3D proliferation of
4T1 tumor spheroids co-treated with DMSO-sEVs or 27HC-sEVs and
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Fig. 2. Treatment of mammary cancer cells with 27HC-sEVs from neutrophils results in a stem-like phenotype. (A-B) Flow cytometry quantification of CD44"/
CD24 cells of (A) 4T1 after 72h and (B) EMT6 after 48h exposure to DMSO-sEVs or 27HC-sEVs. (C-D) Flow cytometry quantification of ALDH1A1™ cells of (C) 4T1
after 72h and (D) EMT6 after 48h of exposure to DMSO-sEVs or 27HC-sEVs. (E-G) Quantification of 4T1 tumorspheres after 7 days (E) and 14 days (F) of culture with
different doses of DMSO-sEVs and 27HC-sEVs. (G) Linear regression of 4T1 tumorsphere number after 7 days and 14 days of culture with different doses of DMSO-
sEVs and 27HC-sEVs. (H-J) Quantification of 4T1 tumorsphere diameters after 7 days (H) and 14 days (I) of culture with different doses of DMSO-sEVs and 27HC-
sEVs. (J) Linear regression of 4T1 tumorsphere diameters from 7 days to 14 days of culture with different doses of DMSO-sEVs and 27HC-sEVs. All data are presented
as mean + SEM. Statistical analyses (A-D, N = 3; E-F, H-I, N = 3-6/treatment group) were performed using one-way ANOVA followed by Tukey’s multiple com-

parison test, with an asterisk (*) indicating P < 0.05.

doxorubicin (DOX), paclitaxel (PAC) or vehicle (DMSO) through time.
As expected, growth of 4T1 spheroids treated with DMSO-sEVs were
inhibited by DOX or paclitaxel treatment (Fig. 4C and D, experimental
setup in Supplementary Fig. 7C-D). In contrast, 4T1 spheroids treated
with 27HC-sEVs were not sensitive to DOX or paclitaxel treatment
(Fig. 4C and D). Similar chemoresistance was observed in EMT6
spheroids treated with 27HC-sEVs (Fig. 4E and F).

In order to highlight the relevance of our findings to human tumors
we have performed correlational analyses to CYP27A1, the enzyme
responsible for converting cholesterol to 27HC. Thus, one would expect
higher local 27HC concentrations in tissue with elevated CYP27Al1
expression [104]. We observed a negative correlation between CYP27A1
and GSK3p; in the absence of WNT signaling, GSK3f results in the
degradation of B-catenin (Fig. 4G, TCGA Breast Invasive Carcinoma,
Firehose Legacy). We next generated EMT- and cancer stem cell (CSC)-
gene signatures (EMT: VIM, SNAI1 and SNAI2; CSC: SOX2, POU5F1
(OCT4), NANOG and CD44). There was a positive correlation between
CYP27A1 and both the EMT and CSC gene signatures, and also an in-
verse correlation to CDHI1; CDH1 loss being a characteristic of mesen-
chymal cells (Fig. 4H-J). Correlations between CYP27A1 and the
individual genes of these signatures are shown in Supplementary Fig. 8.
These correlations in human breast tumors support data obtained from
murine models, and reinforce the clinical relevance of our findings.

Collectively, these data strongly suggest that exposure to 27HC-sEVs
initiates EMT and increased stemness. This allows cancer cells to detach
from the plates, form persistent and larger tumorspheres, gain migratory
ability and resist cytotoxic chemotherapies, all important features in the
metastatic progression cascade.

4.4. sEVs from 27HC-treated neutrophils disrupt the WNT/-catenin
pathway and impact stem-like properties in recipient cancer cells

To better understand the mechanisms of how 27HC-sEVs promoted
loss of adherence, stemness and EMT, we performed a nonbiased, bulk
RNA-Seq on 4T1 mammary cancer cell after exposure to DMSO-sEVs or
27HC-sEVs. To best capture dynamic regulation by sEVs cargo, we
evaluated two-time points and powered these studies with five replicates
per group. For cells exposed to 27HC-sEVs, we performed RNA-Seq on
both cells that lost their adherence (non-adherent) and those that
remained attached to the plate (adherent).

Using two-way ANOVA with an FDR cutoff of 0.05, 11,637 genes
were found to be differentially expressed (DEGs) between the six groups
(Fig. 5A). As illustrated by a Multidimensional Scaling Plot (MDS),
exposure of 4T1 cells to 27HC-sEVs resulted in a unique transcriptional
landscape compared to DMSO-sEVs; the most variance between groups
being described by dimensions 1 and 2 (Fig. 5B). Within each treatment
type, a shift in dimension 1 and 2 were observed through time (Fig. 5B).
For those cells treated with 27HC-sEVs, both adherent and non-adherent
cells clustered separately from those treated with DMSO-sEVs, particu-
larly along dimension 1 (Fig. 5B). At the second timepoint (72h), the
adherent cells treated with 27HC-sEVs started to more closely resemble
nonadherent ones at the first timepoint (48h). Raw gene counts (Gene-
Level_counts), and logarithmic counts per million reads of the trimmed
mean of M-values (TMMnormalized_logCPM) are listed in Supple-
mentary Datasheet 1.

The time, treatment, and adherence variables in our experimental
setup made it challenging to perform broad pathway analyses on the
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DEGs. Therefore, to focus our evaluation of 4T1 expression patterns
following treatment with neutrophil-derived sEVs, we utilized weighted
gene co-expression network analysis (WGCNA). The soft thresholding
power 3 was set to five to ensure a correlation coefficient close to 0.8.
Therefore, p = 5 (Fig. 5C) was used to generate a hierarchical clustering
tree (Fig. 5D). A total of 16 different color-coded co-expression modules
were identified. Each module is depicted in Supplementary Fig. 9 and
Supplementary Datasheet 2. Statistical analysis between treatment
groups in specific modules (Supplementary Table 1) revealed the mod-
ules with the lowest P-value as Module 1 (co-downregulated genes, adj.
P.Val = 6.80546234426343e-19) and Module 2 (co-upregulated genes,
adj.P.Val = 1.55549927195221e-15) (Fig. 6A and B, Supplementary
Datasheet 3). Corresponding heatmaps for each module are presented in
Fig. 6C and D.

Gene-set enrichment analysis of Module 1 and Module 2 hub genes
was performed using Shiny 0.8 [81]. Enrichment of genes associated
with cell cycle was found in Module 1, with 27HC-sEVs resulting in their
down-regulation (Fig. 6E). Interestingly, in 4T1 cells treated 27HC-sEVs,
there was significant enrichment in genes associated with the WNT
signaling and the pluripotency (Module 2, upregulated by 27HC-sEVs,
Fig. 6F). Collectively, these analyses suggest that 27HC-sEVs down-
regulate the cell cycle and division process while increasing WNT
signaling and pluripotency. It is recognized that decreased cell-cycle is a
characteristic feature of cancer stem cells [87] and that WNT/B-catenin
signaling is an important driver of pluripotency [105]. These data pro-
vide a potential mechanism for our observations that exposure of cancer
cells to 27HC-sEVs lose their adherent properties, another common
feature of pluripotent or stem-like cells [98]. Therefore, we focused on
this pathway for further analysis.

4.5. sEVs from 27HC-treated neutrophils alter the expression of several
genes in the WNT/f-catenin pathway

We first focused on the WNT/B-catenin pathway, as it has been
implicated in EMT, driving stem-like states and loss of adherence [98,
106,107]. Therefore, we performed independent experiments exam-
ining both 4T1 and EMT6 cells exposed to sEVs for two different time-
frames. Gene expression analysis of several genes involved in the
WNT/B-catenin pathway found that many were altered, with the largest
differences observed 27HC-sEVs treated cells that had lost their adher-
ence (Supplementary Fig. 10). The expression of: WNT5A, WNT9B,
WNT2B, FRZ3, FRZ6, CTNNB1, APC, AXIN2, TCF7 was increased. At the
same time, GSK3b was decreased in 4T1 cells after 72h and 96h
(Supplementary Fig. 10A) compared to cells treated with DMSO-sEVs. A
similar pattern was observed in the EMT6 cell line after 48h and 72h
(Supplementary Fig. 10B).

Glycogen synthase kinase-3b (GSK3b) negatively regulates the
WNT/B-catenin pathway by promoting the phosphorylation and subse-
quent proteasomal degradation of B-catenin [108]. When GSK3b is
inhibited, p-catenin accumulates in the cytoplasm and is translocated to
the nucleus, where it functions as a co-transcriptional activator for T-cell
factor/lymphoid enhancer factor (TCF/LEF) transcription factors,
upregulating transcription of c-myc, WNT genes, and SOX2 [108,109].
In our case, GSK3b was downregulated by 27HC-sEVs, while f-catenin
(CTNNB1) was upregulated, reinforcing this signaling loop
(Supplementary Fig. 10). In addition, other genes activating the
pathway were upregulated by 27HC-sEVs. Collectively, these data
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Fig. 3. Treatment of mammary cancer cells with 27HC-sEVs from neutrophils results in an epithelial to mesenchymal transition (EMT) phenotype.

(A-B) EMT gene expression patterns in 4T1 cells after exposure to DMSO-sEVs or 27HC-sEVs for 72h or 96h respectively. (C-D) EMT gene expression patterns in
EMTS6 cells after exposure to DMSO-sEVs or 27HC-sEVs for 48h and 72h respectively. (E-F) Flow cytometric quantification of CDH1, ITGa5, ITGp4, and ITGa6 surface
expression in 4T1 and EMT6 cells treated with DMSO-sEVs or 27HC-sEVs. Statistical analyses were performed using one-way ANOVA followed by Tukey’s multiple
comparison test, with an asterisk (*) indicating P < 0.05 (A-D, N= 5-6; E-F, N = 3/treatment group).
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Fig. 4. Treatment of mammary cancer cells with 27HC-sEVs from neutrophils results in increased migration and chemoresistance.

(A) Quantification of migrated 4T1 cells. 4T1 cells were cultured in the presence of either DMSO-sEVs or 27HC-sEVs for 72h prior to seeding onto a Boydon Chamber
and allowing to migrate for 24h. Representative pictures for each treatment are presented to the right of the quantified data. (B) Quantification of migrated EMT6
cells. EMT6 cells were cultured in the presence of either DMSO-sEVs or 27HC-sEVs for 48h prior to seeding onto a Boydon Chamber and allowing to migrate for 24h.
Representative pictures for each treatment are presented to the right of the quantified data. Statistical analyses for A-B were performed using one-way ANOVA
followed by Tukey’s multiple comparison test, N = 3/treatment group, an asterisk (*) denoting P < 0.05 (C-D) Quantification of 4T1 and EMT6 spheroid cell
quantity after 12 days (4T1 spheroids) or 20 days (EMT6 spheroids) of treatment with DMSO-sEVs or 27HC-sEVs in combination with either vehicle (DMSO) or 2uM
doxorubicin. (A-F) All data are presented as mean + SEM. (E-F) Quantification of 4T1 and EMT6 spheroid cell quantity after 12 days of treatment with DMSO-sEVs
or 27HC-sEVs in combination with either vehicle (DMSO) or paclitaxel (4T1 spheroids - 100 nM; EMT6 spheroids - 1uM). Statistical analyses of C-F were performed
using a students T test where each subgroup were compared to DMSO control, N = 3/treatment group, with an asterisk denoting P < 0.05. (G) Breast tumoral mRNA
expression of GSK3p is negatively correlated with CYP27A1 (RNA Seq v2 RSEM, from the Breast Invasive Carcinoma, TCGA, Firehose Legacy dataset). Linear
regression was performed to generate the red line. Spearman’s correlation indicated (r;) along with the Spearman correlation P value (Ps). (H-I) An EMT gene
signature was positively correlated while CDH1 expression was negatively correlated with CYP27A1. Details as for (G). (J) A cancer stem cell gene signature was
positively correlated with CYP27A1. Details as for (G).
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Fig. 5. Transcriptome of cancer cells significantly changes upon treatment with 27HC-sEVs. Murine neutrophils were treated with DMSO or 27HC followed by sEV
isolation from the conditioned media. 4T1 cancer cells were exposed to the sEVs for 48h or 72h. Both adherent and non-adherent cells were harvested and sent for
bulk RNA-Seq. (A) Heatmap of DEGs between all tested groups. Statistical analyses were performed using two-way ANOVA, FDR <0.05. N = 5 (B) MDS plot
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connectivity. (D) WGCNA settings: a clustering diagram of the gene modules dendrogram by distinct colors. Each colored line represents a color-coded module
containing highly connected genes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

indicate that 27HC-sEVs robustly increase WNT signaling in mammary
cancer cells, suggesting that this may be a predominant pathway in the
stemness and EMT phenotypes observed.

4.6. 27HC-sEVs carry small amounts of 27HC; concentrations that do not
promote loss of adherence

Using simultaneous label-free autofluorescence multiharmonic
(SLAM) microscopy, we previously found that sEVs from 27HC-treated
neutrophils have a decreased FAD:(FAD + NAD(P)H) ratio compared
with sEVs from DMSO-treated neutrophils [53,54]. This strongly sug-
gested that there is a difference in the cargo of 27HC-sEVs compared to
DMSO-sEVs. Therefore, in order to investigate the potential mechanisms
behind loss of adherence after exposure to 27HC-sEVs (Fig. 1) and ul-
timately metastatic progression [53,54], we probed differences in the
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sEV molecular cargo, focusing on 27HC and RNA content.
Macrophages have been previously demonstrated to have high
expression of CYP27A1, the enzyme responsible for the synthesis of
27HC from cholesterol [110,111]. Previous work using single cell
RNA-seq revealed that neutrophils had significantly decreased CYP27A1
expression compared to macrophages or monocytes isolated from met-
astatic lungs or atherosclerotic plaques [39,111]. We confirmed these
findings by assessing expression in bone marrow derived myeloid cells
using RT-qPCR. Although neutrophils do express Cyp27Aal mRNA, it is
at much lower levels compared to bone marrow derived macrophages,
peritoneal mast cells, or bone marrow derived dendritic cells; neutro-
phils expressing Cyp27al to around the same degree as mast cells
(Supplementary Fig. 11A). The enzyme that catabolizes 27HC, CYP7B1,
was also explored. Cyp7bl was higher in granulocytes compared to
macrophages or dendritic cells (Supplementary Fig. 11B). The fetal
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bovine serum (FBS) used to culture neutrophils (sEV-free) and cancer
cells was assessed for oxysterol content, but all those tested were below
detection limits (Supplementary Fig. 11C details our positive controls;
assessments were made in two independent facilities). To determine the
capacity of neutrophils to synthesize 27HC, we cultured them with or
without cholesterol and then quantified resulting 27HC in the condi-
tioned media by LC-MS/MS. Resulting concentrations of 27HC were
below detection limits (not shown). Thus, given the low Cyp27al
expression and undetectable 27HC after culture in the presence of

Cancer Letters 636 (2026) 218105

cholesterol, we conclude that neutrophil capacity to generate 27HC is
low.

Regardless of the capacity for neutrophils to synthesize their own
27HC, it was possible that 27HC was either being co-selected for with
the sEVs isolation, or that 27HC was being enriched within the sEVs
themselves and transferring that to cancer cells; both scenarios ulti-
mately resulting in loss of adherence. To explore this further, we
assessed the 27HC concentration of sEVs from DMSO or 27HC treated
neutrophils. 27HC was detected in sEVs from 27HC-treated neutrophils
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(Supplementary Fig. 11D).

We next performed an experiment where DMSO or 27HC were spiked
in with neutrophils right before isolation of sEVs. These sEVs were then
administered to 4T1 cells (Supplementary Fig. 11E). Adding 27HC at
this time did not influence adherence, (Supplementary Fig. 11F).
Furthermore, chronic exposure of cancer cells to 27HC alone at the same
concentrations as those measured in 27HC-sEVs, did not result in loss of
adherence (either 4T1 or EMT6 cells; Supplementary Fig. 11G-H).
Collectively, these findings suggest that although 27HC-sEVs do carry
27HC, 27HC itself is not sufficient to drive a biological response, but
rather that other sEV cargo was mediating responses in cancer cells.

4.7. Elevated 27HC modulates the miR content of small extracellular
vesicles isolated from neutrophils

Our finding that 27HC transfer did not alter adherence led us to
believe that other cargo were involved in mediating these effects. RNA is
one of the major constituents of sEV cargo, and has significant regula-
tory capacity [112]. Therefore, we focused our efforts on RNA content.

Total RNA was isolated from DMSO-sEVs and 27HC-sEVs, using
methods to also capture small amounts of RNA. First, we used Bio-
analyzer 2100 (Agilent) and the Total RNA Pico kit detection method for
fragment size, concentration, and quality verification. The RNA frag-
ments were in the size range below 200 nucleotides (nt) (Supplementary
Fig. 12A-B). The RNA integrity number (RIN) is based on the 28S:18S
ratio, where a 2:1 ratio is considered the best RNA quality [113]. The
observed relatively small or absent fragments of 18S and 28S in our
tested samples highly suggest that the isolated RNA does not reflect the
size distribution expected in a cell (as in, SEV RNA did not contain large
RNA molecules, e.g. 18S and 28S). Thus, to evaluate the RNA species
smaller than 200 nt, we performed a secondary analysis using the
DNF-470-22 - Small RNA kit on an AATI Fragment Analyzer (Agilent).
For all tested samples of total RNA isolated from sEVs, the detected
fragments were in the range of 10-60 nt, with the average peak at 18 nt
(Supplementary Fig. 12C-D). The calculated data revealed that, on
average, 91.7 % of isolated RNA qualified as microRNA (miR).

Therefore, we next focused on characterizing the miR cargo by
performing small RNA-Seq on isolated sEVs from treated neutrophils, we
powered our study with N = 7 per group. In total, 1031 different miRs
were detected in both treatment groups (Supplementary Fig. 12E).
However, only 34 miRs were statistically differently expressed between
the groups (Fig. 7A). Seven miRs were upregulated while 27 miRs were
downregulated in 27HC-sEVs compared to DMSO-sEVs. We next vali-
dated our results in an independent experiment, employing the gold
standard RT-qPCR method [114]. Since we could not assume that 27HC
did not alter small RNAs typically used as internal controls, we decided
to use an exogenous reference control by spiking — miR USP6 (Qiagen).
As a further control, we assessed miR-103a-33p which was not found to
be significantly regulated in the RNA-Seq, which was confirmed by
qPCR (Fig. 7B). Our results confirmed the changes in several of the
differentially expressed miRs identified by small RNA-Seq of sEVs
(Fig. 7B). To better understand the potential impact of the identified
differentially expressed miRs in recipient cancer cells, we used three
different bioinformatics pipelines (described in the Methods section
with an overview summary in Supplementary Fig. 13) to predict tar-
geted pathways. Even though we were able to detect statistical differ-
ences in miR expression between our treatment groups (Fig. 7A), when
considered individually the prediction of potential downstream path-
ways for each miR was not informative. Therefore, future analysis was
conducted using clusters of miRs.

Based on this analysis, the downregulated miRs in 27HC-sEVs were
predicted to have an impact on insulin signaling, response to hypoxia,
GnRH signaling, PI3K-Akt-mTOR signaling, signaling pathways regu-
lating pluripotency of stem cells, TGF-beta signaling, angiogenesis, EGF
receptor signaling, WNT signaling, MAPK signaling pathways, response
to amyloid-beta, oxidative stress response, and synaptic vesicle. Overall,
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13 potential pathways that might be targeted by differentially expressed
miRs were consistently implicated across the different bioinformatic
approaches used (Supplementary Table 2). Gaining stem-like properties
(e.g. pluripotency) by cancer cells was detected in two bioinformatic
pipelines and caught our attention given our observations that 27HC-
sEVs stimulated loss of adherence and our previous results described
in this project. Gaining pluripotency or stem-like phenotypes may be
driven by multiple pathways [105]. Our analysis of differential miRs
predicted several downstream pathways that are implicated in driving
pluripotency and ‘stemness’. Specifically, the PI3K-Akt-mTOR,
TGF-beta, WNT, MAPK, and hypoxia signaling pathways have all been
previously implicated in breast cancer progression, metastasis, and drug
resistance [105,115,116]. Given the fact, that bulk RNA-Seq on cancer
recipient cells also implicate the WNT pathway; our bioinformatics
analysis of potential targets of downregulated microRNAs strengthened
our conclusions that this is the pathway leading to the gaining the
stem-like phenotype by recipient cancer cells.

4.8. 27-Hydroxycholesterol also changes miR content of neutrophils, the
cellular source of sEVs

It has been reported that the cargo of sEVs can be selectively loaded,
as in their contents do not necessarily reflect those of their parental cells
[117-119]. To better understand the origins of the differentially
expressed miRs in sEVs, we simultaneously quantified select miRs in the
parental neutrophils (Supplementary Fig. 14A) and resulting sEVs
(Supplementary Fig. 14B). After 24h of treatment, miR expression levels
in neutrophils had shifted but were not yet statistically significant
(Supplementary Fig. 14A). At this timepoint, no changes were observed
in sEVs apart from let-7j which was slightly upregulated (Supplementary
Fig. 14B). Since many of the miRs of interest were downregulated by
27HC and miR turnover may take more than 24h, we next assessed a 48h
timepoint. At this timepoint, the majority of miRs probed were signifi-
cantly regulated by 27HC in neutrophils (Supplementary Fig. 14C). The
differences observed in neutrophils 48h post-treatment were also re-
flected in the cargo of resulting sEVs (Supplementary Fig. 14D).

These results, comparing miR expression in neutrophils to sEVs,
strongly suggest that 27HC modulates miR content within neutrophils
themselves and that the miR cargo in sEVs is reflective of this change.
However, the process may consist of multiple steps, and although our
kinetic data would suggest the regulation of miRs primarily at the
cellular level, we cannot rule out selective loading into sEVs. The
mechanisms by which 27HC modulates miRs in the neutrophil or how
they are loaded into sEVs require further investigation.

4.9. Let-7 miRs are a main regulatory component resulting in observed
changes in recipient cancer cells

Even though we were able to detect statistical differences in the
expression of several different miRs between our treatment groups
(Fig. 7A), it was likely that no one miR was responsible for the pheno-
types we observed. Therefore, further analysis was conducted when
clusters of miRs were considered to impact gene expression.

We were able to identify two miR families that were downregulated
in 27HC-sEVs: let-7 and miR-129s. Both miR families have been asso-
ciated with aspects of WNT signaling and stemness. To test whether
decreases in sEVs delivery of these miRs influenced cancer cells, we
exposed our cancer cells to DMSO-sEVs or 27HC-sEVs, followed by miR
quantification in the recipient cancer cells. miR-129 expression within
4T1 and EMT6 cells was below the detection limits of our qPCR
approach. In both cell lines tested, let-7 miRs were decreased in 27HC-
sEVs treated cells compared to DMSO-sEVs treated ones, with the largest
decreases noted in the non-adherent cells (Fig. 8).

In addition, we engineered in-house sEVs derived from neutrophils
with decreased levels of all the let-7’s that we identified as being
downregulated after 27HC treatment. Neutrophils were treated with let-
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7a-5p, let-7f-5p, let-7g-5p, and let-7j inhibitors (antisense oligonucleo-
tides; miRCURY LNA miRNA inhibitors), and sEVs were isolated. These
sEVs were then used to treat cancer cells. First, we confirmed that let-7’s
inhibitors work to reduce the expression of the expected let-7 miRs in
neutrophils (Fig. 9A) and sEVs (Fig. 9B). We compared the inhibitor
group (let’7 inh) to the negative control for the inhibitor treatment (NC),
and untreated cells and sEVs (no treatment; NT).

Gene expression analysis revealed that let-7 inhibition phenocopied
that of 27HC-sEVs in recipient cells (Fig. 9C). As with 27HC-sEVs, WNT
pathway genes (CTNNB1, GSKB, and TCF7) were upregulated. More-
over, cells gained a stem-like phenotype, based on downregulated ki67,
and upregulated SOX2, OCT4, and NANOG. ALDH1A1 gene expression
was upregulated, which was in contrast to our flow cytometry analysis of
cells post-27HC-sEVs treatment (Fig. 2D). This may be due to altered
post-transcriptional regulation. Regardless, our data suggest that let-7
inhibitors transfected into neutrophils resulted in sEVs that stimulated
cells to gain a more epithelial stem-like phenotype, similar to 27HC-
sEVs. Thus, it is likely that the let-7 miR family is the predominant
executor of the effects observed in 27HC-sEV treated cancer cells with
other miRs or other cargo fine-tuning responses.

To test this hypothesis more directly, we have performed a rescue
experiment, where cancer cells were pre-treated for 4h with a cocktail of
let-7 mimics (let-7a-5p, let-7g-5p, let-7f-5p and let-7j). Strikingly, pre-
treatment of cancer cells with let-7 mimics completely ablated the ef-
fects of 27HC-sEVs, so much so that there were no detectable cells that
had lost adherence (Fig. 10). mRNA analysis of adherent cells pretreated
with the let-7 mimic cocktail and then exposed to 27HC-sEVs showed no
changes in genes associated with WNT signaling, EMT or stemness
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(Fig. 10). Therefore, the mechanism by which 27HC-sEVs enhance WNT
signaling, EMT, stemness and loss of adherence, relies on decreased let-7
miRs.

Overall, the let-7 family is likely a major driver of cancer cell plu-
ripotency and stem-like phenotype, after exposure to 27HCA-sEVs. This
results in cancer cells that are more migratory and resistant to chemo-
therapy, signatures of cells thought to cause metastatic recurrence
(Fig. 11).

5. Discussion

EVs are crucial for maintaining regular cell-to-cell communication.
They have been reported to play a significant role of messengers in
tumor progression. It was previously reported that 27HC stimulates
breast cancer metastasis in part by increasing the secretion of sEVs from
neutrophils [37,53]. However, it was not known how these 27HC-der-
ived sEVs stimulate metastasis. In this study, we have found that sEVs
from 27HC-treated neutrophils impact cancer cells by promoting the loss
of adherence (Fig. 1), initiating EMT and shifting cells towards a
stem-like phenotype (Figs. 2 and 3). The culmination of these changes
resulted in cells that were more resistant to cytotoxic chemotherapeutic
drugs, doxorubicin and paclitaxel (Fig. 4). This represents a critical
mechanism of resistance and serves as an emerging point for the
development of novel strategies. Other studies have implicated sEVs in
drug resistance, suggesting that this may be a common mechanism, and
that cholesterol metabolites can regulate it [reviewed in 120-123].

We observed robust increases in WNT signaling, a predominant
pathway leading to gaining stem-like phenotype by recipient cancer
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Fig. 9. Decreasing let-7 miRs in sEVs results in altered expression of genes associated with the WNT pathway and stemness in recipient cancer cells, mirroring the
effects of 27HC-sEVs. Murine neutrophils were treated with a cocktail of antisense LNA oligos (inhibitors; inh) against different let-7 miRs (let-7 inh: let-7a-5p, let-
7g-5p, let7f-5p, and let7j). (A) RT-qPCR quantification of let-7 miR in neutrophils after treatment with let-7 inh for 48h. NT - no treated cells, NC - negative control
for miR inhibitors, let-7 inh — the cocktail of 4 let-7 inhibitors in the final concentration of 5 nM. (B) RT-qPCR quantification of let-7 miRs in sEVs secreted from
neutrophils treated with let-7 inhibitors for 48h. NT - no treated cells, NC - negative control for miR inhibitors, let-7 inh — the cocktail of 4 let-7 inhibitors in the final
concentration of 5uM. (C) Quantification of genes associated with the WNT pathway (CTNNB1, GSK3B, and TCF7), stem cells markers (ki67, SOX2, OCT4, NANOG,
and ALDH1A1) or EMT (CDH-1, CDH-2, SNAII, and SLUG) in EMT6 cells after 72h exposure to sEVs. NC -sEVs — sEVs were isolated from neutrophils treated with
negative control for miR inhibitors; let-7’s inh_-sEVs. sEVs were isolated from neutrophils treated with the cocktail of 4 let-7 inhibitors at a final concentration of
5uM. Statistical analyses were performed using one-way ANOVA followed by Tukey’s multiple comparison test, N = 3/group, with an asterisk (*) denoting P < 0.05.
éll data are presented as mean + SEM.
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additional 48h. Quantification of genes associated with the WNT pathway (CTNNB1, GSK3p, and TCF7), stemness (ki67, SOX2, OCT4, NANOG, and ALDH1A1) or
EMT (CDH-1, CDH-2, SNAII, and SLUG). Statistical analyses were performed using one-way ANOVA followed by Tukey’s multiple comparison test, N = 3/treatment
group, with an asterisk (*) denoting P < 0.05. All data are presented as mean + SEM.

cells (Fig. 6 and Supplementary Fig. 10). WNT signaling has also been miRs in recipient cancer cells (Fig. 8). The decreased let-7 miR expres-
implicated in immunological escape [124]. When probing the mecha- sion in SEVs was due to their regulation within the parental neutrophils,
nism behind this, we found that sEVs from 27HC-treated neutrophils lost suggesting that it was not through selective cargo-loading
protective let-7 miRs (Fig. 7), resulting in decreased abundance of let-7 (Supplementary Fig. 14). However, the mechanisms by which 27HC
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Fig. 11. Mechanistic overview of how EVs from neutrophils treated with
27HC result in increased EMT, stemness and loss of adherence in cancer cells.
A proposed model whereby 27HC works in neutrophils to alter the expression of
miRNAs, particularly decreasing let-7 miRs. The decreased let-7 miRs were
represented in secreted EVs. The EVs are taken up by cancer cells. Normally, let-
7 miRs control WNT/f-catenin signaling; a decrease in let-7 input resulting in
increased WNT/p-catenin signaling, stemness and EMT. The culmination of
these events leads to loss of adherence, increased migration and resistance to
standard of care chemotherapies doxorubicin and paclitaxel.

modulates miRs in the neutrophil or how they are loaded into sEVs are
still unknown and need to be investigated.

Our results showed that let-7 microRNA inhibition within sEVs
resulted in increased loss of adherence and EMT (Fig. 9), while let-7
mimics block the induction of this phenotype by 27HC-sEVs (Fig. 10).
It was still possible that 27HC-sEVs were mediating their effects by
transferring 27HC itself, not just altered miR cargo. However, treatment
of cancer cells with 27HC at concentrations detected in 27HC-sEVs did
not result in significant changes in adherence (Supplementary
Fig. 11G-H). Therefore, it most likely that the decreased let-7 microRNA
in 27HC-sEVs was mediating the loss of adherence, EMT and cancer
stem-like changes in recipient cancer cells (proposed model in Fig. 11).

miRs in sEVs from neutrophils inhibited the WNT pathway in
recipient cancer cells, a regulatory mechanism lost in sEVs from 27HC-
treated neutrophils. Consequently, cells receiving sEVs from 27HC-
treated neutrophils gained a stem-like phenotype and underwent an
epithelial-mesenchymal transition, the consequences of which may lead
to increased metastasis and drug resistance. EMT endows cancer cells
with increased motility and the ability to invade and disseminate to
distant organs [96,98]. In addition, EMT is a reversible process, which
can lead cancer cells to a hybrid epithelial/mesenchymal state. They can
dynamically transition between those two stages, which allows them to
gain properties from both phenotypes when needed [96]. Cancer stem
cells can self-renew and differentiate, which contributes to tumor
recurrence and heterogeneity [93,97]. Both EMT and stemness are
strongly implicated in resistance to chemotherapy; in part due to their
slower proliferation rate and higher expression of drug efflux pumps
[103]. We found that 27HC-sEVs downregulated proliferation and
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promoted chemoresistance.

Understanding the dual processes of EMT and the acquisition of
stemness in cancer cells is crucial for developing new therapeutic stra-
tegies to combat cancer progression, metastasis, and treatment resis-
tance. The tumor microenvironment plays a significant role in
regulating EMT and stemness. Key components driving those processes
include cellular (immune cells, fibroblasts, adipocytes), signaling path-
ways (i.e. WNT ligands), hypoxic conditions, and extracellular matrix
(ECM) remodeling [103,125]. However, little is known about how “the
signal” is transduced and what exactly triggers those components that
drive EMT and stemness. Here, we have found that when exposed to
27HC, neutrophils change their miR content and consequently release
sEVs (“the signal”) with modulated molecular cargo. Those sEVs are
taken by cancer cells and sensitize the WNT signaling pathway that is a
known initiator of stemness [89,105-109,115].

Targeting the 27HC pathway could offer a novel therapeutic
approach in breast cancer patients [13]. Since 27HC influences the
tumor and metastatic microenvironment by recruiting neutrophils and
modulating sEV cargo, therapies that inhibit neutrophil recruitment,
modulate sEVs release, or uptake by cancer cells might reduce the
pro-tumorigenic effects of 27HC. In addition, developing compounds
that specifically block 27HC’s interaction with its receptors in neutro-
phils would decrease its ability to modulate sEVs cargo to promote
cancer cell metastasis [17,19,39]. WNT/p-catenin signaling has been
implicated in breast cancer pathophysiology [126]. It has been impli-
cated in stemness and drug resistance [127]. However, due to its
requirement in normal tissue physiology, including intestinal stem cell
renewal, it has been very challenging to target therapeutically [128]. To
reduce undesirable side effects, there are now attempts to disrupt WNT
signaling at different levels in its signal transduction cascade, although
these approaches are not in the clinic yet. Interestingly, membrane
cholesterol can activate WNT signaling through direct interactions with
DVL, providing an alternative avenue for drug development [129].
Therefore, combining 27HC pathway modulators, neutrophil recruit-
ment inhibitors, and sEV-release modulators with existing breast cancer
treatments, may represent improved ways to target WNT signaling in
breast cancer with reduced side effects.

It is important to note that in addition to modulating EV biogenesis
and cargo, 27HC or other cholesterol metabolites may influence other
neutrophil functions. These include migration, phagocytosis, degranu-
lation, and NETosis [130]. NETosis, the extrusion of DNA and associated
proteins to form extracellular NETs [131]. NETosis has recently been
implicated in breast cancer progression [73,132-134]. Indeed, we have
previously shown that 27HC-treated neutrophils suppress T cell expan-
sion [34]. Future work will have to address how oxysterols such as 27HC
may regulate these other neutrophil functions.

Collectively, our results indicate that 27HC modulates miR levels in
neutrophils, leading to the release of sEVs with modified miRs that are
taken up by cancer cells (Fig. 11). This ultimately results in the upre-
gulation of genes connected to WNT and stemness. Consequently, cancer
cells lose their adherence in an EMT process, gaining migratory, stem-
like phenotype, and chemoresistance.
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